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Measles virus (MeV), a major cause of childhood morbidity and
mortality, is highly immunotropic and one of the most contagious
pathogens. MeV may establish, albeit rarely, persistent infection in
the central nervous system, causing fatal and intractable neurode-
generative diseases such as subacute sclerosing panencephalitis and
measles inclusion body encephalitis. Recent studies have suggested
that particular substitutions in theMeV fusion (F) protein are involved
in the pathogenesis by destabilizing the F protein and endowing it
with hyperfusogenicity. Here we show the crystal structures of the
prefusion MeV-F alone and in complex with the small compound
AS-48 or a fusion inhibitor peptide. Notably, these independently
developed inhibitors bind the same hydrophobic pocket located at
the region connecting the head and stalk of MeV-F, where a number
of substitutions in MeV isolates from neurodegenerative diseases are
also localized. Since these inhibitors could suppress membrane fusion
mediated by most of the hyperfusogenic MeV-F mutants, the devel-
opment of more effective inhibitors based on the structures may be
warranted to treat MeV-induced neurodegenerative diseases.
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Measles remains a major cause of childhood morbidity and
mortality worldwide despite the presence of effective vac-

cines, and no therapeutic agents are currently available (1). Measles
virus (MeV) usually causes acute infection, but in rare cases persists
in the central nervous system (CNS) and induces neurodegenera-
tive diseases such as subacute sclerosing panencephalitis (SSPE)
and measles inclusion body encephalitis (MIBE). These sequelae
can occur several years after acute infection in otherwise normal
individuals and several months following initial exposure in
immunosuppressed patients, respectively (2–4). MeV is a member
of the genus Morbillivirus in the family Paramyxoviridae. Morbilli-
viruses also include canine distemper virus (CDV), rinderpest virus
(RPV), peste-des-petits-ruminants virus, dolphin morbillivirus, fe-
line morbillivirus, and phocine distemper virus (1).
To enter target cells, morbilliviruses must bind to cellular re-

ceptors and then fuse their envelope (a lipid bilayer membrane
surrounding the viral nucleocapsid) with the cell membrane (1).
Signaling lymphocyte activation molecule (SLAM, also called
CD150) on immune cells and nectin-4 on epithelial cells are
known to act as morbillivirus receptors (5–7). These molecules are
not expressed on human neuronal cells (8, 9). Morbilliviruses have
two envelope glycoproteins, the hemagglutinin (H) and the fusion
(F) protein (1). The F protein exists as a homotrimer on the en-
velope, and each F monomer (protomer) is first synthesized as a
nonfunctional precursor (F0) that is processed by furin into two
disulfide-linked subunits, F1 and F2, within the Golgi apparatus
(1). The cleavage generates a new N-terminal hydrophobic seg-
ment in the F1 subunit, known as the fusion peptide (FP). Binding
of the H protein to its receptor was shown to cause some con-
formational change of the H protein, which would in turn trigger a
series of structural rearrangements of the adjacently located F
protein (10–14). The FP is inserted into the cell membrane, and

the six-helix bundle (6-HB) is formed from two heptad-repeat
(HR) domains, HR-A and HR-B. This is a driving force for
causing membrane fusion at the cell surface (12–14).
Recent studies have implicated several substitutions in the

F-protein ectodomain in the pathogenesis of SSPE and MIBE
(15–18). These substitutions destabilize the metastable pre-
fusion conformation of MeV-F, and confer the hyperfusogenic
phenotype in SLAM- and nectin-4–expressing cells. More
importantly, they even allow the mutant viruses to induce
syncytia in cells lacking SLAM and nectin-4, and spread effi-
ciently in human primary neuron cultures and the brains
of hamsters and mice. Similarly destabilized, hyperfusogenic
F-protein mutants have also been described in several other
paramyxoviruses (19–22).
We here determined the structures of the prefusionMeV F protein

