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ABSTRACT The inhibitors carbobenzoxy (Z)-D-Phe-L-Phe-Gly (fusion inhibitor pep-
tide [FIP]) and 4-nitro-2-phenylacetyl amino-benzamide (AS-48) have similar efficacies
in blocking membrane fusion and syncytium formation mediated by measles virus
(MeV). Other homologues, such as Z-D-Phe, are less effective but may act through
the same mechanism. In an attempt to map the site of action of these inhibitors, we
generated mutant viruses that were resistant to the inhibitory effects of Z-D-Phe-L-
Phe-Gly. These 10 mutations were localized to the heptad repeat B (HRB) region of
the fusion protein, and no changes were observed in the viral hemagglutinin, which
is the receptor attachment protein. Mutations were validated in a luciferase-based
membrane fusion assay, using transfected fusion and hemagglutinin expression plas-
mids or with syncytium-based assays in Vero, Vero-SLAM, and Vero-Nectin 4 cell
lines. The changes I452T, D458N, D458G/V459A, N462K, N462H, G464E, and I483R
conferred resistance to both FIP and AS-48 without compromising membrane fusion.
The inhibitors did not block hemagglutinin protein-mediated binding to the target
cell. Edmonston vaccine/laboratory and IC323 wild-type strains were equally affected
by the inhibitors. Escape mutations were mapped upon a three-dimensional (3D)
structure modeled from the published crystal structure of parainfluenzavirus 5 fusion
protein. The most effective mutations were situated in a region located near the
base of the globular head and its junction with the alpha-helical stalk of the prefu-
sion protein. We hypothesize that the fusion inhibitors could interfere with the
structural changes that occur between the prefusion and postfusion conformations
of the fusion protein.

IMPORTANCE Due to lapses in vaccination worldwide that have caused localized
outbreaks, measles virus (MeV) has regained importance as a pathogen. Antiviral
agents against measles virus are not commercially available but could be useful in
conjunction with MeV eradication vaccine programs and as a safeguard in oncolytic
viral therapy. Three decades ago, the small hydrophobic peptide Z-D-Phe-L-Phe-Gly
(FIP) was shown to block MeV infections and syncytium formation in monkey kidney
cell lines. The exact mechanism of its action has yet to be determined, but it does
appear to have properties similar to those of another chemical inhibitor, AS-48,
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which appears to interfere with the conformational change in the viral F protein
that is required to elicit membrane fusion. Escape mutations were used to map the
site of action for FIP. Knowledge gained from these studies could help in the design
of new inhibitors against morbilliviruses and provide additional knowledge concern-
ing the mechanism of virus-mediated membrane fusion.

KEYWORDS measles virus, fusion inhibitors, F protein, FIP, AS-48, Z-D-Phe-L-Phe-Gly,
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Measles virus (MeV) is a member of the genus Morbillivirus in the family Paramyxo-
viridae (1, 2). Recently, there has been a resurgence of measles in certain

populations due to lapses in vaccination worldwide (3–8). Despite the availability of a
very effective vaccine, MeV was responsible for almost 114,900 deaths in 2014 (WHO).
In most patients, MeV causes the classical measles disease, which is characterized by a
10- to 14-day incubation period and a 2- to 3-day prodrome of fever, cough, coryza,
conjunctivitis, and Koplik spots, followed around 4 days later by the characteristic
maculopapular rash over the skin (2). There is no specific treatment for measles,
although vitamin A is recommended by the WHO for populations where infant mor-
tality due to measles is greater than 1% (9). This treatment is believed to enhance
innate immunity and provide resistance against MeV (10). In healthy patients without
any complications, natural recovery takes about 7 to 10 days following the appearance
of the rash, and the individual often acquires lifelong immunity to the disease. Antivirals
could be used to synergize with vaccination and prevent infections in locations where
measles outbreaks occur (11). There has also been intense interest in using MeV as an
oncolytic agent (12, 13), and antivirals could control potential infections in immune-
suppressed individuals during therapy (14).

The negative-stranded RNA genome of MeV comprises 6 viral genes with 2 addi-
tional transcripts that specify V and C proteins, produced by RNA editing and via
alternative start codon usage, respectively (2, 15). Two structural-membrane proteins
are responsible for viral entry into cells. The hemagglutinin (H) protein recognizes and
binds to the cellular receptors, whereas the fusion (F) protein mediates the merger of
the viral envelope with the cellular membrane to enable virus entry. Clinical strains of
MeV target cells of the immune system by their recognition and use of the signaling
lymphocyte activation molecule SLAMF1/SLAM/CD150 as their receptor, whereas the
vaccine strains use either SLAMF1 or the ubiquitous membrane cofactor protein
MCP/CD46. Finally, both vaccine and wild-type (WT) strains of MeV can use the
epithelial cell receptor Nectin-4/PVRL4, which is present on airway epithelial cells and
adenocarcinomas of the lung, breast, colon, and ovary (16, 17).

Upon binding to its receptor, the H protein triggers a conformational change in the
F protein, allowing it to fuse the viral and cellular membranes through a mechanism
that is still not fully elucidated (18–23). Binding of H to its receptor elicits a conforma-
tional change in the attachment protein to reveal a trigger sequence in its stem region
that interacts with the globular head of F. The F-binding domain in the stem region of
morbillivirus H has been mapped to residues 110 to 118, and the F-triggering region
corresponds to a larger, overlapping region consisting of residues 85 to 118 (24–27).
Consistent with this is the observation that H protein lacking the globular head can still
activate F protein (28, 29). The H protein trigger region is believed to interact with
hydrophobic regions in the globular head of the F protein located near its Ig-like
domain (30, 31). This trigger model is based upon the study of site-specific mutations
in the stem and globular-head regions of F and H, respectively, but X-ray data on H-F
complexes showing the molecular details of H interaction with F protein are still
lacking.

