
Introduction

Since its original isolation from infected infants in 1957
and subsequent characterization, respiratory syncytial
virus (RSV) has emerged as an important human
pathogen (1-9). Although it circulates predominantly in the
winter season, RSV is also present in the summer months
(4, 5). RSV infection is prevalent during the early years of
life and virtually all children are infected by their second
birthday. However, immune protection is of limited dura-
bility and re-infection is common, not only later in child-
hood but also in adults and the elderly (10-16). Indeed, a
recent study that focused specifically on the elderly popu-
lation estimated annual RSV infection rates of 3-7% in
healthy individuals and 4-10% in high-risk groups (14).
Since RSV infection is often misdiagnosed as influenza,
the disease burden and associated morbidity and mortal-
ity are considered to be significantly underestimated (17-
21). Recent estimates indicate that mortality due to RSV
infection accounts for approximately one-third of that
attributed to influenza virus infection, with the elderly and
children under 1 year of age the population groups most
affected (19). In the majority of individuals, RSV infection
is restricted to the upper respiratory tract and recovery is
not associated with significant, long-lasting effects.
However, progression to a more serious lower respiratory
tract infection is particularly problematic in patients with
underlying cardiopulmonary problems or compromised
immune function (22-27). Indeed, RSV is an important
cause of hospitalization for infants with bronchiolitis and a
significant problem in bone marrow transplantation units,
where fatality rates have been high (24-26).

The development of a protective vaccine for RSV has
been particularly challenging, following an early attempt
to use formalin-inactivated virus, which was found to
exacerbate rather than prevent infection (28, 29). How-
ever, the advent of reverse genetics, which allows precise
manipulation of the RSV genome, has heightened antici-
pation that a safe and effective vaccine will be developed
(30). In the meantime, a prophylactic approach that relies
upon passive immunization with a monoclonal antibody
(MAb) directed towards the RSV F protein has proven
quite successful. Palivizumab, a humanized MAb market-
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Abstract

Using a tissue cell culture assay to screen for
leads, potent inhibitors of respiratory syncytial virus
(RSV) that function early in the virus life cycle were
discovered. Structure-activity relationship studies opti-
mized these leads into compounds with antiviral activ-
ity in animal models of infection. Guided by in vitro
measures of cell permeability and metabolic stability in
human liver microsomes, 1-cyclopropyl-3-[[1-(4-
hydroxybutyl)-1H-benzo[d]imidazol-2-yl]methyl]-1H-
imidazo[4,5-c]pyridin-2(3H)-one (BMS-433771, 12)
was identified as a clinical candidate with potential for
the treatment of RSV infections. BMS-433771 is a
potent inhibitor of RSV laboratory and clinical strains in
cell culture that demonstrates antiviral activity in
murine and cotton rat models of infection following oral
administration. The characterization of mutations in
resistant viruses generated in response to serial pas-
sage with increasing concentrations of this class of
RSV inhibitor, coupled with mechanistic studies, indi-
cated interference with the virus-host fusion process.
A radioaffinity probe was developed which, upon irra-
diation with light to generate a carbene, specifically
labeled the RSV F protein in intact virus in a region
mapped to the N-terminal heptad repeat element 
HR-N. In vitro labeling experiments conducted with a
portion of the HR-N known to be involved in 6-helix
bundle formation identified the major site of labeling as
tyrosine-198. This finding localized the binding of
these RSV inhibitors to a hydrophobic cavity created in
the HR-N element after it assembles into a trimeric
fusion core that subsequently associates with the C-
terminal heptad repeats during the final stages of virus
and host membrane fusion.



incubating at 4 oC for 2 h, followed by the addition of drug
and warming of the mixture to 37 oC to allow virus-host
cell fusion, established that 2 interfered with the fusion
step of the virus entry process (43). 

An initial survey of structure-activity relationships
focused on defining the scope of opportunity to vary the
dialkylaminoalkyl side-chain (44). This exercise revealed
a broad tolerance for both polar and lipophilic functionali-
ty at the chain terminus, provided that it was projected
from the heterocycle core by 2 atoms of separation. A
sampling of this survey is presented in Figure 1, with the
results providing confidence that the physical properties
of these molecules would be amenable to modulation
without adversely effecting antiviral potency (44).
Because the synthetic approach produced small amounts
of the 2-substituted benzotriazole derivatives in addition
to the 1-isomers, it was also established that the topolog-
ical relationship of this ring with respect to the substituted
benzimidazole moiety was not critical, since, in those
cases examined, both isomers were found to be essen-
tially equipotent, as summarized in Figure 2 (44).  

In the next phase of the structure-activity survey, sub-
stitutes for the benzotriazole moiety were examined with
a view towards introducing opportunities to probe both
functionalization of the heterocycle element and substitu-
tion of the fused phenyl ring. A benzimidazol-2-one was
initially selected for this purpose based on its synthetic
accessibility and ease of decoration, a tactic that proved
to be both informative and productive (45). This hetero-
cycle was quickly established as an advantageous struc-
tural element, providing the opportunity to probe a sub-
stituent vector unavailable to 1 and producing a series of

ed in the U.S. in 1998 by MedImmune as Synagis®, is an
effective, although expensive, prophylactic agent admin-
istered as a series of monthly intramuscular injections to
those at significant risk of the consequences of an RSV
infection (31, 32). However, due to several factors,
Synagis® administration is restricted to high-risk children
during their first two winter seasons of life. The only ther-
apeutic agent licensed for the treatment of RSV infection
is the nucleoside analogue ribavirin, a compound with a
broad spectrum of antiviral activity and an enigmatic
mode of action. Ribavirin is administered as an aerosol to
treat RSV infections, but the problematic mode of admin-
istration, limited efficacy and teratogenicity of the mole-
cule have restricted its widespread application beyond
infants considered to be at high risk (33, 34).
Consequently, there is a clear medical need for effective
therapeutic options that can treat the entire at-risk popu-
lation, including adults and the elderly.

The dearth of effective therapeutic options for the
treatment of RSV in concert with a deeper appreciation of
its role in disease pathology has provided an impetus to
identify potent and selective antiviral agents with the
potential to be developed into clinically useful drugs (35-
38). It was against this evolving background that an ini-
tiative was implemented at Bristol-Myers Squibb to iden-
tify inhibitors of RSV.  

