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E
nveloped viruses acquire a lipid
membrane when they bud across
a cellular membrane during vi-
rus assembly. In cell entry, the

viral membrane must be fused to the
host-cell membrane to deliver the viral
genome into the cytoplasm for replica-
tion. Membrane fusion is therefore an
essential step in the life cycle of envel-
oped viruses, and a great deal of re-
search in recent years has been directed
at identifying inhibitors of viral mem-
brane fusion. One notable success in
this area is the HIV fusion inhibitor en-
furvirtide (T-20, Fuzeon) (1), which has
become part of the standard treatment
for patients who have detectable viral
loads after treatment with protease and
reverse transcriptase inhibitors. Al-
though influenza remains a primary
global health problem, there are no clin-
ically useful fusion inhibitors available
against influenza virus. In a recent issue
of PNAS, Russell et al. (2) report the
crystal structure of the influenza virus
hemagglutinin (HA) envelope protein
bound to a compound that was reported
to inhibit membrane fusion and infectiv-
ity of certain strains of influenza. The
structure provides an excellent starting
framework for the rational design of
more effective membrane fusion inhibi-
tors for use as therapeutics against
influenza.

For 2 membranes to fuse, they must
be bent toward each other until they are
separated by only a fraction of a nano-
meter. Bending membranes requires en-
ergy, which in viral membrane fusion is
provided by envelope proteins anchored
in the viral membrane as they undergo a
large, spontaneous, ‘‘fusogenic’’ confor-
mational change (3). The fusogenic con-
formational change of HA is well under-
stood from numerous biophysical and
biochemical studies, making HA the
prototype of viral fusion proteins (4).
Moreover, various small hydrophobic
molecules such as tert-butyl hydroqui-
none (TBHQ) have been found to block
influenza virus infectivity in cell culture
by inhibiting (or prematurely inducing)
the fusogenic conformational change in
HA (5–7). The development of more
effective fusion inhibitors has, however,
been limited by the lack of crystal struc-
tures of relevant HA complexes and the
failure of known fusion inhibitors to
neutralize all influenza subtypes. Russell
et al. (2) report the crystal structures of
HA from 2 subtypes of influenza, H14
and H3, in complex with TBHQ. TBHQ

specifically inhibits the fusogenic confor-
mational change of HA and reduces vi-
ral infectivity of group 2 influenza sub-
types such as H3 and H14 (6). The
structures show that TBHQ does not
bind near the fusion peptide of HA as
predicted by in silico docking analyses
(6). Instead, TBHQ binds in a hydro-
phobic pocket at the interface between
monomers in the prefusion HA trimer
(Fig. 1) . This binding pocket is present
only in group 2 HAs, which explains the
failure of TBHQ to inhibit membrane
fusion and the infectivity of group 1 vi-
ruses. The apparent mechanism for fu-
sion inhibition is that TBHQ stabilizes
the prefusion conformation of HA, thus
increasing the energy barrier for the fu-
sogenic conformational change to the
point that it no longer responds to the
acidic environment of the endosomal
lumen (2). Specifically, TBHQ locks HA

in its prefusion conformation by extend-
ing the hydrophobic core between the
‘‘outer layer’’ and ‘‘inner layer’’ �-heli-
ces (Fig. 1). In other words, TBHQ acts
as a sort of molecular glue. To exclude
water and other solvent molecules, hy-
drophobic compounds must fit tightly
into their binding pockets, with a high
degree of shape complementarity. The
snug fit of TBHQ into its binding
pocket leaves little room for additional
hydrophobic substitutions. However, the
structure shows that space for additional
polar substituents on TBHQ exists in
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Fig. 1. The structural basis of the inactivation of the influenza virus HA envelope protein by TBHQ. (A)
TBHQ (shown schematically in magenta) binds in a hydrophobic pocket near the C terminus of the short
�-helix, at the interface between monomers in the prefusion HA trimer. For clarity, only the core regions
of HA2 are shown. In group 1 influenza subtypes, the TBHQ binding site is absent, explaining the failure
of TBHQ to inhibit membrane fusion of group 1 viruses. (B) TBHQ stabilizes the prefusion trimer, thereby
inhibiting the conformational rearrangements that are required for membrane fusion and viral entry.
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the highly polar membrane distal region
of the binding site (2). Because drug-like
molecules typically require a balance be-
tween polar and hydrophobic properties,
structure-based design of TBHQ deriva-
tives with polar substituents holds promise
as a strategy for developing new treat-
ments against influenza.