Atomic structures for the postfusion forms of F proteins from human parainfluenza
virus 3 (hPIV3), respiratory syncytial virus (RSV), and Newcastle disease virus (NDV) were
reported first (32–38). Subsequently, the crystal structures of stabilized prefusion forms
of F proteins from parainfluenza virus 5 (PIV5), RSV, Nipah virus (NiV), and Hendra virus
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(HeV) were also solved (39–44). These structures have provided detailed insight into the
spatial organization of the F proteins as they mediate fusion between virus and host
membranes. The F protein exists as a homotrimer and is synthesized as a precursor
protein that is cleaved by a host furin-like protease to produce disulfide-bonded F1 and
F2 subunits. The cleaved protein first forms a thermodynamically metastable confor-
mation known as the prefusion protein (20–23). The amino terminus of the F1 subunit
contains the fusion peptide, which is composed of hydrophobic amino acid residues.
The fusion peptide is followed by the first (HRA) of two heptad repeats, which are
alpha-helical domains featuring a hydrophobic amino acid in a 4-to-3 repetitive pattern.
The second heptad repeat (HRB) is located just proximal to the C-terminal transmem-
brane region. HRA and HRB are separated by a spacer region that is approximately 250
amino acids long. In the metastable prefusion state, HRA and HRB do not interact, but
the HRB region forms a short prefusion stalk. The trimeric F protein is thought to be in
close proximity to the H protein tetramer (45). Upon receptor binding by the H protein,
the F protein is activated and dissociates from the H complex, and the three HRA
regions of the F trimer assemble into a triple-stranded coiled coil, propelling the fusion
peptide toward the target cell membrane. This reorganization is followed by the
formation of an antiparallel coiled coil or six-helix bundle (6HB) structure between the
HRA and HRB domains, representing the postfusion state. The formation of the 6HB
brings together the viral and cellular membranes and ultimately results in fusion of the
two membranes.

The small hydrophobic fusion inhibitor peptide (FIP) (carbobenzoxy [Z]-D-Phe-L-Phe-
Gly [ZfFG]) (Fig. 1) has previously been shown to block infections and syncytium
formation by the Edmonston laboratory strain of MeV (MeV-Edm) in Vero, CV-1, and
HeLa cells (46). The peptide also blocked hemolysis of African green monkey red blood

FIG 1 Chemical structures of carbobenzoxy-D-phenylalanine (Z-D-Phe), carbobenzoxy-L-phenylalanine
(Z-L-Phe), carbobenzoxy-D-phenylalanine-L-phenylalanine-glycine (Z-D-Phe-L-Phe-Gly [ZfFG]; FIP), and AS-
48. These chemical compounds have been shown to specifically inhibit the membrane fusion properties
of MeV.
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cells mediated by MeV Edmonston-derived glycoproteins. Similar results had previously
been demonstrated with Z-D-Phe-L-Phe-L(NO2)Arg (47–50). Past experiments were per-
formed with the Edmonston strain of the virus, which uses a CD46 receptor that is
expressed on most primate cells and monkey erythrocytes (51, 52). Plemper and
colleagues developed small-molecule MeV entry inhibitors (4-nitro-2-phenylacetyl
amino-benzamide [AS-48]) (Fig. 1) based on structural modeling of F (53–55) and have
elaborated upon the theoretical mechanism of action of these inhibitors using drug-
resistant mutants (56, 57). Despite FIP having been developed over 3 decades ago, the
exact mechanism of its action has yet to be demonstrated, although some evidence
that it prevents hemifusion by inhibiting outer lipid bilayer mixing has been reported
(58–61). Regardless, the compound has been used to study various aspects of MeV
biology (61–67). Membrane fusion inhibitors against RSV have also been developed and
were reported to bind a central cavity located at the intersection of the globular-head
and stalk domains of the prefusion F trimer and to stabilize the metastable conforma-
tion (68–73).

In this study, we generated FIP-resistant mutants of MeV-Edm and characterized F
proteins in the context of both vaccine/laboratory and wild-type IC323 (MeV-IC323)
strains of MeV. Ten mutations were localized to the heptad repeat region (HRB) of the
fusion protein, and no changes were observed in the viral hemagglutinin. The escape
mutations also provided MeV resistance against AS-48. The MeV F mutations localized
to a small region between the head and stalk of the prefusion conformation of F. We
further discuss the hypothetical mechanism by which FIP could inhibit MeV fusion in
terms of blocking the transition between pre- and postfusion conformations of the F
protein using a model derived from preexisting paramyxovirus structures. Antifusion
inhibitors are a valid approach for controlling viral infections, as evidenced by FDA
approval of the HIV entry drug enfuvirtide (T-20) (74–76) and clinical trials with the RSV
inhibitor GS-5806 (73, 77, 78). Another fusion inhibitor, Arbidol, is also being used in
Russia and China as a prophylactic and therapeutic treatment for influenza virus
infections (79).

RESULTS
FIP and AS-48 effectively inhibit MeV infection and plaque formation. The small

hydrophobic peptide FIP (Z-D-Phe-L-Phe-Gly) (Fig. 1) was previously shown to block
infections and syncytium formation in Vero, CV-1, and HeLa cells by the Edmonston
laboratory strain of MeV (46). The peptide also blocked hemolysis of African green
monkey red blood cells mediated by this strain of MeV. Similar results were also
demonstrated with Z-D-Phe-L-Phe-L-(NO2)Arg (49, 50). The carbobenzoxy (Z) and D-Phe
moieties are critical to the activity of FIP, and Z-L-Phe-L-Phe-Gly was shown to be a less
potent inhibitor (46). AS-48 (Fig. 1) is another small-molecule inhibitor that blocks
membrane fusion and was developed through a structure-guided medicinal-chemistry
approach (54, 55, 57). Previous evidence demonstrated that Z-D-Phe, the N-terminal
component of FIP, also inhibited MeV membrane fusion, but less efficiently (46).
Z-D-Phe has some of the chemical characteristics of AS-48, and consequently, Z-D-Phe
and Z-L-Phe were included as less potent inhibitor controls in Fig. 1. Previous experi-
ments with both FIP and AS-48 were performed with the Edmonston vaccine/labora-
tory strain of the virus, which uses CD46 receptor, expressed on the surfaces of most
primate cells and monkey erythrocytes (46, 51). To determine whether FIP and AS-48
also inhibited replication and membrane fusion by the wild-type IC323 isolate of MeV,
which uses SLAM rather than CD46 as a receptor (80, 81), we performed virus plaque
inhibition studies with the fusion inhibitors Z-D-Phe, FIP, and AS-48 in Vero-SLAM cells
using recombinant MeV IC323 containing an enhanced green fluorescent protein
(eGFP) reporter gene. Results showing fluorescent viral plaques were quantified using
a Kodak 4000MM imager (Fig. 2, top). Plaque reduction assays with inhibitor concen-
trations ranging between 0 and 250 �M were also assessed by counting the individual
visible plaques, which proved to be more sensitive and quantitative (Fig. 2, bottom).
Z-L-Phe was ineffective in preventing MeV plaque formation, which was only slightly
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reduced at a 250 �M concentration. Z-D-Phe had a 50% effective dose of 65 �M
compared to 20 �M for FIP and 5 �M for AS-48. The hydrophobic nature of these
inhibitors and their comparable chemical structures and similar effects upon virus-
mediated cell fusion suggested the compounds could possibly work through a com-
mon mechanism.