Development of antiviral agents for RSV

A tissue culture screen was conducted using the Long
A strain replicating in the HEp-2 human epithelial cell line
to survey the corporate compound inventory. Substances
were evaluated for their ability to protect HEp-2 cells
against virus-induced cytopathic effects, and compounds
scoring as inhibitors were profiled against a panel of
viruses and biochemical assays designed to establish
specificity. This process culminated in the identification of
a series of disubstituted benzimidazole derivatives as
promising lead structures. These compounds, represent-
ed by the prototypes 1 and 2, originated as potential anal-
gesic and antiarrhythmic agents that had resided in the
Bristol-Myers Squibb compound archive for over 30 years
(39, 40).  Both compounds demonstrated potent antiviral
activity towards RSV in cell culture, with half-maximal
inhibition observed at concentrations an order of magni-
tude lower than that of ribavirin and without overt cytotox-
icity at concentrations over 400-fold higher than their
inhibitory activity (ribavirin displayed an EC50 of 2.7 µM
and a CC50 of 34 µM) (41). More importantly, neither com-
pound had demonstrated significant biological activity in
an extensive series of screening campaigns conducted
over many years, while their structural simplicity and
drug-like properties added to their attractiveness as lead
structures for optimization (42). Simple time-of-addition
experiments established that 2 interfered with replication
at an early point in the virus life cycle, and a more detailed
analysis ruled out inhibition of attachment of RSV to host
cell membranes (43). A temperature-shift experiment in
which adsorption of RSV to HEp-2 cells was permitted by
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providing that the acidic moiety is remote from the core
heterocycle. This discovery proved to be of importance in
the context of demonstrating antiviral activity in vivo, as
described in greater detail below (47). Subsequent varia-
tion of the benzimidazole side-chain (R in 3) established
correspondence with the SAR for this element in the con-
text of the benzotriazole series and markedly expanded
the opportunity to modulate and optimize physical chem-
ical attributes and, ultimately, pharmacokinetic properties,
without sacrificing antiviral potency (46, 47).

Another important compound to emerge from this
aspect of the SAR survey was the diazirine derivative 4,
a potent RSV inhibitor that, when labeled with 125-iodine,
proved to be an effective photoaffinity probe (46, 48). A

molecules, generically represented by 3, that demon-
strated potent inhibition of RSV in vitro (46).

The preliminary query of this chemotype was con-
ducted using an isoamyl side-chain attached to the benz-
imidazole nucleus (R in 3), since this moiety combined
excellent potency with chemical inertness, permitting
application of a wide range of synthetic chemistries. The
structure-activity relationships surrounding the benzimi-
dazol-2-one N-substituent (R’ in 3) revealed a remarkable
tolerance for diverse chemical functionality that could be
incorporated in a range of topological presentations (46,
47). A synopsis of these studies is presented in Figure 3
where, of particular note, there is a clear compatibility of
acidic functionality with a high level of antiviral activity,
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Fig. 1. A synopsis of the structure-activity relationships (SAR) associated with the benzimidazole side-chain of benzotriazole-based
inhibitors of respiratory syncytial virus (RSV). EC50 indicates the concentration of drug required to inhibit virus replication in HEp-2 cells
in cell culture, while CC50 is the concentration of drug which is cytotoxic to 50% of uninfected host cells.
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Fig. 2. Respiratory syncytial virus (RSV)-inhibitory activity asso-
ciated with 2-substituted benzotriazole derivatives. EC50 indi-
cates the concentration of drug required to inhibit virus replica-
tion in HEp-2 cells in cell culture, while CC50 is the concentration
of drug which is cytotoxic to 50% of uninfected host cells.
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attention was focused on the series of carboxylic acid
derivatives described above, many of which demonstrat-
ed aqueous solubility in excess of 10 mg/ml. Several
compounds were identified that demonstrated antiviral
activity in this setting, summarized in Figure 4, where the
concentration reported is the concentration of the drug in
the aerosol solution (47). The phosphonic acid 5 and the
aspartate derivative 7 demonstrated robust efficacy
when administered by SPA at concentrations of 2 and
1.35 mg/ml, respectively, and 7 was similarly effective
when the aerosol concentration was reduced to 0.2
mg/ml (47). The oxadiazolone 6 was subsequently
examined in the BALB/c mouse model of infection,
administered subcutaneously at 120 mg/kg b.i.d. begin-
ning 1 h postinfection, where it reproducibly reduced
RSV titers in lung homogenates (47). This result was
important because it established the potential of these
RSV fusion inhibitors to demonstrate antiviral activity fol-
lowing systemic administration, indicating successful
delivery of drug to lung tissue. 

Encouraged by the successful result with 6, the
basic dimethylamine derivative 9 was selected for exam-
ination in the BALB/c model, recognizing that the car-
boxylic acid 10 would very likely be formed in vivo as a
metabolite. Subcutaneous administration of 9 at a dose
of 50 mg/kg b.i.d. to BALB/c mice infected with RSV
reproducibly reduced viral titers measured on day 4
postinoculation (47). In a subsequent experiment, 9 was
administered orally to infected mice under the same
dosing protocol and also proved to be effective, provid-
ing the first orally active compound in the program (47).

series of experiments conducted with this tool molecule,
described in detail below, have provided crucial insights
into the mode of action of this class of RSV fusion
inhibitors.

The antiviral potency associated with the benzimida-
zol-2-one series coupled with their synthetic plasticity led
to their adoption as the structural theme for further study.
At this point in the program, a key objective was to
demonstrate antiviral activity in vivo in a model of RSV
infection. Several animal species have been examined
as hosts of RSV infection, but none fully reproduce the
spectrum of disease observed in humans (49, 50). The
cotton rat and BALB/c mouse have been established as
permissive hosts for RSV following intranasal adminis-
tration of virus, with titers typically reaching a maximum
4 days after inoculation (49-54). These models have
been used widely to evaluate RSV inhibitors in vivo and
the cotton rat was used to establish the efficacy of mon-
oclonal antibodies and ribavirin as a prelude to clinical
studies (55-57). Both the cotton rat and BALB/c mouse
models of RSV infection were established in-house and
used to evaluate inhibitors using several drug dosing
paradigms, including oral, intraperitoneal and subcuta-
neous administration, the latter designed to facilitate a
slow dissolution of drug to prolong exposure. However,
this proved to be a significant challenge with early com-
pounds in the series, and it was decided to explore the
potential of topical drug delivery to cotton rats using a
small particle aerosol (SPA) in order to establish antiviral
activity in vivo (57, 58). The formulation of compounds
for SPA delivery demands high aqueous solubility and
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ratory syncytial virus (RSV). EC50 indicates the concentration of drug required to inhibit virus replication in HEp-2 cells in cell culture,
while CC50 is the concentration of drug which is cytotoxic to 50% of uninfected host cells.
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While the amide moiety of 11 appeared not to be
cleaved to the carboxylic acid in mouse and human liver
microsomal preparations, the molecule was found to be
extensively metabolized by oxidative pathways.
Demethylation of the nitrogen atoms of both the amine
and amide and hydroxylation of both heterocyclic rings
were identified as the major metabolic pathways (47).
This observation defined a clear objective, and attention
was focused on enhancing metabolic stability while
maintaining absorption, a process guided by evaluating

The acid 10 was indeed observed to be readily pro-
duced in vivo and oral administration of this compound
to mice at a dose of 50 mg/kg b.i.d. produced a small
reduction in RSV titers, although this was not statistical-
ly significant. In anticipation of enhanced metabolic sta-
bility, the dimethylamide derivative 11 was the next
example selected for in vivo evaluation, and this com-
pound produced significant reductions in viral titers after
doses of 50 and 15 mg/kg when administered p.o. on a
b.i.d. dosing regimen (47).
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Mechanistic insights and implications

The generation of viruses resistant to this class of
RSV fusion inhibitors allowed for mapping of the substitu-
tions responsible for resistance, the results of which
strongly implicated the RSV F protein as the biochemical
target (41). Mutations conferring resistance to BMS-
433771 included K394R, found within the cysteine-rich
region of the F1 subunit of the F protein, and D489Y, a
residue located in the heptad repeat associated with the
carboxy (C) terminus (41). These viruses demonstrated
over 1,000-fold reduced sensitivity to BMS-433771.
Interestingly, resistant RSV emerging in response to
increasing doses of BABIM (13), a bis-benzimidazole
derivative that has demonstrated RSV-inhibitory activity
and which is also a potent inhibitor of a range of trypsin-
like proteases, incorporated an F140I substitution in the
fusion peptide region of the F protein. Virus expressing
the F140I substitution was also found to be cross-resis-
tant to BMS-433771, suggesting similarity in their modes
of action (41, 63-66).

