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RSV is a ubiquitous paramyxovirus that is the leading cause of 
acute lower respiratory tract infections in children less than  
5 years of age1. In this age group, RSV is responsible for 

approximately 3 million hospitalizations each year. Disease sever-
ity is particularly high in the very young, with 6.7% of all deaths 
in children between 1 month and 1 year of age attributed to RSV2. 
In addition, RSV causes a substantial disease burden in the elderly, 
similar to that of non-pandemic influenza A3. Unfortunately, a safe 
and effective RSV vaccine is not yet available, although there are 
many candidates at various stages of development4. Currently, the 
only available intervention is passive prophylaxis with the human-
ized monoclonal antibody palivizumab (Synagis)5. However, the 
high cost of treatment and the requirement for monthly injections 
by medical practitioners restricts the use of this therapy to high-
risk infants in developed countries6. Thus, there is an urgent need to 
develop alternative interventions that can be more easily provided 
to the entire cohort of at-risk children and elderly adults.

One strategy to reduce severe RSV disease is to block entry of 
the virus into cells lining the respiratory tract. The surface of RSV is 
coated with two glycoproteins: the attachment glycoprotein (G) and 
the fusion glycoprotein (F)7. Deletion of RSV G leads to a viable but 
attenuated virus, indicating that RSV G is not absolutely required 
for entry8. In contrast, RSV F is essential for entry, as it facilitates  
pH-independent fusion of the viral membrane with the host-cell 
plasma membrane, leading to infection of the host cell9. Expression 
of RSV F on the surface of cells can also cause fusion with neigh-
boring cells, especially in vitro, leading to the formation of  
multinucleated syncytia. RSV F is a class I fusion glycoprotein 
that is synthesized as an inactive precursor (F0) that is processed 
by a furin-like protease at two sites to generate three polypep-
tides: the N-terminal fragment (F2), a 27-amino-acid glycopeptide  

(pep27) and the C-terminal fragment (F1). The mature, active pro-
tein exists as a trimer of F2–F1 heterodimers folded into a compact 
prefusion conformation10.

The process of membrane fusion begins once prefusion RSV F 
is triggered by an unknown mechanism to initiate a dramatic con-
formational change. This refolding can also occur spontaneously 
on virions and cell surfaces11, and it can be stimulated with heat12,  
indicating that prefusion RSV F is metastable. During the refolding, 
the hydrophobic fusion peptide at the N terminus of the F1 subunit 
pulls out from the central cavity of the prefusion trimer and inserts 
into the host-cell membrane7. The resulting pre-hairpin intermedi-
ate then further refolds as the heptad repeats adjacent to the fusion 
peptide (HRA) associate with the heptad repeats adjacent to the viral 
transmembrane region (HRB), located near the C terminus of the F1 
subunit13. This association leads to the formation of an extremely 
stable six-helix bundle, which is characteristic of the RSV F postfu-
sion conformation14,15, and brings the viral and host-cell membranes 
together. Inhibition of any of these steps during the fusion process 
may prevent entry and infection of the host cells and could thus 
serve as a target for therapeutic intervention.

Since the early 2000s, several low-molecular-weight organic 
compounds have been identified that inhibit virus-cell fusion and 
cell-cell syncytium formation in RSV-replication assays16–19. These 
small-molecule inhibitors of RSV fusion have neutralization effica-
cies in the low- to sub-nanomolar range, but their pharmaceutical 
development attrition rate has been high, and at present only one, 
GS-5806, has shown promise in recent early-phase clinical trials20,21. 
Previous investigations, including crystallographic studies22, sug-
gested that these inhibitors bind to a late-stage fusion intermediate 
of RSV F and block zippering of the postfusion six-helix bundle23,24. 
However, the recent determination of the prefusion RSV F structure 
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Respiratory syncytial virus (RSV) is a leading cause of pneumonia and bronchiolitis in young children and the elderly. Therapeutic 
small molecules have been developed that bind the RSV F glycoprotein and inhibit membrane fusion, yet their binding sites and 
molecular mechanisms of action remain largely unknown. Here we show that these inhibitors bind to a three-fold-symmetric 
pocket within the central cavity of the metastable prefusion conformation of RSV F. Inhibitor binding stabilizes this conforma-
tion by tethering two regions that must undergo a structural rearrangement to facilitate membrane fusion. Inhibitor-escape 
mutations occur in residues that directly contact the inhibitors or are involved in the conformational rearrangements required 
to accommodate inhibitor binding. Resistant viruses do not propagate as well as wild-type RSV in vitro, indicating a fitness 
cost for inhibitor escape. Collectively, these findings provide new insight into class I viral fusion proteins and should facilitate 
development of optimal RSV fusion inhibitors. 
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revealed that inhibitor-resistance mutations cluster around a central 
cavity within the trimer (Supplementary Results, Supplementary 
Fig. 1), suggesting a shared binding site in the prefusion conforma-
tion of F or a conserved, indirect mechanism of escape10,25.

To facilitate development of next-generation inhibitors, the aim 
of the current study was to elucidate the structural basis of small-
molecule-mediated fusion inhibition for a diverse set of RSV inhibi-
tors belonging to different chemotypes (Supplementary Fig. 2). We 
found that each inhibitor binds with high affinity to a three-fold-
symmetric pocket within the central cavity of prefusion RSV F.  
We determined that the inhibitors are antagonists that stabilize 
the metastable prefusion conformation of RSV F by restricting the 
movement of two structurally labile regions. We also found that 
escape mutations occur in residues that directly contact the inhibi-
tors or that are involved in the conformational flexibility required 
to accommodate inhibitor binding, and we demonstrated that 
viruses containing escape mutations do not propagate as well as 
wild-type RSV in vitro. Our data provide new insight into the small- 
molecule-mediated inhibition of viral fusion proteins and should 
facilitate the development of optimal RSV fusion inhibitors.