(MeV-F) alone and bound to an inhibitor compound or an inhibitor
peptide. The prefusion MeV-F structures, combined with its post-
fusion model, provide the structural basis for MeV-mediated mem-
brane fusion, MeV neurovirulence, and inhibition by fusion inhibitors.
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mortality worldwide, and no licensed therapeutic agents are
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ated by hyperfusogenic mutations in the MeV fusion (F) protein.
Here we show the crystal structures of MeV-F alone and bound
to inhibitors. The structures and accompanying cell-based fusion
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anism for the inhibition of MeV-mediated fusion, which would
help us conquer MeV-induced neurodegenerative diseases.
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Results
Structure Determination and Overall Structures. For crystallization
of MeV-F, its ectodomain (composed of the head and stalk)
trimer was stabilized in the prefusion state by introducing cysteine
substitutions into the stalk region, as the known trimeric foldons
fibritin and GCNt (23, 24) did not assist its expression. The sta-
bilized MeV-F ectodomain trimer was expressed in Drosophila
S2 cells, and then crystallized alone and in complex with an MeV
entry inhibitor compound, AS-48 (25), or a fusion inhibitor peptide
(FIP), Z-D-Phe-Phe-Gly (Z, benzyloxycarbonyl; D-Phe, D-form
Phe) (25, 26). Diffractions to 2.78-, 2.33-, and 2.64-Å resolutions
were obtained from single crystals of MeV-F alone, MeV-F–AS-
48, and MeV-F–FIP, respectively. The initial experimental phases
were determined by the native sulfur single-wavelength anomalous
diffraction (S-SAD) phasing method. The structures were refined
to an Rwork/Rfree of 20.2/24.9%, 18.4/22.1%, and 19.1/23.2%, re-
spectively (Fig. 1 and Table S1). The overall organization of the
prefusion MeV-F is similar to those of the prefusion F proteins of
other paramyxoviruses and a related pneumovirus, the respiratory
syncytia virus (RSV) (Fig. 1 and Figs. S1 and S2 A–C).
MeV fusion inhibitors AS-48 and FIP were independently de-

veloped. Based on a modeled structure of MeV-F, the inhibitor
compound OX-1 was initially designed such that it would bind the
MeV-F microdomain near the FP (27), and its chemical improvement
led to AS-48 with high stability and low cytotoxicity (25). FIP is a
modified peptide originally designed based on the sequence of the F0
cleavage site of Sendai virus (SeV), a paramyxovirus (26). This peptide
did not inhibit SeV-mediated fusion but proved to be highly effective
in inhibiting MeV entry and fusion, although it does not perfectly
match the sequence of MeV-F. Binding of FIP has been shown to
make MeV-F thermodynamically stable in its prefusion state, thereby
inhibiting MeV-mediated membrane fusion (26). Interestingly, both
AS-48 and FIP were found to bind a hydrophobic pocket located at
the region connecting the head and stalk of MeV-F, far from the FP,
with a stoichiometry of three ligands per MeV-F trimer (Fig. 1C). In
crystal structures, the FP (G115 to H138) is located at the upper part

of the head and tightly sandwiched between its own protomer and
another protomer (Fig. S3). The results suggest that these inhibitors
do not directly inhibit the structural change around the FP.
The hydrophobic pocket targeted by these inhibitors corre-

sponds to the N-terminal part of HR-B (Fig. S4 A–C). As a
comparison of the prefusion MeV-F structure with a model of its
postfusion state shows (Fig. S4 A and B), HR-B is believed to
undergo a large structural change during the transition from the
prefusion to the postfusion state, interacting with HR-A. Binding
of the inhibitors presumably increases the stability of the pre-
fusion MeV-F trimer by bridging the protomers at the hydro-
phobic pocket, thereby preventing its conformational change to
the postfusion form and the formation of 6-HB. The finding that
AS-48 restores the intracellular transport and activity of a
destabilized mutant MeV-F (28) also supports that the com-
pound acts by stabilizing the prefusion conformation of MeV-F.

MeV-F–Inhibitor Interactions. Although AS-48 (a small-molecule
compound) and FIP (a peptide) are chemically distinct, the two
inhibitors bind MeV-F in a similar manner. The interactions are
primarily hydrophobic, and mainly mediated by aromatic rings in
the inhibitors and nonpolar residues of the hydrophobic pocket in
MeV-F (Fig. 2). In the MeV-F–AS-48 complex (Fig. 2A and Fig.
S4 C–E), the 2-carbamoyl-5-nitrophenyl group of AS-48 forms
aromatic-stacking interactions with W311, P353, and P451 of
MeV-F, in addition to a hydrophobic interaction with L370 and a
hydrogen bond with T369. The benzene ring of AS-48 interacts
with hydrophobic residues I452, V459, L463, and I467, together
with carbon atoms of G460 and G464 (their main chains) and
N462 (its side chain). The acetamide of AS-48 is surrounded by
S352 and S453, but no polar interactions are found between the
acetamide and the side chains of S352 and S453. The acetamide of
AS-48 forms hydrogen bonds with the oxygen atom in the main
chain of P451 and the nitrogen atom in the main chain of S453. In
the MeV-F–FIP complex (Fig. 2B and Fig. S4 C–E), the benzylox-
ycarbonyl group and D-Phe of FIP are positioned with respect to
MeV-F almost in the same manner as the 2-carbamoyl-5-nitrophenyl