More detailed insights into the mechanism of action of
BMS-433771 evolved through the application and analysis
of photoaffinity labeling experiments employing the
diazirine derivative 4 (48, 67). Irradiation of diazirines with
ultraviolet light liberates nitrogen and generates a highly
reactive carbene moiety that is capable of inserting into
many of the bonds found in amino acid residues of pro-
teins (68). Conducting this kind of experiment with [125I]-
labeled 4 in the presence of virus resulted in the covalent
labeling of only the F1 subunit of the fusion protein (67).
Labeling was inhibited in a concentration-dependent fash-
ion by incubation in the presence of BMS-433771, estab-
lishing correspondence of the binding sites of the two mol-
ecules. Using the covalently linked radiolabel as a guide,
cyanogen bromide digestion of the F1 subunit produced a
smaller, 11-13-kDa radiolabeled fragment consisting of

compounds for both stability in liver microsomes and
permeability across a Caco-2 monolayer, in vitro assays
that proved to be predictive of in vivo properties. The
introduction of a nitrogen heteroatom into the 6-position
of the benzimidazol-2-one ring provided one solution to
that metabolically labile site, fortunately without intro-
ducing a potential liability associated with cytochrome P-
450 (CYP450) inhibition (59, 60). A small substituent
attached to the cyclic urea nitrogen, attractive from a
physicochemical perspective, further advanced the
chemotype, with the cyclopropyl moiety providing an
effective combination of metabolic stability and potency.
The structural refinement was completed with optimiza-
tion of the terminus of the benzimidazole side-chain,
where a primary alcohol moiety satisfied the targeted cri-
teria, leading to the identification of BMS-433771 (12) as
a clinical candidate (41, 61, 62).

The antiviral activity of BMS-433771 in vivo was
established in both the BALB/c mouse and cotton rat
models of RSV infection, where it was effective in reduc-
ing virus titers in lung homogenates when administered
1 h prior to intranasal inoculation with virus (61). Perhaps
reflecting fundamental aspects associated with virus
replication and pathology in these models, neither of
which fully recapitulates the spectrum of disease
observed in humans infected with RSV, a single dose of
drug delivered prior to virus inoculation was found to be
as effective as a multiple-dose regimen in which BMS-
433771 was administered for 4 days on a b.i.d. schedule
(61). This observation ultimately allowed for a simpler
protocol for in vivo efficacy studies, in which a single
dose of drug was administered p.o. 1 h prior to inocula-
tion with virus. Using this dosing paradigm, a dose-effi-
cacy relationship was established in both species, with
the maximal effect of a >  1 log10 reduction in viral titers
observed at doses > 5 mg/kg in BALB/c mice and > 50
mg/kg in the cotton rat. The higher dose requirements in
the cotton rat appear to reflect pharmacodynamic differ-
ences between the two species, since the cotton rat is a
more permissive host for RSV infection than the BALB/c
mouse (61). That the antiviral effect of BMS-433771 in
vivo reflected inhibition of RSV fusion was established by
infecting BALB/c mice with a Long strain of RSV incor-
porating a K394R substitution in the F protein, a change
that confers resistance to BMS-433771 in vitro. Doses of
50 mg/kg of BMS-433771 administered b.i.d. beginning 1
h prior to inoculation with this mutant virus were ineffec-
tive at reducing virus titers in lung homogenates harvest-
ed 4 days later (61). Moreover, in BALB/c mice immuno-
suppressed by treatment with cyclophosphamide,
BMS-433771 retained full efficacy against wild-type
virus, indicating that the antiviral activity in vivo was not
dependent on an intact immune system. However,
attempts to demonstrate therapeutic efficacy were not
successful, perhaps reflecting unique aspects associat-
ed with the pathogenesis of RSV infection in rodents and
consistent with the finding that a single dose of drug was
as effective in vivo as multiple doses administered over
4 days (61).
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labeled 4, although several adjacent residues were also
observed to have incorporated radioactivity (67). This
result localized the binding of these RSV fusion inhibitors
to a hydrophobic cavity formed in the N-terminal heptad
repeat element that accommodates Phe483, Phe488 and
Ile492 of the C-terminus heptad repeat in the assembled
fusion core, as observed in the X-ray crystallographic
structure depicted in Figure 6 (69).

Computer-aided docking and molecular dynamics
simulations were used to evaluate a series of potential
binding modes for these RSV inhibitors in the hydropho-
bic cavity, with the 100 best scoring possibilities clustered
into 6 distinct binding modes (67). Additional molecular
dynamics analysis using these six poses as the starting
point identified two binding postulates in which the test
compound bound solely to the hydrophobic pocket, with
preference ultimately given to the pose in which the
diazirine moiety is proximal to Tyr198. This hypothesis,
depicted in Figure 7, places the benzimidazol-2-one het-
erocycle of 4 in the site that is normally occupied by
Phe488 after the N- and C-terminal heptad repeats have
assembled to form the 6-helix bundle associated with
membrane fusion. By extrapolation, the pyridine element
of BMS-433771 would be buried deep into the groove
created by the juxtaposition of two of the HR-N helices
and adjacent to Leu195. In this disposition, the diiodophe-
nol moiety of 4 effectively mimics Ile492 of the C-terminal
helix, while the benzimidazole heterocycle is accommo-
dated in the pocket occupied by Phe483. Small variations
in this mode of binding provide a potential explanation for
the observation that adjacent amino acids are also
labeled by the photoaffinity probe (67).