ReSulTS
Inhibitors bind prefusion RSV F with high affinity
Isothermal titration calorimetry (ITC) experiments were performed 
to assess the binding of inhibitors to a prefusion-stabilized RSV F 
variant, DS-Cav1 (ref. 10). Binding of the compounds to the prefu-
sion conformation of RSV F was confirmed, and all tested inhibitors 
bound tightly, with equilibrium dissociation constants (Kd) ranging 
from 1.7 to 39 nM (Fig. 1a, Table 1, and Supplementary Fig. 3a). 
Binding of the five compounds was enthalpically driven, with a 
stoichiometry of one inhibitor per trimer, suggesting that the bind-
ing site might be along the three-fold trimeric axis. As a control,  

JNJ-2408068, TMC-353121 and BMS-433771 were tested for binding 
to postfusion RSV F, and no binding was detected (Supplementary 
Fig. 3b). This is consistent with previous data that showed TMC-
353121 is unable to bind to a preformed six-helix bundle22. To 
determine the correlation between inhibitor affinity and antiviral 
activity, neutralization studies were performed by infecting HeLa 
cells with an engineered RSV strain expressing green fluorescent 
protein (GFP) (rgRSV224)26. The four compounds with the high-
est affinities had EC50 values ranging from 0.10 to 6.8 nM, whereas 
BTA-9881, which had the lowest affinity, neutralized infection 
with an EC50 of 3,200 nM (Table 1). Collectively, these data reveal 
a positive correlation between inhibitor affinity and neutralization 
potency and thus support the hypothesis that the fusion inhibitors 
function by binding to the prefusion conformation of RSV F.

Inhibitors tether structurally labile regions of RSV F
To elucidate the molecular basis of fusion inhibition, structures of 
each inhibitor bound to DS-Cav1 were determined, with resolutions 
ranging from 2.3 to 3.05 Å (Supplementary Table 1). Electron den-
sity for the compounds was readily observed within the central cavity 
of prefusion RSV F and was situated below the hydrophobic fusion 
peptides (Fig. 1b) and along the three-fold trimeric axis (Fig. 1c).  
This binding site, which is consistent with the stoichiometry of one 
inhibitor per trimer determined by ITC (Table 1), causes the elec-
tron density of each inhibitor to be observed as a three-fold average 
about the trimeric axis (Supplementary Fig. 4).

Depending on the three-dimensional (3D) structure of the  
compounds, there appear to be two modes of binding within  
the prefusion RSV F cavity. Inhibitors JNJ-2408068 (Fig. 2a),  
JNJ-49153390 (Fig. 2b) and BMS-433771 (Supplementary Fig. 5a) 
each occupy two of the three equivalent lobes of the binding pocket, 
whereas TMC-353121 (Supplementary Fig. 5b) and BTA-9881 

(Supplementary Fig. 5c) are able to occupy all 
three lobes as a result of their pseudo-three-
fold symmetry. For each of the inhibitors,  
the planar aromatic groups interact with the 
aromatic side chains of Phe140 and Phe488 
located in the RSV F fusion peptide and the 
HRB, respectively. The fusion peptide, located 
at the N terminus of the F1 subunit, and the HRB, 
located at the C terminus of F1, both undergo 
dramatic conformational reorientations dur-
ing the fusion process (Supplementary Fig. 1 
and ref. 10). This suggests that the inhibitors 
act as antagonists of RSV F rearrangement by 
tethering the fusion peptide to HRB, thereby 
stabilizing the prefusion conformation. In 
addition to the aromatic-stacking interactions, 
inhibitors such as JNJ-2408068 and TMC-
353121 have long, positively charged append-
ages that reach down into a negatively charged 
pocket formed by residues Asp486 and Glu487 
(Fig. 2a and Supplementary Fig. 5b). That 
JNJ-2408068 and TMC-353121 were the two 
most potent compounds tested demonstrates 
the importance of these additional electro-
static interactions.

mechanisms for inhibitor resistance
Comparison to the apo DS-Cav1 structure 
reveals that binding of the inhibitors traps or 
induces conformational changes in RSV F. The 
most prominent change is a displacement of 
Phe488 away from the three-fold axis, which incre-
ases the size of the binding pocket and allows 
Phe488 to form aromatic-stacking interactions  

a

c

bTime (s)

µc
al

/s

0

kc
al

/m
ol

0

5
0

0 0.5
Molar ratio Molar ratio

JNJ-2408068

Viral membrane

Fusion peptide

1.0 1.5 1.0 1.5 2.00 0.5

–0.2

–0.4

–0.6

–5
–10
–15

–20
–25

2,000 4,000 6,000
Time (s)

DS-Cav1
JNJ-49153390

DS-Cav1
JNJ-2408068

0 2,000 4,000 6,000

RSV F

Figure 1 | Inhibitors bind to a three-fold-symmetric cavity in prefusion RSV F. (a) ITC data for 
the binding of JNJ-2408068 (left) and JNJ-49153390 (right) to prefusion rSv f (DS-Cav1).  
red lines represent the best fit of titration data to a single-binding-site model. (b) Crystal 
structure of JNJ-2408068 bound to rSv f as viewed from the side. rSv f is shown as a molecular 
surface, except for the hydrophobic fusion peptides, which are shown as ribbons. an oval-
shaped window into the central cavity has been created by removing a portion of the tan-colored 
protomer. Surfaces inside the cavity lack specular reflections. JNJ-2408068 is shown as a ball-
and-stick representation with corresponding electron density shown as a blue mesh. (c) Top view 
of the structure shown in b, with the upper hemisphere of rSv f removed for clarity.
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with the inhibitors (Fig. 3a). To accommodate the repositioning 
of Phe488, the side chain of Phe137 in the fusion peptide rotates 
away from the three-fold axis. Additionally, the movement of 
Phe488 causes a bulge at Asp489, leading to the formation of hydro-
gen bonds with Thr400 from a neighboring protomer. Inhibitor 
binding thus requires a coordinated rearrangement of residues 
located within three discrete regions of the F1 amino acid sequence 
(Supplementary Video 1).