A B

C

Fig. 1. Crystal structures of the prefusionMeV-F trimer alone and bound to the inhibitors AS-48 or FIP. (A) Structure of theMeV-F trimer in its prefusion state viewed
from the side (Top). Each protomer is shown as a ribbon (rainbow colors) or surface diagram (dark and light gray colors). Linear schematic of the MeV-F structure
(Bottom). The residues visible in the crystal structure (positions 105 to 114 and 482 to 496 are invisible) are represented in the boxes colored in the same rainbow
colors as the ribbon diagram of the crystal structure. Disulfide bonds are shown as black lines under the boxes, and glycans are represented as branches on top of the
boxes. (B) Structure of the prefusion MeV-F protomer. N and C termini of the F1 and F2 subunits are shown. (C) Structures of the MeV-F trimer in complex with AS-48
(Left) or FIP (Right). The structures of the prefusion MeV-F trimer are shown as a ribbon diagram, and the inhibitors are shown as a sphere diagram. Color coding of
inhibitors: magenta (AS-48) or cyan (FIP), carbon; blue, nitrogen; and red, oxygen. Inhibitory activities of AS-48 and FIP are shown as 50% inhibitory concentrations (IC50s).
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group and benzene ring of AS-48, respectively. Thus, this part
of FIP exhibits aromatic-stacking and hydrophobic interactions
with MeV-F like the corresponding part of AS-48, except for a
missing interaction with T369. The Phe of FIP interacts with
hydrophobic residues A466, I467, and L470 and the main chains
of G460 and G464 of MeV-F, in addition to a π–cation in-
teraction with K469 that is supported by a hydrogen bond with
N465. Furthermore, the main chains of FIP form hydrogen
bonds with the side chains of N462 and E471 and the oxygen
atom of the main chain of P451.
The structural difference is minimal between apo MeV-F and

MeV-F–AS-48 (rms deviation of 0.45 Å; 422 Cα atoms) or be-
tween apo MeV-F and MeV-F–FIP (rms deviation of 0.58 Å; 423
Cα atoms). However, upon binding with AS-48 or FIP, slight, but
common, structural changes were observed outside the inhibitor-
binding site in MeV-F (see Fig. S5 for details). These additional
intra- and intermolecular interactions may also strengthen the
stability of the MeV-F–inhibitor complexes.

Cross-Reactive Inhibition of Morbillivirus F-Mediated Membrane
Fusion. We also examined the abilities of AS-48 and FIP to in-
hibit CDV- and RPV-induced membrane fusion. AS-48 efficiently
inhibited membrane fusion mediated by CDV and RPV glyco-
proteins, whereas FIP suppressed membrane fusion induced by
RPV but not CDV glycoproteins (Fig. 3A and Fig. S6). The se-
quence identity among MeV, RPV, and CDV F proteins mapped
on the MeV-F structure shows that amino acid residues are highly
conserved around the binding site for AS-48 and FIP, where only
three positions, 451, 467, and 471, are different among the three
viruses (Fig. 3 B and C). The MeV and RPV F proteins differ only
at position 467, and both inhibitors efficiently inhibited RPV-
induced membrane fusion. By contrast, all three positions are dif-
ferent between MeV and CDV. In the MeV-F–inhibitor complex

structures, FIP, but not AS-48, forms a hydrogen bond with E471 of
MeV-F (both inhibitors interact with residues at positions 451 and
467) (Figs. 2 and 3C), and the side chain of D471 of CDV-F may be
too short to interact with FIP.