An understanding of the mechanism by which
paramyxoviruses and other viruses with type 1 fusion pro-

amino acids 137-251 (Fig. 5a). This 115-residue
sequence encompasses elements of both the fusion pep-
tide and the N-terminal heptad repeat. Proteolytic cleav-
age of labeled F1 protein using the endoprotease Glu-C
(Staphylococcus aureus V8 protease), which specifically
cleaves peptides at the carboxyl moiety of glutamate
residues, produced a 5-7-kDa radiolabeled fragment com-
prising amino acids 164-218, further narrowing the site of
labeling to the N-terminal heptad repeat sequence (Fig.
5b). With the labeling of the F1 subunit narrowed to a
region that had previously been studied under biochemical
conditions, subsequent experiments were conducted
using synthetic peptides (67). In a reaction promoted by
the presence of the RSV fusion inhibitor RFI-641 (14) (50
µM), a compound that binds to a different site of the RSV
fusion peptide, or, to a lesser extent, 20% trifluoroethanol,
the heptad repeat peptide HR-N57 (Fig. 5c) that compris-
es the RSV fusion core was labeled by 4 (67, 69-74). The
role of both RFI-641 and trifluoroethanol is considered to
be stabilization of the helical trimeric form of the heptad
repeat peptide, thereby promoting inhibitor binding (67).
Labeling under these circumstances was blocked in the
presence of BMS-433771, suggesting specificity for this
reaction. A shorter peptide, HR-N42, which contains the
N-terminal heptad repeat but is truncated largely at the
amino terminus (Fig. 5d), was also covalently labeled by
4. However, a much shorter F peptide fragment, designat-
ed HR-N27 (Fig. 5e), was not labeled under identical con-
ditions. This could be explained by the markedly reduced
propensity of this peptide to adopt an α-helical structure,
as determined by CD spectroscopy. Sequencing of the
labeled HR-N42 peptide coupled with mass spectroscopic
analysis of fragments revealed that Tyr198 was the amino
acid predominantly labeled by the carbene moiety of
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Fig. 5. Respiratory syncytial virus (RSV) F protein fragments labeled with [125I]-4 after digestion with CNBr (a) and proteolysis with Glu-
C (b). The identity of the labeled fragments in (a) and (b) was determined through size determination and sequencing from the amino
terminus. The HR-N57 (c) and HR-N42 (d) peptides were used in biochemical labeling experiments to identify Tyr198 as the predomi-
nant amino acid labeled by [125I]-4, while (e) is the structure of HR-N27, the short peptide sequence that fails to adopt a helical structure.
The labeled tyrosine is marked by an asterisk in (c) and (d).



exhibits remarkable similarity in composition across sev-
eral virus families (80). Activation of viral fusion proteins
leads to a conformational rearrangement, in which the
fusion peptide is inserted into the host cell membrane
with concomitant assembly of the N-terminal heptad
repeat into a trimeric core. Activation can be promoted by
low pH, as exemplified by influenza, the engagement of a
co-receptor, as observed with HIV-1, or triggers that
remain to be elucidated, as is the case with many virus-
es, including the paramyxovirus family. The assembled
N-terminal heptad repeat moiety subsequently associates
with the C-terminal heptad repeat to form the 6-helix bun-
dle core that is characteristic of the post-fusion confor-
mation, a process considered to draw the virus and host

teins, in which the N-terminus is extracellular and the C-
terminus intracellular, enter host cells has emerged in
recent years (75-77). Analysis of the influenza hemagglu-
tinin protein has yielded the most detailed insights, pro-
viding a mechanistic paradigm that has been extrapolat-
ed to many other viruses, including the retroviruses HIV-1
and Moloney murine leukemia virus, Ebola virus, the
SARS coronavirus and paramyxoviruses, including RSV,
parainfluenza virus 5 (SV5) and human parainfluenza
viruses (75-79). In general, the fusion proteins of these
viruses are deployed on the viral membrane in a
metastable form following protease-mediated cleavage at
the N-terminal side of the fusion peptide. The fusion pep-
tide is a sequence of 10-12 hydrophobic amino acids that

448 Inhibitors of respiratory syncytial virus fusion

Fig. 6. Details of the association of the key residues of the HR-C
(stick display) with the trimeric assembly of HR-N (turquoise sur-
face) of the RSV F protein in its fusion-competent state. The
side-chains of the key residues Phe483, Phe488 and Ile492 of
HR-C that associate with the hydrophobic pocket of HR-N are
highlighted in yellow.
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Fig. 7. Model of compound 4 docked into the proposed binding
site in the trimeric assembly of the HR-N peptide of the respira-
tory syncytial virus (RSV) F protein. The amino acids of the F
protein that line the binding site are noted. Y-198 is the amino
acid residue predominantly labeled by 4. The view in this Figure
is looking directly down into the hydrophobic cavity and is differ-
ent from the perspective presented in Figure 6, which presents a
more oblique view of the pocket.



presumably allows the fusion protein to partially
rearrange by progressing along the trajectory towards a
fusion-competent state, perhaps with some dissociation
of the HR-C complex. The actual metastable form may
have the HR-N partially or fully assembled but without
overt exposure of the fusion peptide. This model provides
an explanation for the poor inhibitory efficacy of HR-N
peptides when added after F protein cleavage and the
labeling of native virus by 4, and also suggests that
paramyxovirus fusion proteins are exquisitely poised for
activation, consistent with the observation that RSV lack-
ing the G-protein can enter cells with comparable effi-
ciency to native virus (93-96).  

While these studies provided compelling insight into
the identity of the binding site for this class of RSV fusion
inhibitors, the precise mechanism by which BMS-433771
and its homologues interrupt the virus fusion process in
the activation pathway remains to be completely elucidat-
ed. Nevertheless, aspects of the binding model were
probed in a predictive fashion with the design of ana-
logues capable of establishing and exploiting additional
interactions within the pocket. In the preferred pose, the
C-5 and C-6 atoms of the benzimidazole ring are in close
proximity to Asp200, providing a particularly interesting
opportunity to take advantage of a potential salt bridge
interaction with the introduction of complementary func-
tionality. Indeed, the installation of basic moieties at C-5
of the benzimidazole heterocycle provided compounds
with increased potency, most effectively demonstrated
when evaluated against RSV selected to be resistant to
inhibitors lacking a C-5 substituent. In particular, an ami-
dine moiety at C-5 affords a potent RSV inhibitor with
excellent activity towards virus resistant to BMS-433771,
while installation of a carboxylate at this site gave a com-
pound devoid of significant antiviral activity (97). This
result allowed a deeper appreciation of the similarity of
the silhouettes cast by this chemotype and BABIM, par-
ticularly striking for benzotriazole 2. Taken in conjunction
with the observed cross-resistance profiles, BABIM may
act in a similar fashion, engaging in an interaction with
Asp200 that could compensate for the absence of the
side-chain element so important to the potency of 2 and
its congeners. More recently, two structurally distinct RSV
fusion inhibitors, JNJ-2408068 (15) and VP-14637 (16),
have also been postulated to bind to this pocket, based
on analysis of mechanistic and resistance mapping stud-
ies (98-100). Both of these compounds have demonstrat-

cell membranes into close proximity as a prelude to mem-
brane convergence.  

Obtaining interpretable structural data for fusion pro-
teins from paramyxoviruses has proven to be considerably
more difficult than for other viruses, possibly a conse-
quence of inherent fragility of the fusion proteins. It is only
very recently that critical insights have been obtained that
provide some illumination of the mechanism of paramyx-
ovirus F protein action (81-89). Particularly informative is
the recently elucidated crystal structure of the SV5 F pro-
tein in the prefusion conformation, which provides an inter-
esting contrast with the structures of the human parain-
fluenza 3 and Newcastle disease virus fusion proteins,
both of which appear to have adopted a post-fusion con-
formation, despite being uncleaved at the protease cleav-
age site essential for activation (82, 87, 89). The trimeric
SV5 F structure reveals the HR-C element to be associat-
ed in a parallel fashion, whilst the HR-N heptad repeats
are incorporated into the head of the protein, distal from
the virus membrane, and both discrete and disordered
when compared to their final form (89). The model devel-
oped to explain the fusion process based on these com-
parisons envisages a dissociation of the HR-C with sub-
sequent exposure of the fusion peptide. Movement of the
F protein in this fashion allows the fusion peptide to pro-
ject into the host cell membrane in a process that occurs
concomitantly with the assembly of the HR-N element into
a trimeric, coiled coil structure. This intermediate bridges
the virus and host cell membranes and sets the stage for
association of HR-C with HR-N, drawing the membranes
together in association to form the 6-helix bundle arrange-
ment that is thought to be closely linked to both membrane
fusion and pore formation.  