Mutations in any of these three regions may be expected to cause 
resistance to the fusion inhibitors. Indeed, all of these inhibitors 
select for escape mutations in the fusion peptide (F140I, L141W, 
G143S, V144A), in the cysteine-rich region (D392G, K394R, S398L, 
K399I, T400A/I) and in the HRB (D486N/E, E487D, F488I/V, 
D489Y) (Supplementary Table 2 and refs. 16,22,23,27). On the basis 
of the inhibitor-bound structures, there appear to be at least two  
mechanisms of escape that would decrease the affinity of the small 
molecules for RSV F. The first involves mutation of residues that 
directly contact the inhibitors. These include mutations F140I and 
F488I/V, which would eliminate the aromatic-stacking interactions 
with the inhibitors, and mutations D486N and E487D, which would 
reduce the electrostatic interactions with the positively charged 
inhibitors. The second mechanism involves mutations that do not 
directly contact the inhibitors but are predicted to prevent or disfa-
vor the conformational changes required to accommodate inhibitor 
binding, such as mutations L141W, T400A/I and D489Y.

To investigate the structural basis for resistance, we expressed 
and purified DS-Cav1 containing the D489Y mutation, which allows 
escape from all of the inhibitors used in this study (Supplementary 
Table 2). ITC experiments demonstrated that JNJ-2408068 and 
BMS-433771 bound poorly to the DS-Cav1 D489Y variant, consis-
tent with a direct escape mechanism (Supplementary Fig. 6). The 
D489Y variant crystallized in the same conditions as the apo and 
inhibitor-bound RSV F proteins, and its structure was determined 
to 2.6-Å resolution (Supplementary Table 1). In this structure, 
Tyr489 interacts with an umbrella of hydrophobic side chains from 
the fusion peptide—residues Leu138, Phe140 and Leu141. These 
hydrophobic interactions prevent movement of the D489Y main 
chain, locking Phe488 in the apo configuration and thus preventing 
binding of the fusion inhibitors (Fig. 3b). The interactions between 
the fusion peptide and Tyr489 would be predicted to tether the 
fusion peptide to the HRB and stabilize the prefusion conformation,  
which may offset the loss of the Asp489-Lys394 salt bridge and the 
Lys394-Thr400 hydrogen bond.

antagonists of prefusion triggering
The binding mode of the small molecules suggested that they may 
stabilize the prefusion conformation and prevent triggering to the 
postfusion state. To test this hypothesis, we developed a cell-based 
triggering assay that uses a prefusion-specific antibody (CR9501) 
and a conformation-independent antibody (CR9503) to assess the 
conformation of RSV F28. Inhibitors were titrated into suspensions 
of HEK293 cells expressing wild-type RSV F on their surface, and 
these cells were then heat shocked at 55 °C for 10 min, which triggers 
the conversion of RSV F from the pre- to postfusion conformation12.  

In this assay, addition of the fusion inhibi-
tors prevented triggering of RSV F in a dose- 
dependent manner (Fig. 4a). These results 
confirm that the fusion inhibitors interrogated 
in this study behave as antagonists that stabi-
lize prefusion F and prevent its transition to 
the postfusion conformation.

escape mutations reduce viral fitness
It has previously been demonstrated that two 
inhibitor-escape mutations, D401E and D489E, 
result in hyperfusogenic F proteins, which may 

indirectly lead to escape by increasing the rate of fusion through 
destabilization of the prefusion conformation25. To determine  

Table 1 | Tabulated ITC results for the binding of prefusion RSV F to five inhibitors
Complex stoichiometrya ΔH (kcal/mol) −TΔS (kcal/mol) Kd (nM) eC50 (nM)b

JNJ-2408068 1.1 ± 0.00c –15 ± 0.71 2.3 ± 1.0 1.7 ± 1.6 0.11 ± 0.06
JNJ-49153390 1.1 ± 0.14 –20 ± 0.0 8.9 ± 0.42 7.8 ± 7.4 0.16 ± 0.15
TMC-353121 0.9 ± 0.014 –16 ± 0.0 4.8 ± 1.3 8.7 ± 10 0.10 ± 0.10
bTa-9881 1.1 ± 0.07 –14 ± 3.5 3.3 ± 2.5 39 ± 28 3,200 ± 3,900
bMS-433771 0.8 ± 0.21 –18 ± 0.0 6.7 ± 0.6 11 ± 6.7 6.8 ± 6.1
aStoichiometry of fusion inhibitor to trimeric prefusion rSv f. beC50 value for each inhibitor against a GfP-expressing rSv strain 
(rgrSv224). cData represent the mean ± s.d. (n = 2).
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Figure 2 | Inhibitors tether hydrophobic residues in two structurally  
labile regions. (a,b) Top (left) and side views (middle) for JNJ-2408068 
(a) and JNJ-49153390 (b) bound to rSv f. each rSv f protomer is a 
different color (tan, pink and green), and hydrophobic side chains are 
shown with transparent molecular surfaces. Inhibitors are shown as  
ball-and-stick representations with carbon atoms colored in cyan,  
nitrogen atoms in blue, oxygen atoms in red, bromine atoms in dark red 
and sulfur atoms in yellow. at bottom are 2D ligand-interaction diagrams 
generated in Molecular operating environment; a, b and C refer to the 
green, tan and pink protomers, respectively. bonds with rSv f main 
chain and side chain atoms are shown as blue and green dashed lines, 
respectively, and an ionic interaction is shown as a purple dashed line. 
When present, arrowheads point toward the acceptor.