Hyperfusogenic MeV-F–Mediated Membrane Fusion. The hyper-
fusogenic phenotype conferred by substitutions in the MeV-F
ectodomain is critical for neurovirulence (15–17, 29). However,
how these substitutions affect fusion activity is largely unknown. In
the MeV-F structures, the residues that confer hyperfusogenicity on
MeV-F after their substitutions are clustered in three specific re-
gions (termed sites I, II, and III) (Fig. 4A). Site I is located close to
the FP, and includes residues I87 and M94 (15, 30). Site II is sit-
uated at the interface of three protomers as well as at the interface
of two intramolecular domains (DI and DIII in Fig. S3). S262 is the
only residue at this site (15). Site III is the region connecting the
head and stalk domains, and contains many residues: L354, L454,
T461, N462, and N465 (15, 17, 31). Site III corresponds to HR-B,
thought to form the 6-HB structure together with HR-A.
These three sites likely play an important role in maintaining

the metastable prefusion structure and/or initiate the conforma-
tional changes following the triggering signal from the H protein.
The MeV-F structure provides insight into the mechanism for the
destabilization of the prefusion conformation by the substitutions.
L354M, T461I, N462K, and N465K likely collide with residues in
another protomer, whereas S262R and L454W appear to largely
collide with residues in the same protomer. I87T and M94V are
expected to lose the hydrophobic interaction with the residues and
FP in the same protomer, respectively. These microenvironmental
changes caused by the substitutions would lead to destabilization
and hyperfusogenicity of these mutants.
Among the three sites, site III appears to be the most critical, as

many positions are changed in virus isolates from patients with
SSPE and MIBE (16). In fact, recombinant MeVs possessing the F
protein with single substitutions at site III (e.g., L454W, T461I, and
N462K) were shown to induce syncytia in cells lacking the known
receptors and spread in human primary neuron cultures and the
brains of hamsters and mice (15–18). Furthermore, site III almost
overlaps with the binding site for AS-48 and FIP. These inhibitors
presumably stabilize the metastable prefusion structure and prevent
its conformational changes upon triggering (Structure Determination
and Overall Structures). Thus, site III of MeV-F may represent a
highly critical region regulating MeV-induced membrane fusion.

Inhibition of Hyperfusogenic MeV-F–Mediated Membrane Fusion. To
further understand the mechanisms of fusion triggering and in-
hibition, the abilities of AS-48 and FIP to inhibit membrane fusion
mediated by hyperfusogenic MeV-F mutants were examined. The
wild-type (WT) and hyperfusogenic MeV-F were expressed, to-
gether with MeV-H, in cells, and average total sizes of syncytia in
the presence of each inhibitor were quantified (Fig. 4 B–D and Fig.
S7). Without the inhibitors, the WT MeV-F induced syncytia in
Vero cells expressing SLAM or nectin-4 but not in Vero cells
lacking these morbillivirus receptors. By contrast, hyperfusogenic F
proteins induced syncytia even in Vero cells, and larger ones in Vero
cells expressing SLAM or nectin-4. Remarkably, AS-48 and FIP
inhibited cell fusion mediated by not only WT but all hyperfusogenic
MeV-F proteins except the N462K mutant. Thus, both inhibitors
acted on site I and II mutants as well as site III mutants. Substitu-
tions at position 462 have been shown to occur as resistance to AS-
48 (28), and FIP also failed to inhibit membrane fusion induced by
the N462K mutant (Fig. 4 B–D). The structures of MeV-F–inhibitor
complexes clearly revealed that both inhibitors directly interact with
N462 of MeV-F (Fig. 2), identifying this residue as a mediator of
primary resistance. The MeV-F–AS-48 cocrystal structure indicates
that another substituted residue, 367, found in an escape mutant
(28), also functions through primary resistance.

A B

Fig. 2. Interactions of MeV-F with the inhibitors AS-48 and FIP. Structures of
the prefusion MeV-F trimer bound to AS-48 (A) or FIP (B) viewed from the
bottom, with the chemical structure of AS-48 and amino acid sequence of FIP
(Top). Detailed views of inhibitor-binding sites (Middle and Bottom). Each
protomer is colored in pale green, light gray, or dark gray. Color coding of
inhibitors is the same as that in Fig. 1.
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Discussion
In this study, we determined the structures of the prefusion
form of MeV-F. Although the known trimeric foldons fibritin
and GCNt (23, 24) did not assist MeV-F expression, the in-
troduction of cysteine substitutions into the stalk region allowed
the prefusion MeV-F trimer to be stabilized and expressed. We
previously engineered disulfide bridges to introduce intersubunit
covalent links into the prefusion MeV-F, and demonstrated its sur-
face expression as stable DTT-sensitive trimers and reversible
inhibition of its fusion activity (32). Among the ∼150 different ver-
sions of MeV-F we engineered for the present crystal structural
study, the introduction of four cysteine substitutions around the
C-terminal region of HR-B was the most suitable. The engineering
of disulfide bonds to stabilize the prefusion conformation may have
a broad application for determining the structures of unstable