MeV H can bind to its cellular receptor in the presence of FIP and AS-48. FIP was
originally reported for its ability to prevent membrane fusion and syncytium formation
(46). Although FIP’s sequence similarity with the fusion peptide sequence of the F
protein was postulated, its interaction with either the F or H protein was not firmly
established. Fusion is normally triggered when H recognizes its receptor, and its
interaction with the F protein is modified to trigger fusion (18, 19, 23, 29, 82). In order
to exclude the possibility that interaction between the fusion inhibitors and H pre-
vented fusion, the ability of FIP or AS-48 to inhibit virus binding to MeV receptor-
expressing cells was tested. MeV Edmonston was allowed to bind to Vero cells
expressing CD46 receptor on their surfaces, and binding was measured by flow

FIG 2 Replication of WT MeV IC323 containing eGFP (MeV-eGFP) within Vero-SLAM cells in the presence
of varying concentrations of fusion inhibitors (FIP, AS-48, Z-D-Phe, and Z-L-Phe). (Top) Vero-SLAM cells in
6-well culture plates were infected with 500 PFU WT MeV-eGFP per well in the presence of 0, 10, 20, 50,
100, and 250 �M inhibitor. The infected cells were overlaid with 1% SeaPlaque agarose in DMEM
containing 2% fetal calf serum and the specified inhibitor at the indicated concentrations (0, 10, 20, 50,
100, and 250 �M). Fluorescent plaques were visualized with a Kodak 4000MM imager. (Bottom) Viral
plaques were quantified following the staining of infected cells with 0.005% neutral red at 96 h
postinfection. Plaques visible to the eye were counted in triplicate experiments and averaged. This
quantitation proved to be more sensitive than fluorescence imaging. Experimental error was calculated
as SEM, and error bars are shown. The numbers of plaques were plotted against the concentrations (0,
10, 20, 50, 100, and 250 �M) of specific inhibitors (Z-L-Phe, Z-D-Phe, FIP, and AS-48).
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cytometry (fluorescence-activated cell sorting [FACS]) using a measles virus-specific
antibody (Fig. 3A), as previously described (16). The virus binding assay was performed
at 4°C for 90 min in the presence or absence of either FIP or AS-48. Both the FIP- and
AS-48-treated samples exhibited the same shift in fluorescence as untreated MeV
samples, indicating that virus binding was unaffected by the inhibitors (Fig. 3A). In
addition, there was no difference in the ability of MeV-Edm to bind to Vero cells
expressing either SLAM or PVRL4 in the presence of these fusion inhibitors (data not
shown). The percentage of MeV-bound Vero cells compared to mock-treated Vero cells
was quantitated using FCS Express software (De Novo Software, Glendale CA) and
plotted as histograms (Fig. 3B). Inhibition of virus attachment to its cellular receptor is
not the mechanism by which FIP or AS-48 prevents MeV-mediated membrane fusion.

We next investigated whether these fusion inhibitors were capable of preventing
MeV-Edm or MeV-IC323 from inducing syncytium formation in Chinese hamster ovary

FIG 3 FIP does not prevent MeV (MV) from binding to Vero or CHO cells that express its known cellular
receptors. (A) Vero cells that express CD46 receptor were inoculated with MeV Edmonston at an MOI of 10
in the presence of 100 �M FIP, 75 �M AS-48, or 0.5% DMSO for 1.5 h; washed; and incubated with anti-MeV
hemagglutinin antibody or an isotype-matched control antibody (shaded). Cells incubated in the absence
of virus, as a negative control, were also stained with anti-MeV hemagglutinin antibody (blue). Bound
MeV-specific primary antibody was detected with Alexa Fluor 488-conjugated goat anti-mouse secondary
antibody. The relative fluorescence intensity was measured on a Cyan ADP flow cytometer. (B) The
percentage of MeV-bound Vero cells compared to mock-treated Vero cells was quantitated using FCS
Express software. The data are means of the results from three independent experiments, and the error bars
represent SEM. (C) CHO, CHO.CD46, CHO.SLAM, and CHO.PVRL4 cells were infected with IC323-eGFP WT
MeV and Edmonston MeV-eGFP at an MOI of 5. After 1 h, the viral inoculum was removed and the cells were
washed and treated with 50 �M FIP, 75 �M AS-48, or 0.5% DMSO (drug carrier) as indicated. Fluorescence
images were captured 1 day postinfection in order to visualize the extent of virus replication and syncytium
formation.
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(CHO) cells expressing CD46, SLAM, or PVRL4 (Fig. 3C). Both FIP and AS-48 were able to
block syncytium formation following infection with MeV-Edm or MeV-IC323, and this
was independent of the cellular receptor used. Overall, these data suggest that the
inhibitory activities of both FIP and AS-48 are directed against the MeV F protein and
do not affect the ability of MeV H to bind to its cellular receptor. The data also show
that the inhibitory effects of FIP and AS-48 are independent of the cellular receptor
used for MeV entry.

FIP-resistant mutants of MeV cluster in the HRB region of the MeV F protein.
A previous paper suggested that a variety of changes in the protein sequence of the F
protein of MeV-Edm may impart resistance to the inhibitor peptide Z-D-Phe-L-Phe-L-
(NO2)Arg (83). However, the significance of these mutations was not validated. To
identify amino acid residues in the MeV F protein that confer resistance to the fusion
peptide inhibitor FIP, we repeatedly passaged MeV Edmonston in the presence of 50
�M FIP. Forty-eight individual mutant viruses were isolated and amplified by plaque
purification. The F RNAs from these isolates were amplified by reverse transcription
(RT)-PCR, cloned, and sequenced. Analyses of cloned sequences revealed 9 mutually
exclusive mutations and 1 double mutation that occurred in the HRB region of MeV F:
I452T, L454W, D458G, D458N, D458G/V459A, N462H, N462K, G464E, G464R, and I483R
(Fig. 4B). Mutations were not found in other regions of the F gene, and no mutations
were detected in the H gene sequence following 20 attempts to do so (results not
shown). Of the 10 mutations, 7 resulted in changes from hydrophobic to polar amino
acids. To validate the stability of each mutation in the virus genome, the mutant viruses
were passaged and plaque purified three times through Vero cells in the presence of
FIP, and the F gene was recloned and resequenced. Sequencing analyses showed that
the mutations persisted after the three passages. However, removal of the FIP selection

FIG 4 FIP resistance mutations in MeV Edmonston F protein cluster within the HRB region. (A) Vero cells
were infected with MeV-Edm at an MOI of 1. After 1 h, the viral inoculum was removed and the cells were
washed and treated with 50 �M FIP or 0.5% DMSO as indicated. At 1 day postinfection, the cells were
stained with Giemsa. Phase-contrast images were monitored to visualize the extent of syncytium
formation. (B) Schematic representation of spontaneous mutations in MeV-Edm F in the presence of 50
to 100 �M FIP following 3 rounds of plaque purification. The disulfide bond (SOS) connects the F1 and
F2 subunits. The boxes marked HRA and HRB indicate the positions of the corresponding heptad repeat
regions. Other features of F include the fusion peptides (FP), the transmembrane region (TM), and the
cytoplasmic tail (CPT). The FIP escape mutations are I452T, L454W, D458G, D458N, D458G/V459A, N462H,
N462K, G464R, G464E, and I483R.
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pressure caused reversion of the mutated amino acids to the original wild-type
sequence after 5 passages, suggesting that the resistance mutations occurred at the
expense of viral fitness. These data indicate that FIP inhibits the activity of MeV F by
binding to a region of F involving HRB, either directly or indirectly. We hypothesize that
FIP induces mutations that either prevent inhibitor binding or lower the activation
threshold of F to facilitate a more efficient conformational change, leading to mem-
brane fusion in the presence of the inhibitory peptide.