np
g

©
 2

01
6 

N
at

ur
e 

A
m

er
ic

a,
 In

c.
 A

ll 
rig

ht
s 

re
se

rv
ed

.

http://www.nature.com/doifinder/10.1038/nchembio.1982


90  nature CHeMICaL BIOLOGY | vol 12 | february 2016 | www.nature.com/naturechemicalbiology

article NaTuRe CHemICal bIology dOI: 10.1038/nCHeMBIO.1982

whether all resistance mutations share these properties, we  
investigated the stability and fusogenicity of 11 RSV F variants  
containing documented inhibitor-escape mutations that were 
selected in vitro against different fusion inhibitors. The confor-
mations of these variants on the surface of cells were assessed by  
flow cytometry using the antibodies CR9501 (Fig. 4b) and CR9503 
(Fig. 4c). The previously reported destabilizing mutations D401E 
and D489E resulted in almost no prefusion F on the cell surface  
at 37 °C, confirming their destabilizing nature. The other nine  
variants, however, produced a range of stabilities, with some  
(S398L, D486N) increasing the stability of F and others (E487D, 
F488L) decreasing it (Fig. 4d).

We next sought to determine the effect of the escape mutations 
on RSV F–mediated cell-cell fusion. As previously observed25, 
expression of the D401E and D489E variants led to high levels of 
cell-cell fusion activity, approximately 3- to 4-fold above that of 
wild-type F (Fig. 5a). Interestingly, expression of the D489Y variant 
also resulted in high levels of cell-cell fusion activity even though 
this variant has a stability similar to that of the wild type. Other 
mutations, such as D486N, E487D and F488L, had fusion activity 
that was similar to or less than that of wild-type F. In general, there 
was not a strong correlation between stability and fusogenicity, 
which is not surprising given that cell-cell fusion activity should 
depend not only on RSV F stability but also on F expression levels as 
well as the function of each residue in the fusion process. To verify 
that all of the F proteins were expressed, cells transfected in parallel  
with those used for the fusion assay were stained with an affinity- 
matured version of palivizumab (motavizumab) and analyzed 
by ELISA (Fig. 5b). All of the F proteins were expressed, but five 
variants (S398L, S398L–K394R, G143S, T400A and L141W) had 
expression levels about 50% of wild type. Interestingly, for these five 
variants, little to no fusion activity was detected, suggesting that an 
expression threshold may need to be reached for cell-cell fusion to 
occur in this assay. Collectively, these data indicate that decreased 
stability and enhanced fusogenicity are not general properties of all 
inhibitor-escape variants.

For drug development, the effect of the escape mutations on 
viral fitness is more relevant than the effects on RSV F stability and 
activity. To determine the effect of the inhibitor-escape mutations 

on viral fitness, we quantified via time-lapse 
imaging the rate at which individual A549 
cells became infected with either wild-type 
rgRSV224 or rgRSV224 strains with inhibitor-
escape variants of F. We also determined the 
infectious virus titers in these A549 cell cul-
tures by plaque assay over a period of two to 
three replication cycles, which was sufficient 
to infect all cells with wild-type rgRSV224. 
Throughout the 53-h time-course of the 
time-lapse imaging experiment, the wild-type 
virus infected a substantially greater fraction 
of cells than did viruses expressing inhibitor-
escape variants D486N or L141W (Fig. 5c). 
The rate of infection for both mutant viruses 
was essentially the same, indicating that sta-
bilizing and destabilizing mutations can pro-
duce similar reductions in viral infectivity in 
cell culture. In addition, the infectious titer 
produced by these A549 cells infected with 
wild-type rgRSV224 increased faster than 
the titers of the viruses with inhibitor-escape 
mutations (Fig. 5d), and after 48 h, the titer 
of the wild-type virus was almost 100-fold 
higher than the titers achieved by viruses 
containing inhibitor-escape mutations. Taken 
together, for those mutations tested here, the 

data indicate that escape from the potent fusion inhibitors leads to 
a reduction in viral fitness.

DISCuSSIoN
The structural and biophysical results presented in this work reveal 
that a diverse collection of small-molecule RSV fusion inhibitors 
bind to the prefusion conformation of RSV F. Each inhibitor binds 
to the same three-fold-symmetric site within the central cavity, 
interacting via aromatic stacking with phenylalanines in two labile 
regions required for membrane fusion. This mode of binding is 
expected to be conserved for all of the RSV fusion inhibitors under 
development, including Gilead’s GS-5806 compound, which has 
demonstrated efficacy in early-phase clinical trials21,29. On the basis 
of in silico docking experiments (Supplementary Fig. 7), GS-5806 
is predicted to adopt a conformation similar to the BTA-9881 and 
TMC-353121 compounds, with GS-5806 occupying all three lobes 
of the binding pocket, interacting with Phe140 and Phe488 through 
aromatic stacking of its phenyl and pyrazolo[1,5-a]pyrimidine 
groups. The ability of this compound to occupy three lobes simulta-
neously may in part account for its high therapeutic efficacy.