Discordant with the crystallographic data of the close-
ly related SV5 F protein, the experimental observation
with the carbene derived from 4 is that it is able to label
the RSV fusion protein in intact, infectious virus. This
implies that in the native, metastable, pre-fusion state, the
RSV F1 peptide N-terminal helices are assembled into a
trimeric form that is similar, if not identical, to that
observed in the post-fusion core structure. Exposure of
RSV to these inhibitors does not appear to result in an
irreversible change in the F protein, since infectivity of the
virus can be straightforwardly restored after incubation
with BMS-433771 or structurally related compounds by
simply washing away the inhibitor (43). Peptides based
on the HR-N sequence of paramyxoviruses inhibit fusion
when added to virus prior to F protein activation by prote-
olytic cleavage, but these compounds are ineffective
when added after proteolysis. This experiment suggests
that association of HR-N with HR-C is possible in the
native state, but not after proteolytic activation. In con-
trast, HR-C peptides are inhibitory irrespective of the time
of addition. Taken together with the propensity of
paramyxovirus fusion proteins to adopt a post-fusion con-
formation when crystallized, the data suggest that the
structure of the paramyxovirus fusion protein in its prote-
olytically activated, metastable form is different from that
observed in the uncleaved state. Proteolytic activation
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acid side-chains in a fashion that mimics the periodicity
and topography associated with helical peptides (104).
The substituted terphenyl derivative 18, in which the three
branched alkane substituents are designed after consid-
eration of elements of the HIV gp41 N- and C-terminal
heptad repeats, interfered with 6-helix bundle formation
and inhibited HIV-1-mediated cell-cell fusion with an EC50
of 15.7 mg/ml (104).

Although many inhibitors of RSV that have been iden-
tified by broad screening campaigns target the fusion pro-
tein, considerable progress has recently been made
towards the characterization and optimization of potent
and selective inhibitors that target other proteins of impor-
tance in the replication cycle. Two structurally distinct
inhibitors of the RSV nucleoside polymerase (L gene
product) have recently been described (104-106). The
1H-imidazo[4,5-h]isoquinoline-7,9(6H,8H)-dione 19 is a
potent antiviral agent in cell culture (EC50 = 21 nM) that
reduced RSV titers in the lungs of BALB/c mice following
topical (intranasal) administration (105, 106). Mutations

ed efficacy in rodent models of RSV infection following
topical administration as SPAs (101, 102).

Adding further to the structural diversity of RSV fusion
inhibitors, Biota recently disclosed a series of imida-
zo[2,1-a]isoindol-5(9bH)-one derivatives that are being
co-developed with MedImmune (103). A representative
compound, 17, inhibited the RSV A2 strain in HEp2 cells
in culture with an EC50 of 100-250 ng/ml and was active
in a fusion assay with an IC50 of < 750 ng/ml. These com-
pounds are also claimed to attenuate RSV infection of
cotton rats when administered at a dose of 100 mg/kg 2
h prior to virus inoculation (103). 

While there appear to be several structurally distinct
chemotypes capable of interfering with 6-helix bundle for-
mation of the RSV F protein, inhibition of other viruses by
this mechanism appears to be more challenging, pre-
sumably a function of the nature of individual binding sites
and HR-C and HR-N interactions (79). A platform that
appears to offer some promise of generality has emerged
from a study of scaffolds capable of projecting the amino
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Acknowledgements

We are indebted to the following team of scientists
who contributed to the RSV inhibitor program: Kuo-Long
Yu, Ny Sin, Xiangdong Alan Wang, Jan W. Thuring, Keith
D. Combrink, H. Belgin Gulgeze, Bradley C. Pearce,
Zhiwei Yin, Rita L. Civeillo, Ashok K. Trehan, and Brian L.
Venables, all members of the Department of Chemistry,

Drugs Fut 2007, 32(5) 451



31. Cardenas, S., Auais, A., Piedimonte, G. Palivizumab in the
prophylaxis of respiratory  syncytial virus infection. Exp Rev Anti-
Infect Ther 2005, 3: 719-26.

32. Scott, L.J., Lamb, H.M. Palivizumab. Drugs 1999, 58: 305-11.

33. Chidgey, S.M., Broadley, K.J. Respiratory syncytial virus
infections: Characteristics and treatment. J Pharm Pharmacol
2005, 57: 1371-81.

34. Carmack, M.A., Prober, C.G. Respiratory syncytial virus and
ribavirin: Quo vadis?  Infect Agents Dis 1992, 1: 99-107.

35. Wyde, P.R. Respiratory syncytial virus (RSV) disease and
prospects for its control.  Antiviral Res 1998, 39: 63-79.

36. Meanwell, N.A., Krystal, M. Respiratory syncytial virus:
Recent progress towards the discovery of effective prophylactic
and therapeutic agents. Drug Discov Today 2000, 5: 241-52.

37. Shigeta, S. Recent progress in antiviral chemotherapy for
respiratory syncytial virus infections. Exp Opin Invest Drugs
2000, 9: 221-5.

38. Maggon, K., Barik, S. New drugs and treatment for respira-
tory syncytial virus. Rev Med Virol 2004, 14: 149-68.

39. Pagani, F., Sparatore, F. Benzotriazolylalkyl benzimidazoles
and their dialkylaminoalkyl derivatives. Boll Chim Farm 1965,
104: 427-31.

40. Paglietti, G., Boido, V., Sparatore, F. Dialkylaminoal-
kylbenzimidazoles of pharmacological interest. IV. Il Farmaco Ed
Sci 1975, 30: 505-11.

41. Cianci, C., Yu, K.-L., Combrink, K. et al. Orally active fusion
inhibitor of respiratory syncytial virus. Antimicrob Agents
Chemother 2004, 48: 413-22.

42. Lipinski, C.A., Lombardo, F., Dominy, B.W., Feeney, P.J.
Experimental and computational approaches to estimate solubil-
ity and permeability in drug discovery and development settings.
Adv Drug Deliv Rev 2001, 46: 3-26.

43. Cianci, C., Kadow, K., Voss, S., Colonno, R., Krystal, M.
Unpublished studies.

44. Yu, K.-L., Zhang, Y., Civiello, R.L., Kadow, K.F., Cianci, C.,
Krystal, M., Meanwell, N.A. Fundamental structure-activity rela-
tionships associated with a new structural class of respiratory syn-
cytial virus inhibitor.  Bioorg Med Chem Lett 2003, 13: 2141-4.

45. Meanwell, N.A., Sit, S.-Y., Gao, J., Wong, H.S., Gao, Q., St.
Laurent, D.R., Balasubramanian, N. The regiospecific functional-
ization of 1,3-dihydro-2H-benzimidazol-2-one and structurally
related cyclic urea derivatives. J Org Chem 1995, 60: 1565-82.