Characterization of MeV F inhibitor escape mutants using syncytium- and
luciferase-based fusion assays. The coding regions for the 10 MeV F mutant proteins
and the MeV H protein were inserted into the pCAGGS expression vector. Each mutant
was cotransfected into Vero cells together with MeV-Edm H in the presence or absence
of either 50 �M FIP or 50 �M AS-48. The extent of syncytium formation following
expression of these resistance mutants was compared following incubation with the
inhibitors (Fig. 5A). Overall, the MeV F mutant proteins were able to produce syncytia
in the presence of either of the MeV fusion inhibitors. The results suggested that AS-48
and FIP work in similar manners to inhibit MeV fusion. However, two of the MeV F
mutants (D458G and G464R) expressed from plasmids failed to form syncytia in the
presence or absence of FIP and AS-48. To investigate the abilities of the MeV F inhibitor
resistance mutants to be processed and transported to the cell surface, whole-cell
extracts were analyzed for F0 precursor protein cleavage and F1 expression on the cell
surface. In extracts from cotransfected cells, the F0 form of the D458G and G464R MeV
F mutants was not cleaved to the active F1 form (Fig. 5B). Since furin is the Golgi
apparatus-resident protease that is responsible for proteolytic activation of F0, this
suggests that these two particular mutants were not transported from the endoplasmic
reticulum to the trans-Golgi network. The remaining F mutants appeared to be cleaved
and transported to the cell surface. Biotinylation assays showed reduced surface
expression of both the D458G and G464R mutants, while the remaining mutants were
transported to the cell surface with varying efficiencies (Fig. 5C). With the exception of
D458G and G464R mutants, FIP and AS-48 had similar effects upon syncytium formation
in the wild type and remaining F variants.

To quantify the membrane fusion activity of each F mutant, luciferase-based fusion
assays were performed. The assays were used to evaluate membrane fusion between
HEK293 cells expressing Edmonston H and wild-type F or FIP-resistant F proteins and
Vero-SLAM cells. Vero-SLAM cells were cotransfected with plasmids encoding T7 poly-
merase and renilla luciferase under the control of the cytomegalovirus (CMV) promoter.
At 20 h posttransfection, the cells were overlaid with HEK293 cells that had been
cotransfected with expression plasmids encoding Edmonston H and firefly luciferase
(under the control of the T7 promoter), together with WT or mutated Edmonston F
expression plasmids. When cell fusion occurred between the two cell types, mRNA for
luciferase was transcribed and translated to produce the reporter protein. After 4 h,
bioluminescence from firefly luciferase was measured. The negative control (Luc Vec)
consisted of HEK293 cells transfected with the luciferase expression vector and Vero-
SLAM cells transfected with the T7 polymerase vector. Nonnormalized bioluminescence
data, measured in relative light units (RLU), are presented as the means of the results
of three independent experiments, and the error bars represent the standard errors of
the mean (SEM) (Fig. 5D). Fusion activities elicited by WT and mutant F proteins were
comparable, but the N462H, N462K, and G464E mutants consistently produced 10 to
20% higher levels of membrane fusion. It seems possible that these mutations could
destabilize prefusion F and make the molecules more fusogenic. Next, the dose
responses to FIP (0, 50, 100, and 200 �M) by F-resistant mutants were evaluated using
luciferase-based fusion assays (Fig. 5E). The fusion assays were performed as described
above in the absence or presence of FIP, and bioluminescence was measured in RLU.
FIP clearly inhibited membrane fusion mediated by the wild-type fusion protein but
inhibited fusion activity from the mutant F proteins to varying degrees. The I452T,
L454W, and I483R mutants were more sensitive to FIP than the D458N, D458N/V459A,
N462H, N462K, and G464E mutants. The D458N and N462K F proteins were completely
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FIG 5 (A) Vero cells transfected with expression vectors expressing Edmonston H and Edmonston FIP-resistant F mutants induce syncytia in the presence
of both FIP and AS-48. Vero cells were cotransfected with the expression plasmids, and after 5 h, the cells were treated with 50 �M FIP, 75 �M AS-48,
or 0.5% DMSO. At 20 h posttransfection, the cells were stained with Giemsa to reveal syncytia, which were subsequently viewed by phase-contrast

(Continued on next page)
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resistant to 200 �M FIP, unlike the other mutants. It seems possible that FIP binds to
and enhances the fusogenicity of these 2 mutants, and this scenario has been proposed
for AS-48 and compound 3g (N-[3-cyanophenyl]-2-phenylacetamide) by another labo-
ratory (23).

Comparison of membrane fusion mediated by F mutants in the presence and
absence of FIP and AS-48 inhibitors using a luciferase-based fusion assay. To
quantify the membrane fusion activity of each F mutant in the presence of 50 �M FIP
and 75 �M AS-48, luciferase-based fusion assays were performed. HEK293 cells were
cotransfected with pCAGGS-EdmonstonH, pCAGGS-F, and pT7 promoter firefly lucifer-
ase expression plasmids. The transfected cells were allowed to fuse for 4 h with Vero
cells expressing T7 polymerase in the presence or absence of MeV fusion inhibitors. For
most of the F mutants, luciferase activity was evident whether FIP or AS-48 was present
or not (Fig. 6A). In contrast, cells expressing parental wild-type MeV F exhibited an
approximate 50% decrease in luciferase reporter activity when FIP and AS-48 were
present (Fig. 6A). This inhibition occurred regardless of which cellular receptor (CD46,
SLAM, or PVRL4) was expressed by the Vero cells (Fig. 6A, B, and C). Luciferase activity
was never completely inhibited in the parental wild-type MeV F-expressing cells,
despite the absence of visible syncytia in the cell lines by microscopy, yielding high
background bioluminescence. It is possible that FIP and AS-48 may not prevent the
formation of pores, allowing limited transfer of T7 luciferase reporter plasmid from 293T
cells into Vero cells. Alternatively, some cell breakage may have occurred over the 4-h
incubation period. The high background level seen when only the luciferase reporter
vector was transfected into HEK293 cells (Fig. 5D) indicates that the sensitivity of the
luciferase-based assay is somewhat limited. However, extensive fusion and widespread
syncytium formation were visibly inhibited when the fusion inhibitors were present in
cells expressing wild-type MeV F, but not the mutant F proteins (Fig. 5A). Again, as
shown in Fig. 5E, the I452T and L454W mutants appeared more sensitive to the effects
of FIP and AS-48 and the D458N, D458G, N462K, and G464E mutants were more
resistant to the inhibitors.