In addition to the inhibitors’ mode of binding, results from our 
cell-based triggering assay provide strong evidence for a mechanism  
wherein the small molecules act as antagonists of membrane fusion 
by preventing triggering of the metastable prefusion conforma-
tion of RSV F. This mechanism is different than one previously 
proposed22,24, which suggested that these inhibitors bind to a pocket 
in the three-helix coiled-coil of a late prehairpin-intermediate struc-
ture of RSV F, thereby preventing full zippering of the postfusion 
six-helix bundle. In those investigations, photo-crosslinking experi-
ments using RSV F–derived peptides corresponding to the HRA 
and HRB regions demonstrated that an analog of TMC-353121 
could be crosslinked to Tyr198 in the HRA peptide, but only in the 
presence of HRB peptide. In addition, by mixing HRA and HRB 
peptides in the presence of TMC-353121, a crystal structure of the 
complex was obtained, which revealed that three TMC-353121 
molecules each bound to a pocket in the HRA three-helix bundle 
and made interactions with Tyr198 as well as residues Asp486 and 
Glu487 in HRB. Although this structure explained the crosslink-
ing results and the isolation of resistance mutant D486N in HRB, 
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it did not explain resistance mutations in the cysteine-rich region 
(D392G, K394R, S398L, K399I, T400A/I) or in the fusion peptide 
(F140I, L141W, G143S, V144A). In contrast, our proposed mech-
anism—based on studies using biologically relevant prefusion and 
postfusion RSV F proteins—can account for the observed selection 
of resistance mutations in the fusion peptide and in the cysteine-rich 
region, as well as in the HRB. Although our proposed mechanism 
does not exclude the presence of the previously identified binding 
site in the HRA coiled coil, it does suggest that it is not relevant 
to the inhibitors’ mechanism of action in vivo. Furthermore, our 
proposed mechanism is consistent with that recently proposed for 
GS-5806 (ref. 30), suggesting that all RSV fusion inhibitors act as  
antagonists of F triggering.

From our inhibitor-bound structures of RSV F, we propose 
that there are at least two mechanisms of direct escape that would 
result in reduced affinity of the inhibitors for prefusion RSV F. 
These include an orthosteric mechanism, which involves mutation 
of amino acids that directly contact the inhibitors (for example, 
F488L), and an allosteric mechanism, in which amino acids distal 
from the binding site are mutated, preventing or disfavoring con-
formational changes required to accommodate inhibitor binding  
(for example, D489Y). A recent report characterized escape-variants 
D401E and D489E and demonstrated that these variants are hyper-
fusogenic in a cell-cell fusion assay and have reduced stability in 
thermal inactivation assays25. From these data, the authors proposed 
an indirect mechanism of escape, wherein the mutations destabi-
lize RSV F and increase the rate of triggering, resulting in a smaller 

time window for the inhibitors to bind. Our results and proposed 
mechanisms of direct escape do not exclude an indirect mechanism 
of kinetic escape for those mutations that are destabilizing, nor are 
the two mechanisms mutually exclusive. A mutation such as D489E 
could both decrease the affinity for certain inhibitors and decrease 
the window of opportunity for inhibitor binding. Indeed, our flow 
cytometry assay demonstrates that the D401E and D489E vari-
ants are extremely destabilizing, resulting in little prefusion RSV F  
on the cell surface (Fig. 4b). However, we did observe that other 
mutations, such as S398L, D486N, and D489Y, either maintained or 
increased F stability (Fig. 4d). That the D489Y variant failed to bind 
inhibitors (Supplementary Fig. 6) provides additional evidence 
for a direct escape mechanism. Likely, there is not one universal  
mechanism of escape, and future work will be needed to character-
ize the escape mechanisms for each of the variants, which will be 
helpful in the design of next-generation inhibitors.

Results from our cell culture–based live-virus propagation assays 
(Fig. 5c,d) suggest that inhibitor-escape mutations in RSV F result in 
lower viral fitness in the RSV-Long and rgRSV224 strains. However, 
the pathogenicity of a D401E mutant in the RSV L19 strain was 
previously shown to be similar to that of wild-type L19 in a mouse 
model of RSV infection25. The differences in the outcomes of these 
studies may be explained in part by differences between the strains, 
as it has been demonstrated that L19 is inherently hyperfusogenic 
as the result of specific mutations in RSV F31. It is also possible that 
reduced infectivity and growth in cell culture do not directly corre-
late with pathogenicity in the mouse model of RSV disease. Further 
studies will be needed to investigate the relationship between RSV F 
stability, viral fitness and pathogenicity.
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Figure 4 | Inhibitors stabilize prefusion RSV F. (a) The relative percentage 
of surface-expressed rSv f remaining in the prefusion conformation after a 
55 °C heat shock performed in the presence of increasing concentrations  
of fusion inhibitors. (b) relative amount of prefusion rSv f on the surface 
of cells, normalized to wild type (fwt), as assessed by the binding of the  
prefusion-specific antibody Cr9501. MfI, mean fluorescence intensity  
of the alexa fluor 647–conjugated antibody. (c) relative amount of total  
rSv f on the surface of cells, normalized to wild type, as assessed by the  
binding of the conformation-independent antibody Cr9503. (d) fraction of 
rSv f in the prefusion conformation on the surface of cells, as determined 
by the ratio of Cr9501-binding to Cr9503-binding. Many of the inhibitor-
escape mutations (gray) reduce the fraction of rSv f in the prefusion  
conformation on the surface of HeK293 cells, although some mutations  
(blue) increase the fraction or maintain a similar level as wild type (black). 
for a, data represent the mean (n = 1–2). for b–d, data represent the  
mean ± s.d., where n = 7 for fwt, n = 5 for D486N and D489y, n = 4 for  
e487D, n = 3 for T400a and n = 2 for all other mutants. 
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Figure 5 | effects of inhibitor-escape mutations on cell-cell fusion  
activity and viral fitness. (a) relative fusion activity, normalized to  
wild-type f (fwt), for rSv f variants containing inhibitor-escape  
mutations. Data represent the mean of two independent experiments,  
each replicated six times. (b) relative rSv f surface expression,  
normalized to fwt, as assessed by the binding of the conformation-
independent antibody motavizumab to cells transfected in parallel  
with those used for the fusion assay. Data represent the mean of two 
independent experiments, each replicated three times. (c) The percentage 
of a549 cells infected with either wild-type (WT) rgrSv224 or  
inhibitor-escape variants (D486N or l141W) was measured by  
analyzing cellular GfP expression in individual cells every 60 min  
for 48 h starting 5 h after infection. Data represent the mean (n = 2).  
(d) The growth of WT rSv and inhibitor-escape variants was determined 
by a plaque titration assay in vero cells. Data represent the mean of three 
replicates (n = 1 for each replicate).
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In addition to those for RSV, small-molecule fusion inhibitors 
against other class I viral fusion glycoproteins such as influenza 
hemagglutinin (HA) and HIV-1 Env have been previously described. 
The majority of these inhibitors block either receptor binding32–35 
or the conformational changes required for fusion36–40. Of the latter 
group, the influenza fusion inhibitor umifenovir (Arbidol) may be 
most similar to the RSV compounds described here in that docking 
experiments suggest that Arbidol binds a cavity along the three-fold 
trimeric axis of influenza HA and interacts with the fusion peptide41. 
Interestingly, among class I fusion proteins for which structures are 
available, influenza HA has an interior fusion peptide arrangement 
most similar to RSV F (Supplementary Fig. 8). Thus, for RSV F, 
influenza HA and structurally related class I fusion proteins, cavities 
adjacent to the fusion peptide may represent promising targets for 
the development of small-molecule antivirals.