glycoproteins, as previously reported in RSV (33), HIV (34, 35)
and Lassa virus (36).
The structures of the prefusion MeV-F revealed detailed mo-

lecular mechanisms by which the two inhibitors AS-48 and FIP in-
hibit membrane fusion mediated by MeV, CDV, and RPV F
proteins. These two inhibitors bind the same hydrophobic pocket of
MeV-F, engaging many common residues. This inhibitor-binding
site and its vicinity (site III) are also critical for fusion triggering, and
accommodate many substitutions that confer the hyperfusogenic
phenotype on MeV-F. Although these inhibitors possess only in-
termediate antiviral potency in cultured cells, with a low-to-sub-
micromolar range of 50% inhibitory concentrations, the structures
should provide templates for the development of more effective
entry inhibitors targeting this highly vulnerable site on MeV-F.
The understanding of the mechanisms by which inhibitors

prevent virus-mediated membrane fusion is important for the

A B

C D

Fig. 4. Characterization of hyperfusogenic MeV-F mutants. (A) Amino acid residues (sphere diagrams) whose substitutions confer hyperfusogenicity on MeV-
F are clustered in three sites. Each protomer is colored as in Fig. 2. (B–D) Inhibition of cell–cell fusion mediated by hyperfusogenic mutants in Vero/SLAM (B),
Vero/nectin-4 (C), and Vero cells (D). The cells were transfected with the expression plasmid encoding WT or mutant F proteins, together with that encoding
the WT H protein. At 24 h (Vero/SLAM and Vero/nectin-4) or 96 h (Vero) posttransfection, the cells were stained with a Giemsa solution. Syncytia were
quantified as in Fig. 3. Data are the mean ± SD of the six images, and are representative of three independently performed experiments.

A B C

Fig. 3. Structural basis for inhibition of morbillivirus entry by inhibitors. (A) Inhibition of cell–cell fusion mediated by RPV (Left) or CDV (Right) in CHO cells
expressing cow or dog SLAM, respectively. The cells were transfected with expression plasmids encoding RPV or CDV H and F proteins and incubated with or
without inhibitors for 24 h. The average sizes of syncytia in the presence or absence of inhibitors were quantified by using the hybrid cell count system
(Keyence). Data are the mean ± SD of the six images, and are representative of three independently performed experiments. (B) The identical amino acid
residues among MeV, RPV, and CDV are mapped on the prefusion MeV-F structure and colored in red (Top). The different amino acid residues among MeV,
RPV, and CDV at inhibitor-binding sites are summarized (Bottom). (C) Detailed views of inhibitor-binding sites.
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future development and improvement of antiviral drugs. To gain
insight into the mode of action of fusion inhibitors, the structures
of MeV-F–inhibitor complexes were compared with those of other
class I viral fusion protein–inhibitor complexes: RSV F–JNJ-
2408068 (37), influenza A virus (Flu) hemagglutinin (HA)–Arbidol
(38), and ebolavirus (EBOV) glycoprotein (GP)–toremifene (39)
(Fig. 5). All inhibitors commonly bind the hydrophobic sites of the
respective viral proteins. While the inhibitors stabilize MeV-F,
RSV-F, and Flu-HA proteins, toremifene destabilizes the EBOV-
GP protein. The inhibitor-binding sites are near the FP in RSV-F
and EBOV-GP proteins but far from it in MeV-F and Flu-HA
proteins. Interestingly, Arbidol binds the region connecting the
head and stalk of Flu HA, with a stoichiometry of three ligands
per HA trimer. Thus, AS-48/FIP and Arbidol may inhibit mem-
brane fusion in a similar manner, although their structures are
totally different. In fact, FIP was reported to exhibit anti-Flu
activity (26).
For the functional activation of paramyxovirus F proteins, the

precursor F0 must be cleaved into F1 and F2 subunits by cellular
proteases, furin for MeV and parainfluenza virus 5 (PIV5) and
cathepsin L for Nipah virus (NiV) and Hendra virus (HeV) (40).
The atomic-resolution structure of the activated, cleaved form
(F1/F2) has been reported for PIV5-F (41). The F0 structure is
determined for PIV5-F (24), NiV-F (42), and HeV-F (43). The F
protein of the related pneumovirus RSV is cleaved at two sites by
furin (40), and its structure is reported as the activated form (23).
Compared with these F proteins, the structure of MeV-F shows
higher similarity to those of NiV-F and HeV-F, despite their
different protease requirements (Fig. S2 A–C).
Although the overall structure of MeV-F is similar to those of