FIP-resistant mutations are localized to a small region between the globular
head and helical stalk of the prefusion conformation of F. The mutation N462K was
previously shown to confer resistance to AS-48, and a model of MeV F protein created
by Prussia et al. indicated that changes in this region may destabilize a network of
noncovalent interactions between HRB and the base of the globular head to favor a
more efficient transition between the prefusion and postfusion conformations (57). We
modeled the prefusion and postfusion structures of MeV F based on the published
crystal structures of PIV5 F (36, 39). The FIP resistance mutations, shown in green and
red, were mapped to the HRB-head junction regions in homology models of the
prefusion conformation of MeV F protein (Fig. 7). In the prefusion conformation, the

FIG 5 Legend (Continued)
microscopy (�100 magnification). (B) HEK 293 cells were cotransfected with H and mutant F expression plasmids, and cells were harvested 24 h
posttransfection. Cell lysate proteins were resolved by SDS-PAGE and subjected to immunoblot analysis with an antibody that recognizes the C terminus
of MeV F. The multiple bands of the glycosylated F0 precursor (60 to 65 kDa) and the F1 subunit were detected. Actin was detected with a specific
antibody as a loading control. (C) Surface proteins from transfected HEK 293 cells coexpressing H and mutant F proteins were labeled with biotin and
precipitated using streptavidin-conjugated beads. The biotin-labeled surface proteins were resolved by SDS-PAGE, and F1 protein was detected by
immunoblot analysis using the antibody against the MeV F protein and ECL detection. Protein intensities were determined using a Kodak 4000MM
imager, compared to those of the wild-type Edmonston F1 protein, and expressed as a percentage. The values in parentheses are the standard deviations
calculated from the results of three independent experiments. (D) Luciferase-based fusion assays between HEK293 cells expressing Edmonston H and
wild-type F/FIP-resistant F proteins and Vero-SLAM cells. Vero-SLAM cells were cotransfected with plasmids encoding T7 polymerase and renilla luciferase
under the control of the CMV promoter. At 20 h posttransfection, the cells were overlaid with HEK293 cells that had been cotransfected with expression
plasmids encoding Edmonston H and firefly luciferase (under the control of the T7 promoter), together with WT or mutated Edmonston F expression
plasmids. After 4 h, firefly luciferase activity was measured as RLU of bioluminescence. The negative control (Luc Vec) consisted of HEK293 cells
transfected with the luciferase expression vector and Vero-SLAM cells transfected with the T7 polymerase vector. Nonnormalized bioluminescence values
are presented as the averages of the results of three experiments, and the error bars represent SEM. (E) Dose response to FIP (0, 50, 100, and 200 �M)
by F-resistant mutants using luciferase-based fusion assays. The fusion assays were performed as described above in the absence or presence of FIP, and
bioluminescence was measured in RLU. FIP clearly inhibited membrane fusion mediated by the wild-type fusion protein (WT) but inhibited fusion activity
from the mutant F proteins to varying degrees. Nonnormalized bioluminescence values are presented as the averages of the results of three independent
experiments, and the error bars represent SEM. The I452T, L454W, and I483R mutants were more sensitive to FIP than the D458N, D458N/V459A, N462H,
N462K, and G464E mutants. The D458N and N462K mutants were substantially more resistant to 200 �M FIP.
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mutations conferring resistance to FIP localized to a small region present between
the globular head and the linker region of the HRB stem. The I483R mutation was
situated slightly farther down the stalk. An expanded ribbon structure of the MeV F
prefusion model shows that the region containing the FIP resistance mutations (I452,
L454, D458, V459, N462, and G464) lies below a central pocket in the globular head of
the trimeric MeV F protein (Fig. 8). A similar hydrophobic cavity has recently been

FIG 6 Quantitation of fusion in Vero (A), Vero-SLAM (B), and Vero-PVRL4 (C) cells expressing Edmonston
H and FIP-resistant F proteins in the presence of FIP, AS-48, or 0.5% DMSO. Vero, Vero-SLAM, and
Vero-PVRL4 cells were cotransfected with plasmids encoding T7 polymerase and renilla luciferase. At 20 h
posttransfection, the cells were overlaid with HEK293 cells that had been cotransfected with expression
plasmids encoding Edmonston H and firefly luciferase, together with WT or mutated Edmonston F.
Fusion between the 2 cell lines was allowed to proceed in the presence of 50 �M FIP, 75 �M AS-48, or
0.5% DMSO. After 4 h, firefly luciferase bioluminescence was measured, and the effects of fusion
inhibitors on the various F mutants were calculated as percentages of the bioluminescence in the
absence of FIP and AS-48. The data are presented as the means of the results of three independent
experiments, and the error bars represent SEM. Statistical probabilities (ANOVA P values) are indicated by
asterisks (*, P � 0.05; **, P � 0.005).
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shown to exist in the prefusion crystal structure of the RSV F protein and has been
implicated as a target and site of interaction for chemical inhibitors that inhibit the
membrane fusion activity in these cocrystallization studies (73). The results reported in
this paper do not prove a mechanism of action for FIP, but our resistance mutations
parallel other studies performed with AS-48 and compound 3g, using measles and
canine distemper viruses, respectively (57, 84). These authors suggest that resistance
mutations, either directly or indirectly, prevent high-affinity binding of the small-
molecule inhibitors to the pocket in order to stabilize prefusion F. Alternatively, they
propose that the mutations could lower the activation threshold of prefusion F to
facilitate a more efficient conformational change, leading to membrane fusion in the
presence of the inhibitors (23).

DISCUSSION

Paramyxovirus infections constitute a large portion of biologically and economically
important diseases of humans and livestock. Understanding the mechanism used by
these viruses to gain entry into a host could lead to the development of novel entry
inhibitors to prevent or treat active infections. FIP was developed as a specific fusion
inhibitor over 3 decades ago and has been used extensively to study and block MeV
entry. However, the underlying mechanism through which it works has not been
reported. By analogy to recent studies with an inhibitor, AS-48, we provide evidence
through resistance mutations that FIP targets a site on the F protein and interferes with
the conformational change required to elicit membrane fusion.