Future development of the RSV fusion inhibitors studied here will 
focus on improving both the potency and the pharmaceutical prop-
erties of the compounds. Although the crystal structures suggest 
that the aromatic groups are required to retain the essential binding  
mode, they also highlight regions that could support improve-
ments in solubility, including a solvent-exposed region above the  
hydrophobic cavity and a negatively charged pocket below. That 
the binding site contains three equivalent lobes suggests that ideal 
fusion inhibitors should be three-fold symmetric. Although future 
studies will be needed to better understand the structure-activity 
relationship of these inhibitors and their mode of entry into the cen-
tral cavity, our results should greatly facilitate the rational design of 
optimal inhibitors against this important childhood pathogen. 

received 21 May 2015; accepted 29 October 2015; 
published online 7 December 2015

meTHoDS
Methods and any associated references are available in the online 
version of the paper.

Accession codes. Coordinates and structure factors for RSV F in 
complex with fusion inhibitors JNJ-2408068, JNJ-49153390, TMC-
353121, BTA-9881 and BMS-433771 have been deposited in the 
Protein Data Bank under accession codes 5EA3, 5EA4, 5EA5, 5EA6 
and 5EA7, respectively. Coordinates and structure factors for RSV 
F resistance mutant D489Y have been deposited in the Protein Data 
Bank under accession code 5EA8.
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oNlINe meTHoDS
Compounds, viruses, and cells. TMC-353121, JNJ-2408068, and JNJ-49153390 
were synthesized by the Medicinal Chemistry group at Janssen Infectious 
Diseases & Vaccines BVBA. Compounds BTA-9881 and BMS-433771 were 
synthesized and given as a generous gift from Biota Pharmaceuticals. All 
compounds were characterized and matched published or patented data. RSV 
Long strain was obtained from the American Type Culture Collection (ATCC). 
Recombinant human rgRSV224 (ref. 26) was licensed from the National 
Institutes of Health. RSV viruses were grown in HeLa cells and stored in liquid 
nitrogen. HeLa cells were propagated in Eagle’s minimum essential medium 
(MEM) supplemented with 5% FBS (FBS), 2% sodium bicarbonate and 2 mM 
L-glutamine. Human embryonic kidney 293A cells obtained from the ATCC 
were grown in Dulbecco modified Eagle medium (DMEM), supplemented with 
10% FBS, glutamine, penicillin, streptomycin and 10 mM HEPES, in a 37 °C  
humidified chamber with 5% CO2.

Production of RSV F proteins. Plasmids encoding RSV F prefusion (DS-Cav1) 
and postfusion (F ΔFP) proteins based on strain A2 (refs. 10,14) were trans-
fected into FreeStyle 293F and Expi293 cells, respectively (Invitrogen). Proteins 
were expressed in the presence of kifunensine (5 µM) and were purified over 
Ni-NTA Superflow resin (Qiagen) and Strep-Tactin resin (IBA). For crystal-
lization studies, purification tags were removed by overnight digestion with 
thrombin followed by gel filtration using a Superose 6 column (GE Healthcare 
Biosciences) with a running buffer of 2 mM Tris pH 8.0, 200 mM NaCl. For 
ITC studies, tags were not removed and proteins were purified by gel filtration 
using a Superdex 200 column (GE) with a running buffer of PBS.

ITC experiments. Calorimetric titrations of inhibitors into DS-Cav1, the 
D489Y variant or postfusion RSV F were performed using a Nano ITC Standard 
Volume calorimeter (TA Instruments) at 25 °C. Prior to the experiments, pro-
teins were dialyzed extensively at 4 °C into degassed PBS containing 1% DMSO, 
and inhibitors were diluted with the same buffer. Protein concentrations in the 
sample cell were 4.0–5.5 µM whereas the concentration of the inhibitors in the 
injection syringe was 37 µM. Titrations consisted of 10 µL injections, lasting 
10 s and spaced 300 s apart. Data were processed with the NanoAnalyze 3.1 
software (TA Instruments) and fit to an independent-binding model.