The use of hydrophobic compounds
to inhibit pH-dependent conformational
changes in viral entry is not unprece-
dented. Hydrophobic compounds such
as disoxaril (WIN 51711) and pleconaril
(WIN 63843) bind in a hydrophobic
pocket within the core of the picornavirus
capsid protein VP1. Binding of these com-
pounds rigidifies the protein shell, thereby
inhibiting the acid-induced disassembly of
the capsid in the endosome (8, 9). Struc-
tural studies have gone hand in hand with
the development of more efficacious anti-
viral agents against rhinoviruses and en-
teroviruses (8). After disoxaril failed
phase I clinical trials, the crystallographic
determination of the structure of disoxaril
bound to human rhinovirus (9) guided the
design of the improved compound ple-
conaril (WIN 63843), which reached
phase III clinical trials.

Similarly, a hydrophobic ligand-bind-
ing pocket was discovered in the enve-
lope (E) protein of dengue type 2 virus.
In the crystal structure of dengue E, a
molecule of �-octyl glucoside (�-OG) is
bound in a hydrophobic pocket (10). It
has been suggested (but not verified)
that molecules with similar hydrophobic
moieties to �-OG, but with added polar
substituents to increase binding affinity
to E, might block the fusogenic confor-
mational rearrangement in dengue and

other flaviviruses by an analogous
mechanism as for TBHQ and HA, that
is, by stabilizing the prefusion conforma-
tion of E and preventing the fusogenic
transition to the postfusion conforma-
tion, which lacks the �-OG binding
pocket (10, 11).

The 3 types of antiviral compounds
discussed above each have in common
that they bind in hydrophobic pockets in
the core of viral envelope (or capsid)
proteins, thus locking the proteins in
their prefusion (or preentry) conforma-
tions. In contrast, the HIV membrane
fusion inhibitor enfurvirtide is a 36-mer
peptide with a sequence of largely polar
amino acids corresponding to the C-
terminal helical heptad repeat (HR-2)
of the HIV envelope protein gp41. En-
fuvirtide does not stabilize the prefusion
conformation of the envelope protein,
but rather prevents it from reaching its
final postfusion conformation by com-
peting with the intramolecular foldback
of HR-2 onto the inner core of the en-
velope protein, formed by the trimeric
N-terminal helical heptad repeat, HR-1
(1). The mechanism of action of enf-
virtide is therefore different from that
of TBHQ. The latter is potentially supe-

rior in that (i) it binds to the prefusion
form of the envelope protein rather
than to a short-lived intermediate in the
fusogenic transition, (ii) it is much eas-
ier to synthesize, and (iii) it has more
drug-like chemical properties.

Looking to the future, the work by
Russell et al. (2) provides a structural
framework for the development of
small-molecule compounds to prevent
influenza virus from entering the host
cell. The development of more effective
compounds that inhibit membrane fu-
sion by influenza has been limited by
not knowing where and how known fu-
sion inhibitors bind to HA and inhibit
its fusogenic conformational change.
The structure of HA bound to TBHQ
reveals a potential binding site for larger
or additional substituents on TBHQ.
This finding opens the door to a struc-
ture-based drug design program for
identifying novel small-molecule mem-
brane fusion inhibitors. Proof of princi-
ple for this strategy is provided by the
encouraging results of related ap-
proaches discussed above to develop
antiviral compounds against picornavi-
ruses and HIV. New therapeutics result-
ing from these efforts would make possi-
ble drug combination therapies that avoid
the selection of resistant viruses. Indeed,
combination chemotherapy against influ-
enza with amantadine and oseltamivir has
already been shown to reduce the emer-
gence of drug resistance (12).
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