FIG 7 Homology space-filling models of the head and stalk regions of MeV F protein mutants predicted
from the prefusion PIV5 F protein. The parental sequence for the MeV Edmonston F protein used in this
study corresponded to GenBank accession no. 9626950, except for a glutamic acid at residue position
460 that was found in our isolate. The highest-scoring hits corresponded to PDB entries for paramyxo-
virus fusion proteins (1ZTM, 5EJB, 1G5G, and 2B9B), with sequence identities ranging from 28 to 35%. We
used 2B9B (parainfluenza virus 5 F protein) (39) as a template to model the prefusion state of the MeV
F protein. The HHpred-based alignments were used for the subsequent 3D modeling with MODELLER 9.9
(97). FIP-resistant MeV F amino acid mutations cluster in a small pocket between the head and stalk
regions of the prefusion conformation. The predicted locations for mutations I452T, L454W, D458G,
D458N, D458G/V459A, N462H, N462K, G464R, G464E, and I483R are indicated. Detailed views of the
mutations in the HRB region of the prefusion state are shown, with green carbon and red oxygen atoms.
The three chains of the helical stem are colored light gray, dark gray, and black, respectively. The
space-filling model shows solvent-accessible surfaces on the globular head of the trimer. For the G464R
mutations, the R464 side chain is mostly obscured and not solvent exposed.
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In the present study, we investigated the mechanism of action of FIP through
generation of spontaneous escape mutants that were resistant to the inhibitor. Our
screen isolated 10 mutants, 8 of which were shown to be functional when expressed in
conjunction with H in Vero cells expressing the known cellular receptors for MeV.
Overall, both FIP and AS-48 were able to inhibit nonvariant strains of Edmonston and
wild-type MeV IC323 at almost equal concentrations. All of the FIP-resistant mutations
localized to a small region between the head and stalk regions of the prefusion
conformation of MeV F. The same mutations also conferred resistance to AS-48.

As a prelude to the development of AS-48, Plemper et al. originally demonstrated
that mutation of Val94 modulates F fusogenicity and also confers resistance to FIP (54,
66). A homology model based on a postfusion structure of paramyxovirus F described
this residue as helping to define a small conserved hydrophobic cavity involving the
HRC region at the C-terminal end of F2 (85). The cavity microdomain served as a basis
for structure-informed drug identification (53–55). The lead candidates, OX-1 and AM-4,
had 50% inhibitory concentrations (IC50s) of 50 �M and 260 nM, respectively, against
MeV Edmonston and specifically inhibited virus entry and syncytium formation (54).
The V94A mutation conferred resistance to OX-1, as was previously shown for FIP. AM-4
was subsequently subjected to synthetic optimization, which resulted in a first-
generation lead, AS-48, with lower cell toxicity, increased stability, and potent inhibitory
activity against a variety of wild-type MeV isolates (53, 55). The analogous properties
and activity profiles between AS-48 and FIP prompted us to perform the studies
outlined here.

Plemper and colleagues went on to isolate spontaneous escape mutants by growing
Edmonston vaccine or Khartoum Sudan (KS) wild-type MeV in the presence of OX-1 and
AM-4 and isolating resistant variants by plaque purification (56). The major resistance
mutations were N462S, N462D, and N462K, which are found in the HRB region. Another
mutation included A367T. After the prefusion structure of PIV5 became available (39),
a homology model for MeV F was used to propose the following mechanism of action
and the development of resistance mutations for AS-48 (57). The mutations N462S,
N462D, N462K, and A367T were believed to function in a region comprised of HRB, HRB
linker, and the globular head (domain I) that functions as a “conformational switch.” The
changes to more hydrophilic amino acid residues at this site decreased the activation
threshold to facilitate transition to the postfusion F trimer. AS-48 was proposed to
interact with an intermediate structure along the fusion conformational pathway and
to interfere with the rearrangements bringing HRB in proximity to HRA that were

FIG 8 Homology model of the MeV F protein based on the PIV5 F protein in the prefusion state (PDB ID
2B9B). 3D modeling of the prefusion form of MeV F was performed with MODELLER 9.9 (97). The image
was generated with the PyMOL molecular graphics system. The individual chains of the trimer are
represented in ribbon format and colored red, green, and blue. Side chains that are substituted in the
resistant viruses are indicated as van der Waals spheres in darker colors and occur at the junction
between HRB and the globular head. Residues from the red chain that are frequently mutated are
indicated with labels (I452, L454, D458, V459, N462, and G464).
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needed to form the postfusion 6HB. Binding of AS-48 to the intermediate would
increase the energy barrier from the intermediate to the postfusion structure. In our
recent experiments, escape mutations to FIP (I452T, L454W, D458G, D458N, D458G/
V459A, N462H, N462K, G464E, G464R, and I483R) that could possibly lower the activa-
tion energy of fusion also occurred in HRB of MeV F. Russell and colleagues have
similarly reported that mutating amino acid residues L447 and I449 in the fusion
protein of PIV5 (equivalent to L457 and V459 in MeV, respectively) reduces the
activation barrier of the metastable prefusion F, with aromatic substitutions promoting
hyperactive fusion (86). We suggest that FIP employs a mechanism of action similar to
that of AS-48 to inhibit the conformation change in MeV F and that escape mutations
against each inhibitor act to destabilize the prefusion F and promote the conforma-
tional change leading to postfusion F and membrane fusion.

Interestingly, chemical fusion inhibitors of RSV were originally thought to bind to a
late-stage fusion intermediate of RSV F and block the transition to the 6HB postfusion
state (87, 88). However, recent work has demonstrated that escape mutations from all
RSV entry inhibitors characterized so far are located at the intersection of the prefusion
RSV R head and stalk domains (72). Similar to A-48-resistant MeV F, the resistant RSV F
investigated in this study displayed enhanced fusion activity. Subsequently, cocrystal
structures of several of these entry inhibitors (JNJ-2408068, JNJ-49153390, TMC-353121,
and BMS-433771) in complex with prefusion F compounds showed that the com-
pounds insert into the central cavity of the prefusion F trimer (73). The report suggests
that RSV resistance to entry inhibitors is based on a combination of kinetic and primary
resistances (89). These data suggest that these antagonists tether the fusion peptide to
HRB and stabilize the prefusion conformation through aromatic stacking interactions,
as well as additional electrostatic interactions. Some resistance mutations, although
predicted to reduce viral fitness (73), were found to remain fully pathogenic in a mouse
model of RSV disease (72), raising the concern that clinical use of RSV entry inhibitors
may drive the development of preexisting resistance in circulating strains. In analogy to
the RSV F cocrystal structure, we predict that crystallization of MeV F with AS-48 or FIP
will likely reveal docking of these compounds into the central cavity of the globular
head just above the HRB domain (Fig. 8).