Crystallization and X-ray data collection. Crystals of D489Y in the DS-Cav1 
background were produced by hanging-drop vapor-diffusion by mixing 1 µL 
of D489Y DS-Cav1 (4.4 mg/mL) with 0.5 µL of water and 0.5 µL of reser-
voir solution containing 0.1 M CHES pH 9.5, 0.2 M lithium sulfate and 1.3 M 
potassium/sodium tartrate. Crystals of DS-Cav1–inhibitor complexes were also 
produced by the hanging-drop vapor-diffusion method by mixing 1 or 2 µL  
of DS-Cav1 (5.9 mg/mL, 1% DMSO plus 125–250 µM inhibitors) with 1 µL of 
reservoir solution containing 0.1 M CHES pH 9.5, 0.2 M lithium sulfate and 
1.4–1.6 M potassium/sodium tartrate. Crystals were transferred to a solution 
of 3.2 M ammonium sulfate, 0.1 M citrate pH 5.5, 1% DMSO plus 80–100 µM 
inhibitors, and were flash frozen in liquid nitrogen. X-ray diffraction data for 
the DS-Cav1–BMS-433771 complex were collected to 2.85 Å at the SBC beam-
line 19-ID (Advanced Photon Source, Argonne National Laboratory). All other 
X-ray diffraction data were collected to 2.3–3.05 Å at the ALS beamline 5.0.2 
(Advanced Light Source, Berkeley Center for Structural Biology).

Structure determination, model building and refinement. Diffraction data 
were indexed and integrated in iMOSFLM42 and scaled and merged with 
AIMLESS43. Molecular replacement solutions for all data sets were obtained by 
PHASER44 using prefusion RSV F (PDB ID: 4MMS) as a search model. As with 
the apo structure of DS-Cav1 (ref. 10), each of the inhibitor-bound structures 
contained a single monomer in the P4132 asymmetric unit, with the three-fold 
trimeric axis aligned along the three-fold crystallographic axis. The struc-
tures were built manually in COOT45,46 and refined using PHENIX47. Ligands 
were placed into the electron density using the PHENIX.LigandFit GUI48 to 
a minimum correlation coefficient of 0.75 before refinement with PHENIX. 
The occupancy of the inhibitors was set to 0.33 due to their position on the 
three-fold crystallographic axis. Data collection and refinement statistics are 
presented in Supplementary Table 1.

Antiviral activity assays: inhibition of GFP expression. The antiviral activity 
of compounds against wild-type or mutant strains of rgRSV224, an engineered 
RSV virus that includes an additional green fluorescent protein (GFP) gene26, 

was determined by measuring inhibition of GFP expression. Black 384-well 
clear-bottom microtiter plates were filled with serial four-fold dilutions of 
compound in a final volume of 200 nL. Then, 30 µL of a HeLa cell suspen-
sion (1 × 105 cells/mL) in culture medium was added to each well followed 
by the addition of 10 µL rgRSV224 virus (multiplicity of infection [MOI] = 1)  
in culture medium using a multi-drop dispenser. Culture medium controls, 
virus controls, and mock-infected controls were included in each test. Cells 
were incubated at 37 °C in a 5% CO2 atmosphere. Three days after virus expo-
sure, viral replication was quantified by measuring GFP expression in the cells 
on a fully automated ARGUS laser microscope platform.

Antiviral activity assays: qRT-PCR. The antiviral activity of compounds 
against wild-type or mutants of RSV strain Long was measured by quantifying 
F protein RNA by qRT-PCR. To this end, 96-well microtiter plates were filled in 
duplicate with serial four-fold dilutions of compound in a final volume of 50 µL  
culture medium. Then, 100 µL of a HeLa cell suspension (5 × 104 cells/mL) in 
culture medium was added to each well followed by the addition of 50 µL RSV 
Long mutants in culture medium using a multi-drop dispenser. Cells were incu-
bated at 37 °C in a 5% CO2 atmosphere. Five days after virus exposure, 100 µL  
of supernatant from each well was collected, and the RNA was extracted using 
the DNA and Viral NA Small Volume Kit on a MagNA Pure 96 instrument 
(Roche) according to the manufacturer’s instructions. Before the viruses were 
used in this assay, they were titrated by determining the linear range of the 
qRT-PCR assay on a four-fold dilution series of the particular stock.

In vitro resistance profiling. In vitro resistance selection was performed as 
described previously22. Briefly, RSV (Long and rgRSV224) was exposed to 
compounds at a starting concentration of 5 nM and grown in HeLa cells in the 
presence of compound until full cytopathic effect (CPE) was observed. At the 
end of each passage, extracellular virus from one or two end dilutions was har-
vested from culture supernatant, cleared of cellular debris, and used to initiate 
a subsequent passage at a five-fold higher compound concentration. Viruses 
were passaged in the presence of compound up to a concentration of 75 µM. 
In parallel, viruses were passaged in the absence of compound as a control. No 
mutations in the RSV F protein were detected when viruses were passaged in 
the absence of compound. The resulting isolates were cloned and the genes 
coding for F, G, and SH were amplified with RT-PCR. The amplicons were 
sequenced with a 3730 Xl DNA analyzer (Applied Biosystems). The extent of 
resistance was assessed using the antiviral assays described above.

Cell-surface triggering assays. Plasmids expressing wild-type or mutant RSV 
F were transiently transfected into HEK293T cells. Forty-eight hours post- 
transfection, cells were detached using an EDTA-containing buffer and imme-
diately stained with Alexa Fluor 647–conjugated antibodies that were either 
specific for prefusion RSV F (antibody CR9501) or recognized both the pre- and 
postfusion conformations (antibody CR9503). Propidium iodide (Invitrogen) 
was used as a live-dead stain, and cells were analyzed by flow cytometry on a 
FACS Canto II instrument (BD Biosciences). The data were analyzed using 
FlowJo 9.6 software, and mean fluorescence intensities (MFI) were calculated. 
To assess the effect of the fusion inhibitors, a similar assay was performed 
except that the cells were heat-shocked at 55 °C for 10 min in the presence of 
increasing concentrations of fusion inhibitors before antibody staining.