46. Yu, K.-L., Zhang, Y., Civiello, R.L. et al. Respiratory syncytial
virus fusion inhibitors.  2.  Benzimidazol-2-one derivatives.
Bioorg Med Chem Lett 2004, 14: 1133-7.

47. Yu, K.-L., Wang, X.A., Civiello, R.L. et al. Respiratory syncy-
tial virus fusion inhibitors. 3. Water-soluble benzimidazol-2-one
derivatives with antiviral activity in vivo. Bioorg Med Chem Lett
2006, 16: 1115-22.

48. Dischino, D.D., Cianci, C.W., Civiello, R. et al. Development
of a photoaffinity label for respiratory syncytial inhibitors. J
Labelled Comp Radiopharm 2003, 46: 1105-16.

49. Byrd, L.G., Prince, G.A. Animal models of respiratory syncy-
tial virus infection. Clin Infect Dis 1997, 25: 1363-8.

15. Falsey, A.R., Walsh, E.E. Respiratory syncytial virus infec-
tion in elderly adults. Drugs Aging 2005, 22: 577-87.

16. Anderson, L.J., Parker, R.A., Strikas, R.L. Association
between respiratory syncytial virus outbreaks and lower respira-
tory tract deaths of infants and young children. J Infect Dis 1990,
161: 640-6.

17. Nicholson, K.G. Impact of influenza and respiratory syncytial
virus on mortality in England and Wales from January 1975 to
December 1990. Epidemiol Infect 1996, 116: 51-63.

18. Shay, D.K., Holman, R.C., Newman, R.D., Liu, L.L., Stout,
J.W., Anderson, L.J. Bronchiolitis-associated hospitalizations
among US children, 1980-1996. JAMA – J Am Med Assoc 1999,
282: 1440-6.

19. Thompson, W.W., Shay, D.K., Weintraub, E., Brammer, L.,
Cox, N., Anderson, L.J., Fukuda, K. Mortality associated with
influenza and respiratory syncytial virus in the United States.
JAMA – J Am Med Assoc 2003, 289: 179-86.

20. Zambon, M.C., Stockton, J.D., Clewley, J.P., Fleming, D.M.
Contribution of influenza and respiratory syncytial virus to com-
munity cases of influenza-like illness: An observational study.
Lancet 2001, 358: 1410-6.

21. Crowcroft, N.S., Cutts, F., Zambon, M.C. Respiratory syncy-
tial virus: An underestimated cause of respiratory infection, with
prospects for a vaccine. Commun Dis Public Health 1999, 2:
234-41.

22. Breese Hall, C., Powell, K.R., MacDonald, N.E., Gala, C.L.,
Menegus, M.E., Suffin, S.C., Cohen, H.J. Respiratory syncytial
viral infection in children with compromised immune function.
New Engl J Med 1986, 315: 77-81.

23. Englund, J.A., Sullivan, C.J., Jordan, M.C., Dehner, L.P.,
Vercellotti, G.M., Balfour, H.H. Jr. Respiratory syncytial virus
infection in immunocompromised adults. Ann Intern Med 1988,
109: 203-8.

24. Hertz, M.I., Englund, J.A., Snover, D., Bitterman, P.B.,
McGlave, P.B. Respiratory syncytial virus-induced acute lung
injury in adult patients with bone marrow transplants: A clinical
approach and review of the literature. Medicine 1989, 68: 269-
81.

25. Ebbert, J.O., Limper, A.H. Respiratory syncytial virus pneu-
monitis in immunocompromised adults: Clinical features and out-
come. Respiration 2005, 72: 263-9.

26. Ljungman, P. Respiratory virus infections in bone marrow
transplant recipients, the European perspective. Am J Med 1997,
102: 44-7.

27. Flamant, C., Hallelel, F., Nolent, P., Chevalier, J.-Y.,
Renolleau, S. Severe respiratory syncytial virus bronchiolitis in
children: From short mechanical ventilation to extracorporeal
membrane oxygenation. Eur J Pediatr 2005, 164: 93-8.

28. Durbin, A.P., Karron, R.A. Progress in the development of
respiratory syncytial virus and parainfluenza virus vaccines. Clin
Infect Dis 2003, 37: 1668-77.

29. Kneyber, M.C.J., Kimpen, J.L.L. Advances in respiratory syn-
cytial virus vaccine development. Curr Opin Invest Drugs 2004,
5: 163-70.

30. Murphy, B.R., Collins, P.L. Live-attenuated virus vaccines for
respiratory syncytial and parainfluenza viruses: Applications of
reverse genetics. J Clin Invest 2002, 110: 21-7.

452 Inhibitors of respiratory syncytial virus fusion



67. Cianci, C., Langley, D.R., Dischino, D.D. et al. Targeting a
binding pocket within the trimer-of-hairpins: Small molecule inhibi-
tion of viral fusion. Proc Natl Acad Sci USA 2004, 101: 15046-51.

68. Moss, R.A. Diazirines: Carbene precursors par excellence.
Acc Chem Res 2006, 39: 267-72.

69. Zhao, X., Singh, M., Malashkevich, V.N., Kim, P.S. Structural
characterization of the human respiratory syncytial virus fusion
protein core. Proc Natl Acad Sci USA 2000, 97: 14172-7.

70. Ding, W.D., Mitsner, B., Krishnamurthy, G. et al. Novel and
specific respiratory syncytial virus inhibitors that target virus
fusion. J Med Chem 1998, 41: 2671-5.

71. Nikitenko, A.A., Raifeld, Y.E., Wang, T.Z. The discovery of
RFI-641 as a potent and selective inhibitor of the respiratory syn-
cytial virus. Bioorg Med Chem Lett 2001, 11: 1041-4.

72. Razinkov, V., Gazumyan, A., Nikitenko, A., Ellestad, G.A.,
Krishnamurthy, G. RFI-641 inhibits entry of respiratory syncytial
virus via interactions with fusion protein. Chem Biol 2001, 8:
645-59.

73. Razinkov, V., Huntley, C., Ellestad, G.A., Krishnamurthy, G.
RSV entry inhibitors block F-protein mediated fusion with model
membranes. Antiviral Res 2002, 55: 189-200.

74. Huntley, C.C., Weiss, W.J., Gazumyan, A. et al. RFI-641, a
potent respiratory syncytial virus inhibitor. Antimicrob Agents
Chemother 2002, 46: 841-7.

75. Eckert, D.M., Kim, P.S. Mechanisms of viral membrane
fusion and its inhibition. Annu Rev Biochem 2001, 70: 777-810.

76. Colman, P.M., Lawrence, M.C. The structural biology of type
1 viral membrane fusion. Nat Rev Mol Cell Biol 2003, 4: 309-19.

77. Earp, L.J., Delos, S.E., Park, H.E., White, J.M. The many
mechanisms of viral membrane fusion proteins. Curr Top
Microbiol Immunol 2004, 285: 25-66.

78. Skehel, J.J., Wiley, D.C. Receptor binding and membrane
fusion in virus entry: The influenza hemagglutinin. Annu Rev
Biochem 2000, 69: 531-69.