Our studies with FIP have much in common with those performed with AS-38 and
the RSV fusion inhibitors. Resistance mutations frequently occurred in the HRB region,
but never in the HRA region. In our experiments, FIP escape mutations occurred
exclusively in HRB (I452T, L454W, D458G, D458N, D458G/V459A, N462H, N462K, G464E,
G464R, and I483R) and did not appear near the F peptide (V94M) or the cysteine-rich
region (A362T), as was previously observed using AS-48. Removal of inhibitor selection
allowed the FIP-resistant viruses to rapidly revert to the original phenotype. It is most
likely that FIP binds to the prefusion form of F, as was confirmed recently for the AS-48
scaffold, using antibodies that are specific for prefusion F of MeV and canine distemper
virus (CDV) (84). Future experiments with 186CA and 19GD6 monoclonal antibodies
specific for prefusion MeV F and postfusion MeV, respectively (84), could be used to
determine whether FIP also stabilizes the prefusion F and increases the activation
energy required for transition to its fusogenic form. Alternatively, fast photochemical
oxidative footprinting of solvent-exposed amino acid side chains coupled with high-
resolution mass spectrometry could be used to follow the prefusion-to-postfusion
kinetics, as was done with simian virus 5 (SV5) F (90). The effect of FIP on oxidative
footprinting could be used to monitor the MeV F transition. Ultimately crystallization
and structural determination of the prefusion form of MeV F in the presence of FIP will
be the most definitive means to determine the mechanism of action and atomic
interactions of the inhibitor. Another closely related possibility is that FIP and AS-48
inhibit the interaction of the trigger region on the stalk of H protein (residues 110 to
118) with hydrophobic acids in the IgG-like fold of domain II in the globular head of F
(23). Again, this scenario can be verified only with structural cocrystallization studies of
F, H, and inhibitor complexes However, complementary resistance mutations in the H
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protein were never observed in our studies, suggesting that F is the primary target for
FIP and AS-48.

Inhibitors directed against MeV F may have some value for postexposure prophy-
lactic anti-MeV therapy to limit outbreaks in conjunction with vaccination programs
(11). Interestingly, successful postexposure prophylaxis against lethal morbillivirus dis-
ease was recently demonstrated with an orally bioavailable polymerase inhibitor in a
CDV ferret model (91). Combination therapies of entry and polymerase inhibitors are
conceivable and will likely lower the frequency of viral escape from inhibition. In
addition, antivirals against MeV may be more valuable in preventing persistent infec-
tions that cause neurological disease, such as measles inclusion body encephalitis
(MIBE) or subacute sclerosing panencephalitis (SSPE) (14). They could also be useful in
controlling infections, such as giant-cell pneumonia, in individuals who are immune
suppressed (92). Fusion inhibitors, such as GS-5806, have shown some success in
early-phase clinical trials against RSV (77), but as yet, no truly effective antiviral or
vaccine has been approved for the prevention or treatment of RSV infection (78). While
the clinical impact of entry inhibitors against pneumoviruses and paramyxoviruses
remains uncertain, available compounds unquestionably represent valuable tools that
can aid in dissecting the mechanics of F protein-mediated membrane fusion.

MATERIALS AND METHODS
Reagents, cells, and virus. The Edmonston strain of MeV was originally obtained from Erling Norrby

(Karolinska Institute, Stockholm, Sweden) and was passaged on Vero cells. Edmonston strain and
wild-type IC323 MeVs containing the eGFP reporter gene were supplied by R. Cattaneo. Vero cells and
HEK293 cells were obtained from the American Type Culture Collection (Rockville, MD) and maintained
at 37°C in Dulbecco’s modified Eagle’s medium (DMEM) (Wisent, St. Bruno, QC, Canada), 10% (vol/vol)
fetal calf serum (Wisent), 10 �g/ml gentamicin (Invitrogen, Mississauga, ON, Canada), and 0.25 �g/ml
amphotericin B (Fungizone; Invitrogen). Vero-SLAM cells were produced by transfecting pcDNA3.1-SLAM
into Vero cells and selecting for G418 (Invitrogen)-resistant colonies. They were maintained in DMEM
supplemented with 800 �g/ml G418. FIP was purchased from Sigma-Aldrich (Oakville, ON, Canada) and
solubilized in either 80% (wt/vol) ethanol–phosphate-buffered saline (PBS) or dimethyl sulfoxide (DMSO)
as a concentrated stock solution of 10 mM. AS-48, a measles fusion inhibitor, was obtained from R.
Plemper and dissolved in DMSO as a concentrated stock solution of 50 mM.

Virus infection and titer determination. Virus was diluted in Opti-MEM (Invitrogen) in the mini-
mum volume necessary to cover the monolayer for infection. Vero cells were infected at 37°C for 1.5 h
while being rocked at regular intervals. The titer of MeV was determined on Vero cells using a modified
TCID50 protocol (93).

Production of FIP-resistant measles virus. FIP-resistant MeV was produced by passaging the virus
in the presence of FIP. Vero cells were infected at a multiplicity of infection (MOI) of 0.1 and overlaid with
1% (wt/vol) SeaPlaque agarose-DMEM in the presence of 50 or 100 �M FIP. Well-isolated single plaques
were picked at 72 h postinfection (hpi). The virus was further amplified in 6-well plates in the presence
of 100 �M FIP.

Cloning the fusion and hemagglutinin genes from FIP-resistant measles virus. A single well of
a 6-well plate of Vero cells was infected with FIP-resistant MeV in the presence of FIP. When approxi-
mately 90% of the cells had fused, total RNA was extracted using TRIzol reagent (Invitrogen) according
to the manufacturer’s protocols. Reverse transcription reactions were carried out using Moloney leuke-
mia virus reverse transcriptase (Invitrogen) following the manufacturer’s protocols and using 0.5 �g of
RNA and a random-hexamer primer. PCR was performed using 1 unit of Taq polymerase (Invitrogen), 0.1
unit of Pfu polymerase (Agilent Technologies, Cedar Creek, TX), and the following primers: F5=, CGGAA
TTCCATGGTAATGTCCATCATGGGTCTCAAGG; F3=, ACTGAACCTGAGGTCAGAGCGACCTTACATAGG; H5=, CG
GAATTCCATGGTAATGTCACCACAACGAGACC; and H3=, CTGCAGAACCAGGGCATTGGCTATCTGCGATTGGT
TCCATCTTCC.