Cell-cell fusion assay. Near confluent (85–90%) monolayers of 293A cells in 
96-well Biocoat poly-D-lysine (Corning) dishes were transiently transfected 
with 0.1 µg of plasmid and Lipofectamine 2000 (Invitrogen) according to the 
manufacturer’s instructions. Transfected 293A cells were incubated for 12 h 
at 37 °C in OptiMem containing 2% FBS, 1% glutamine and 10 mM HEPES. 
Cell-cell fusion was quantified by a luciferase expression system49. Parallel wells 
of transfected 293A cells were transfected with 0.1 µg of each RSV F plasmid 
and 0.1 µg of pFR-Luc (Agilent Technologies, La Jolla, CA), a reporter plasmid 
containing the Renilla luciferase gene driven by a minimal promotor and five 
Gal4 DNA binding sites. A second set of 293A cells were grown in 100 mm 
tissue-culture dishes and were transfected with 10 µg of pBD-NFκB, a plasmid 
expressing Gal4-NFκB (Agilent Technologies). At 12 h post-transfection, the 
target cells were released from the plate with Versene (Gibco), pelleted, resus-
pended in complete DMEM-10% FBS and 1.5 target cells/effector cell were 
added. At 20 h post-transfection, luciferase levels were quantified using the 
Steady-Glo Luciferase Assay System (Promega) and a Wallac 1420 VICTOR2 
Luminometer (Perkin-Elmer) plate reader. Each construct was tested in  
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sextuplicate. At 20 h post-transfection, parallel wells of RSV F-transfected 
293A cells in 96-well plates were fixed with 4% paraformaldehyde for 15 min, 
blocked with BSA diluent (Kirkegaard & Perry Laboratories, KPL), and stained  
with motavizumab at 12.5 ng/well for 1 h. Horseradish peroxidase (HRP)-
labeled goat anti-human antibody (KPL) and o-phenylenediamine dihy-
drochloride (OPD) substrate (ThermoFisher Scientific) were added and  
absorbance at 490 nm was quantified with the plate reader. Each construct  
was tested in triplicate.

Live virus propagation assay. The viral growth kinetics of wild-type and 
mutant rgRSV224 was measured by analyzing the cellular GFP expression in 
individual cells. Briefly, 2 × 103 A549 cells/well were seeded in black 384-well 
clear-bottom microtiter plates. One day after seeding, cells were infected by 
spin-inoculation with cooled wild-type or mutant rgRSV224 virus suspension 
at an MOI of 1 (infecting cells at 4 °C allows the virus to attach to cells but 
prevents virus from fusing with the host cells, synchronizing the infection).  
One hour after infection, cells were washed twice with cooled cell-culture 
medium. Then, cells were stained for one hour with 0.5 µL/well NucBlue 
Live and 0.1 µM CellTracker Orange. Cells were then washed once with  
cell-culture medium at 37 °C and placed at 37 °C in a Yokogawa CV7000  
high-content reader equipped with a climate chamber and kept in an atmos-
phere containing 5% CO2. Live-cell images in 3 channels (NucBlue Live, 
CellTracker Orange and GFP) were captured every 60 min starting 5 h after 
infection. Two fields of view (2,498 × 2,098 pixels each) at 20× magnifica-
tion were acquired in each well. Image analysis was performed using custom- 
written Acapella scripts executed in Columbus (PerkinElmer). First, nuclei 
were segmented based on NucBlue Live signal. Second, the cytoplasm of each 
cell was segmented based on CellTracker Orange signal using the nuclei as 
seeds. For each cell the mean GFP signal in the whole cell was computed and 
the single-cell data exported as text files. To calculate the percentage of infected 
cells per well, the single-cell measurements together with the original images 
and the segmentation masks of the cells and nuclei were imported to Phaedra50. 
After visual verification of the segmentation quality, a Knime workflow to  
classify each cell as infected or non-infected was executed. For each time 
point the workflow determined a threshold based on the distribution of the 
GFP signal of non-infected control cells and applied the threshold to all cells 
at the respective time point. The threshold was calculated as the mean + four 
s.d. of the GFP distribution after trimming off the 1st and 99th percentiles. 
Plausibility of the resulting classification was visually verified in Phaedra by 
displaying a class label for each cell on top of the original images.

Plaque titration assay. Vero cells grown in DMEM medium containing  
10% FBS, 2 mM L-glutamine, and 0.02 mg/mL gentamicin were seeded in 
6-well plates until 80–100% confluence. Then, Vero cells were infected with 
500 µL/sample (supernatant of infected cell culture, triplicates) as ten-fold 
dilutions (from 1:2 to 1:200,000) by a one hour incubation at room tempera-
ture under gentle rocking of the plates. Cell culture samples were aspirated 
subsequently and wells were washed once with PBS followed by addition of 
3 mL/well of plaque-agarose medium (DMEM medium containing 5% FBS, 
2 mM L-glutamine, 4% sodium bicarbonate and 120 U penicillin + 120 µg 
streptomycin/mL adjusted to pH 7.4 + 1.5% Seaplaque agarose) maintained 
at 40 °C. Plates were placed for 30 min at 4 °C and then incubated at 37 °C in 
a humidified atmosphere containing 5% CO2. After seven days, 2 mL of 4% 
paraformaldehyde in PBS was added to the wells and again incubated at room 
temperature for 2 h. Paraformaldehyde solution was then removed, the agarose 
overlay removed and then cells were stained with 200 µL/well of 0.4% methyl-
ene blue + 48% ethanol + 0.005% KOH in water. Finally, wells were rinsed with 
water, dried and plaques counted.
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