79. Debnath, A.K. Prospects and strategies for the discovery and
development of small-molecule inhibitors of six-helix bundle for-
mation in class 1 viral fusion proteins. Curr Opin Invest Drugs
2006, 7: 118-27.

80. Del Angel, V.D., Dupuis, F., Mornon, J.-P., Callebaut, I. Viral
fusion peptides and identification of membrane-interacting seg-
ments. Biochem Biophys Res Commun 2002, 293: 1153-60.

81. Baker, K.A., Dutch, R.E., Lamb, R.A., Jardetzky, T.S.
Structural basis for paramyxovirus-mediated membrane fusion.
Mol Cell 1999, 3: 309-19.

82. Chen, L., Gorman, J.J., McKimm-Breschkin, J. et al. The
structure of the fusion glycoprotein of Newcastle disease virus
suggests a novel paradigm for the molecular mechanism of
membrane fusion. Structure 2001, 9: 255-66.

83. Smith, B.J., Lawrence, M.C., Colman, P.M. Modelling the
structure of the fusion protein from human respiratory syncytial
virus. Protein Eng 2002, 15: 365-71.

84. Morton, C.J., Cameron, R., Lawrence, L.J. et al. Structural
characterization of respiratory syncytial virus fusion inhibitor
escape mutants: Homology model of the F protein and a syn-
cytium formation assay. Virology 2003, 311: 275-88.

50. Domachowske, J.B., Bonville, C.A., Rosenberg, H.F. Animal
models for studying respiratory syncytial virus infection and Its
long term effects on lung function. Pediatr Infect Dis J 2004, 23:
S228-34.

51. Prince, G.A., Jenson, A.B., Horswood, R.L., Camargo, E.,
Chanock, R.M. The pathogenesis of respiratory syncytial virus
infection in cotton rats. Am J Pathol 1978, 93: 771-91.

52. Prince, G.A., Horswood, R.L., Berndt, J.A., Suffin, S.C.,
Chanock, R.M. Respiratory syncytial virus infection in inbred
mice. Infect Immun 1979, 26: 764-6.

53. Sudo, K., Watanabe, W., Mori, S., Konno, K., Shigeta, S.,
Yokota, T. Mouse model of respiratory syncytial virus infection to
evaluate antiviral activity in vivo. Antiviral Chem Chemother
1999, 10: 135-9.

54. Kong, X., Hellermann, G.R., Patton, G. et al. An immuno-
compromised BALB/c mouse model for respiratory syncytial
virus infection. Virol J 2005, 2: 3-11.

55. Prince, G.A., Hemming, V.G., Horswood, R.L., Chanock,
R.M. Immunoprophylaxis and immunotherapy of respiratory syn-
cytial virus infection in the cotton rat. Virus Res 1985, 3: 193-206.

56. Prince, G.A., Horswood, R.L., Chanock, R.M. Quantitative
aspects of passive immunity to respiratory syncytial virus infec-
tion in infant cotton rats. J Virol 1985, 55: 517-20.

57. Wyde, P.R., Wilson, S.Z., Petrella, R., Gilbert, B.E. Efficacy
of high dose-short duration ribavirin aerosol in the treatment of
respiratory syncytial virus infected cotton rats and influenza B
virus infected mice. Antiviral Res 1987, 7: 211-20.

58. Wilson, S.Z., Knight, V., Wyde, P.R., Drake, S., Couch, R.B.
Amantadine and ribavirin aerosol treatment of influenza A and B
infection in mice. Antimicrob Agents Chemother 1980, 17: 642-8.

59. Rendic, S. Summary of information on human CYP enzymes:
Human P450 metabolism data. Drug Metab Rev 2002, 34: 83-448.

60. Hlavica, P. Functional interaction of nitrogenous organic
bases with cytochrome P450: A critical assessment and update
of substrate features and predicted key active-site elements
steering the access, binding, and orientation of amines. Biochim
Biophys Acta 2006, 1764: 645-70.

61. Cianci, C., Genovesi, E., Lamb, L. et al. Oral efficacy of a res-
piratory syncytial virus inhibitor in rodent models of infection.
Antimicrob Agents Chemother 2004, 48: 2448-54.

62. Yu, K.-L., Sin, N., Civiello, R.L. et al. Respiratory syncytial
virus fusion inhibitors. Part 4: Optimization for oral bioavailability.
Bioorg Med Chem Lett 2007, 17: 895-901.

63. Dubovi, E.J., Geratz, J.D., Tidwell, R.R. Inhibition of respira-
tory syncytial virus by bis(5-amidino-2-benzimidazolyl)methane.
Virology 1980, 103: 502-4.

64. Dubovi, E.J., Geratz, J.D., Shaver, S.R., Tidwell, R.R.
Inhibition of respiratory syncytial virus-host cell interactions by
mono- and diamidines. Antimicrob Agents Chemother 1981, 19:
649-56.

65. Tidwell, R.R., Geratz, J.D., DuBovi, E.J. Aromatic amidines:
Comparison of their ability to block respiratory syncytial virus
induced cell fusion and to inhibit plasmin, urokinase, thrombin
and trypsin. J Med Chem 1983, 26: 294-8.

66. Dubovi, E.J., Geratz, J.D., Tidwell, R.R. Enhancement of res-
piratory syncytial virus-induced cytopathology by trypsin, throm-
bin, and plasmin. Infect Immun 1983, 40: 351-8.

Drugs Fut 2007, 32(5) 453



101. Wyde, P.R., Laquerre, S., Chetty, S.N., Gilbert, B.E., Nitz,
T.J., Pevear, D.C. Antiviral efficacy of VP14637 against respira-
tory syncytial virus in vitro and in cotton rats following delivery by
small droplet aerosol. Antiviral Res 2005, 68: 18-26.

102. Wyde, P.R., Chetty, S.N., Timmerman, P., Gilbert, B.E.,
Andries, K. Short duration aerosols of JNJ 2408068 (R170591)
administered prophylactically or therapeutically protect cotton
rats from experimental respiratory syncytial virus infection.
Antiviral Res 2003, 60: 221-31.

103. Bond, S., Sanford, V.A., Lambert, J.N., Lim, C.Y., Mitchell,
J.P., Draffan, A.G., Nearn, R.H. (Biota Sci. Management).
Polycyclic agents for the treatment of respiratory syncytial virus
infections. WO 2005061513.

104. Ernst, J.T., Kutzki, O., Debnath, A.K., Jiang, S., Lu, H.,
Hamilton, A.D. Design of a protein surface antagonist based on
α-helix mimicry: Inhibition of gp41 assembly and viral fusion.
Angew Chem Int Ed 2002, 41: 278-81.

105. Mason, S.W., Lawetz, C., Gaudette, Y. et al.
Polyadenylation-dependent screening assay for respiratory syn-
cytial virus RNA transcriptase activity and identification of an
inhibitor. Nucleic Acids Res 2004, 32: 4758-67.

106. Liuzzi, M., Mason, S.W., Cartier, M. et al. Inhibitors of res-
piratory syncytial virus replication target cotranscriptional mRNA
guanylylation by viral RNA-dependent RNA polymerase. J Virol
2005, 79: 13105-15.