A single 1.8-kb band was extracted from the agarose gel following gel electrophoresis using a QIA
extraction kit (Qiagen, Mississauga, ON, Canada). The purified band was digested with BstXI and EcoRI for
H and Bsu36I and EcoRI for F and ligated with a similarly digested pCAGGS vector (94). Amplified plasmid
DNA was verified via restriction digestion and sequencing analysis (ACGT Corporation, Toronto, ON,
Canada).

Luciferase fusion assay. HEK293 cells (3 � 105 cells/12 wells) were transfected with 0.33 �g each
of pCAGGS-H and pCAGGS-F and 1 �g of T7 luciferase reporter plasmid, which contains a firefly luciferase
gene under the T7 promoter. In parallel, Vero cells (3 � 105 cells/well) were transfected with a plasmid
that expresses T7 polymerase under the CMV promoter and a renilla luciferase expression plasmid. All
transfections were carried out using Lipofectamine 2000 (Invitrogen) following the manufacturer’s
protocols. Twenty hours posttransfection, the HEK293 cells were detached by addition of cell dissociation
buffer (Sigma) and added to the T7 polymerase-transfected Vero cells in the presence of varying amounts
of FIP. The cell lysates were harvested after 4 h in cell culture lysis buffer (Promega, Madison, WI) at 4°C,
and dual firefly and renilla luciferase activity was read using a Glomax luminometer (Promega).
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Cell surface protein biotinylation and pulldown. HEK293 cells (1 � 106 cells/6 wells) were
transfected with 0.5 �g each of pCAGGS-H and pCAGGS-F; 17 h posttransfection, the cells were washed
with PBS and resuspended, and surface proteins were biotinylated with 2 mM EZ-Link Sulfo-NHS-Biotin
(Thermo Scientific, Rockford, IL) for 1 h at 4°C. Adding serum-free medium quenched the reaction.
Following washes with PBS, the cells were lysed in 300 �l RIPA (radioimmunoprecipitation assay) buffer
(50 mM Tris-HCl, pH 7.4, 1% [wt/vol] NP-40, 0.25% sodium deoxycholate, 150 mM sodium chloride, 1 mM
EDTA) supplemented with protease inhibitors (Complete protease inhibitor cocktail [Roche, Mississauga,
ON, Canada], 1 mM phenylmethylsulfonyl fluoride [PMSF], 1 mM sodium orthovanadate, 1 mM sodium
fluoride). Neutravidin agarose resin (150 �l; Thermo Scientific) was added to the lysate, and the tubes
were rocked at 4°C overnight. After adsorption, the resin was washed 3 times with RIPA buffer and
resuspended in reducing sample buffer for immunoblotting. Densitometric analysis of the immunoblot
was performed using the software accompanying the Kodak Image Station.

Western immunoblot analysis. Sodium dodecyl sulfate-polyacrylamide (9%) gel electrophoresis
(SDS-PAGE) was performed, and proteins were transferred onto a polyvinylidene fluoride membrane. The
membrane was blocked with 5% (wt/vol) skim milk in PBS-Tween (0.5%) for 1 h and probed with antisera
against the carboxy terminus of the F protein (95) at 1:1,000 dilution overnight. After washing, the
membrane was probed with horseradish peroxidase-conjugated anti-rabbit antibody and developed
using the ECL Plus reagent (GE Healthcare, Baie d’Urfe, QC, Canada) on a Kodak Image Station 4000MM
(Mandel Scientific, Guelph, ON, Canada).

MeV binding assay. To assess whether FIP prevented measles virus binding to the cell surface, Vero
cells were incubated with 100 PFU/cell of MeV (Edmonston) for 90 min on ice in the presence or absence
of 100 �M FIP. The cells were washed three times with PBS containing 1% (wt/vol) bovine serum albumin
(BSA), 5 mM EDTA, and 0.1% (wt/vol) sodium azide and incubated with an anti-MeV hemagglutinin
antibody (MAB8905; Millipore, Billerica, MA) on ice for 60 min. The cells were washed prior to incubation
with an Alexa Fluor 488-conjugated anti-mouse antibody for 45 min on ice. The cells were washed again
to remove any unbound antibodies, fixed in 1% (wt/vol) paraformaldehyde, and run on a Cyan ADP flow
cytometer (Beckman Coulter). Data were processed using FCS Express software (De Novo Software,
Glendale CA).

Homology modeling of F mutant structures. HHpred (96) was used to search for profile hidden
Markov models based on structures in the Protein Data Bank (PDB) that were compatible with the MeV
F protein sequence. The wild-type sequence for the MeV-Edm F protein used in this study corresponded
to GenBank accession no. U03657.1, except for a glutamic acid at residue position 460. The highest-
scoring hits corresponded to PDB entries for paramyxovirus fusion proteins (1ZTM, 5EJB, 1G5G, and
2B9B), with sequence identities ranging from 28 to 35%. We used 2B9B (parainfluenza virus 5 F protein)
(39) as a template to model the prefusion state and 1ZTM (paramyxovirus [hPIV3] F protein) (36) to model
the postfusion state. The HHpred-based alignments were used for the subsequent 3D modeling with
MODELLER 9.9 (97). Models for wild-type and mutant MeV F proteins were generated for residues 26 to
489 based on structure 2B9B and for residues 27 to 487 based on structure 1ZTM. Trimers were
generated by including three chains (labeled A, B, and C) for both the input sequence and the template
model. In order to preserve the 3-fold symmetry of both the pre- and postfusion conformations of the
trimers, restraints were applied between all C-� atoms between the pairs of chains (A-B), (B-C), and (A-C).
All MeV F mutant structures were generated independently from the template PDB files 2B9B and 1ZTM.
In all cases, the mutant structures were highly similar to the wild-type structures with either the pre- or
postfusion template. The figures were generated with the PyMOL molecular graphics system.

Microscopy. Cells were viewed by phase-contrast and fluorescence microscopy using a Leica
DMI4000B inverted microscope (Leica Microsystems, Concord, ON, Canada). A Zeiss LSM 510 microscope
(Carl Zeiss Canada) was used to acquire images by oil immersion. In order to observe syncytia, cells were
fixed and stained with Hema3 solution (Fisher Scientific) according to the manufacturer’s instructions.

Data analysis. Data are expressed as means � SEM. Analysis of variance (ANOVA) was performed to
identify statistically significant differences. P values below 0.05 were considered statistically significant.
The data were processed using GraphPad (La Jolla, CA) Instat software.

Ethics statement. The experiments reported in this article were performed at biological safety level
2 in accordance with the regulations set forth by the Public Health Agency of Canada and the Canada
Food and Drug Inspection Agency. This work did not involve experimentation with animals or human
beings.
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