other paramyxoviruses and RSV, significant differences exist. The
first difference is found in the alpha helix (α6) immediately fol-
lowing the FP. In the F proteins of PIV5, NiV, and HeV, this
alpha helix is formed together with the C terminus of the FP (Fig.
S2C). However, the α6-helix of MeV-F is split from the C ter-
minus of the FP and turns outward into the solvent (Fig. S2C).
The incompact configuration of the α6-helix of MeV-F may partly
contribute to its instability as the prefusion form. The second
difference is observed in the protease cleavage site. The C ter-
minus of the cleaved MeV-F2 has a short helix (α3) structure,
which packs against the outside of the FP N terminus of MeV-F1
(Fig. S2D). By contrast, the cleavage sites exhibit a loop structure
in PIV5-F (41), NiV-F (42), and HeV-F (43), and RSV-F (33) is
missing the corresponding helix or loop structure (Fig. S2D). The
similar alpha-helical packing against the fusion loop was reported
in the Marburg virus glycoprotein (44). The α3-helix of the
cleaved MeV-F2 may act to prevent an unnecessary conforma-
tional change, as proposed for the Marburg virus glycoprotein.

Importantly, the two MeV inhibitors, AS-48 and FIP, could
suppress membrane fusion mediated by most of the destabilized,
hyperfusogenic MeV-F mutants (Fig. 4 and Fig. S7). In addition to
the mutations in the F-protein ectodomain, those causing the de-
fect of the M protein or producing altered cytoplasmic tails of the
F protein are often detected in MeVs from patients with SSPE and
MIBE (45, 46). These mutations were also shown to endow MeV
with hyperfusogenicity and facilitate MeV spread in the brains of
genetically modified mice (47). In all these hyperfusogenic muta-
tions, the lower threshold for triggering membrane fusion in the
brain may lead to MeV-induced neurodegenerative diseases. The
results indeed warrant the future development of fusion inhibitors
to treat MeV-induced CNS infections. However, a recent study has
reported several resistant mutants against AS-48 and/or FIP (48),
like those against RSV entry inhibitors (49). The mutated positions
are located around the AS-48– and FIP-binding sites found in the
present study. Thus, the structure-based design and combined use
of different inhibitors would be required to overcome the problem
of potential resistance by hyperfusogenic MeVs from patients with
SSPE and MIBE. Antiviral fusion inhibitors may also prove useful
to treat unvaccinated individuals exposed to WT MeV in our
current efforts to eliminate measles with vaccination.

Materials and Methods
AS-48 was synthesized as reported previously (25). FIP was obtained com-
mercially (Virus Replication Inhibiting Peptide; Peptide Institute). Both inhibi-
tors were verified to exhibit the reported properties (25, 26). Vero/SLAM (50),
Vero/nectin-4 (51), and Vero cells were maintained in DMEM (Wako) supple-
mented with 10% FBS (Sigma), 0.075% NaHCO3, 2 mM Hepes, and penicillin/
streptomycin (Gibco) in a 37 °C humidified chamber with 5% CO2. CHO/
CowSLAM and CHO/DogSLAM cells (52) were maintained in RPMI medium
supplemented with 10% FBS, 0.075% NaHCO3, 2 mM Hepes, 1.7 mM L-proline,
and penicillin/streptomycin in a 37 °C humidified chamber with 5% CO2.
Drosophila Schneider S2 cells were maintained in complete Schneider’s me-
dium (Lonza) supplemented with 10% (vol/vol) FBS in a 28 °C incubator. The
expression, purification, crystallization, and structure determination of pro-
teins were carried out as previously described (44, 53) with somemodifications.
Cell–cell fusions were quantified by using the hybrid cell count system (Key-
ence). More detailed information is provided in SI Materials and Methods.
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Fig. 5. Comparison of the inhibitor-binding sites and
the inhibition mechanisms among class I viral fusion
proteins. (Top) Structures of inhibitors against MeV-F,
RSV-F, Flu-HA, and EBOV-GP. (Middle) Structures of
the class I viral fusion proteins bound to respective
inhibitors. The trimeric subunits containing the FP/
fusion loop are colored in yellow, blue, and green, and
other subunits are in gray for all viral proteins. (Bottom)
Inhibitor-binding sites and inhibition mechanisms of
class I viral fusion proteins.
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