107. Sudo, K., Miyazaki, Y., Kojima, N., Kobayashi, M., Suzuki,
H., Shintani, M., Shimizu, Y. YM-53403, a unique anti-respirato-
ry syncytial virus agent with a novel mechanism of action.
Antiviral Res 2005, 65: 125-31.

108. Dent, J., Grieve, S., Harland, R. et al. Multiple-dose safety
and pharmacokinetics of A-60444, a novel compound active
against respiratory syncytial virus (RSV). 45th Intersci Conf
Antimicrob Agents Chemother (ICAAC) (Dec 16-19, Washington,
D.C.) 2005, Abst F-483.

109. Henderson, E.A., Alber, D.G., Baxter, R.C. et al. 1,4-
Benzodiazepines as inhibitors of respiratory syncytial virus. The
identification of a clinical candidate. J Med Chem 2007, 50:
1685-92.

110. Carter, M.C., Alber, D.G., Baxter, R.C. et al. 1,4-
Benzodiazepines as inhibitors of respiratory syncytial virus. J
Med Chem 2006, 49: 2311-9.

111. Davies, S., Alber, D., Wilson, I. et al. Drug combination
study of A-60444, an N-protein inhibitor of RSV and the fusion
inhibitor BMS-433771. 45th Intersci Conf Antimicrob Agents
Chemother (ICAAC) (Dec 16-19, Washington, D.C.) 2005, Abst
F-484.

112. Leaman, D.W. 2-5A antisense treatment of respiratory syn-
cytial virus. Curr Opin Pharmacol 2005, 5: 502-7.

113. Cramer, H., Okicki, J.R., Kuang, M., Xu, Z. Targeted thera-
py of respiratory sycytial virus infections by 2-5A antisense.
Nucleotides Nucleosides Nucleic Acids 2005, 24: 497.

114. Barik, S. Inhaled short interfering RNA as a promising
approach to the therapy of viral respiratory infections. Drugs Fut
2005, 30: 567-72.

115. Xu, Z., Kuang, K., Okicki, J.R., Cramer, H., Chaudhary, N.
Potent inhibition of respiratory syncytial virus by combination
treatment with 2–5A antisense and ribavirin. Antiviral Res 2004,
61: 195-206.

85. Pesiajovich, S.G., Shai, Y. New insights into the mechanism
of virus-induced membrane fusion. Trends Biochem Sci 2002,
27: 183-90.

86. Morrison, T.G. Structure and function of a paramyxovirus
fusion protein. Biochim Biophys Acta 2003, 1614: 73-84.

87. Yin, H.-S., Paterson, R.G., Wen, X., Lamb, R.A., Jardetzky,
T.S. Structure of the uncleaved ectodomain of the paramyx-
ovirus (hPIV3) fusion protein. Proc Natl Acad Sci USA 2005, 102:
9288-93.

88. Lamb, R.A., Paterson, R.G., Jardetzky, T.S. Paramyxovirus
membrane fusion: Lessons from the F and HN atomic structures.
Virology 2006, 344: 30-7.

89. Yin, H.-S., Wen, X., Paterson, R.G., Lamb, R.A., Jardetzky,
T.S. Structure of the parainfluenza virus 5 F protein in its
metastable, prefusion conformation. Nature 2006, 439: 38-44.

90. Young, J.K., Li, D., Abramowitz, M.C., Morrison, T.G.
Interaction of peptides with sequences from the Newcastle dis-
ease virus fusion protein heptad repeat regions.  J Virol 1999, 73:
5945-56.

91. Young, J.K., Hicks, R.P., Wright, G.E., Morrison, T.G.
Analysis of a peptide inhibitor of paramyxovirus (NDV) fusion
using biological assays, NMR, and molecular modeling. Virology
1997, 238: 291-304.

92. Russel, C.J., Lamb, R.A., Jardetzky, T.S. Membrane fusion
machines of paramyxoviruses: Capture of intermediates of
fusion. EMBO J 2001, 20: 4024-34.

93. Karron, R.A., Buonagurio, D.A., Georgiu, A.F. et al.
Respiratory syncytial virus (RSV) SH and G proteins are not
essential for viral replication in vitro: Clinical evaluation and mol-
ecular characterization of a cold-passaged, attenuated RSV sub-
group B mutant. Proc Natl Acad Sci USA 1997, 94: 13961-6.

94. Kahn, J.S., Schnell, M.J., Buonocore, L., Rose, J.K.
Recombinant vesicular stomatitis virus expressing respiratory
syncytial virus (RSV) glycoproteins: RSV fusion protein can
mediate infection and cell fusion. Virology 1999, 254: 81-91.

95. Feldman, S.A., Audet, S., Beeler, J.A. The fusion glycopro-
tein of human respiratory syncytial virus facilitates virus attach-
ment and infectivity via an interaction with cellular heparan sul-
fate. J Virol 2000, 74: 6442-7.

96. Techaarpornkul, S., Barretto, N., Peeples, M.E. Functional
analysis of recombinant respiratory syncytial virus deletion
mutants lacking the small hydrophobic and/or attachment glyco-
protein gene. J Virol 2001, 75: 6825-34.

97. Wang, X.A., Cianci, C.W., Yu, K.-L. et al. Respiratory syncy-
tial virus fusion inhibitors. Part 5: Optimization of benzimidazole
substitution patterns towards derivatives with improved activity.
Manuscript submitted.

98. Douglas, J.L., Panis, M.L., Ho, E. et al. Small molecules VP-
14637 and JNJ-2408068 inhibit respiratory syncytial virus fusion
by similar mechanisms. Antimicrob Agents Chemother 2005, 49:
2460-6.

99. Douglas, J.L., Panis, M.L., Ho, E. et al. Inhibition of respira-
tory syncytial virus fusion by the small molecule VP-14637 via
specific interactions with F protein. J Virol 2003, 77: 5054-64.

100. Andries, K., Moeremans, M., Gevers, T. et al. Substituted
benzimidazoles with nanomolar activity against respiratory syn-
cytial virus. Antiviral Res 2003, 60: 209-19.

454 Inhibitors of respiratory syncytial virus fusion



118. Zhang, W., Yang, H., Kong, X. et al. Inhibition of respirato-
ry syncytial virus infection with intranasal siRNA nanoparticles
targeting the viral NS1 gene. Nat Med 2005, 11: 56-62.

119. Alnylam initiates second phase I clinical study of ALN-
RSV01, an RNAi therapeutic for the treatment of respiratory syn-
cytial virus (RSV) infection; both U.S. and European trials now
underway. Alnylam Pharmaceuticals, Inc. Press Release,
December 19, 2005.

116. Leaman, D.W., Longano, F.J., Okicki, J.R., Soike, K.F.,
Torrence, P.F., Silverman, R.H., Cramer, H. Targeted therapy of
respiratory syncytial virus in African green monkeys by
intranasally administered 2-5A antisense. Virology 2002, 292:
70-7.

117. Bitko, V., Musiyenko, A., Shulyayeva, O., Barik, S. Inhibition
of respiratory viruses by nasally administered siRNA. Nat Med
2005, 11: 50-5.

Drugs Fut 2007, 32(5) 455


