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T
here is a massive push to develop
new drugs to treat viral infection.
Traditional therapeutic strat-
egies aim at viral proteins re-

sponsible for each and every step of viral
replication. The main drawbacks of these
approaches include an ever-increasing
pool of drugs specific for a given virus and
selection for drug-resistant viruses. An al-
ternative strategy, which has recently
gained popularity, targets cellular factors
(not limited to viral receptors) involved in
virus entry and replication (1, 2). Numer-
ous cellular proteins aiding viral replica-
tion have recently emerged from genome-
wide screens (3–6), showing the virus’ re-
liance on various cellular processes. Tar-
geting less variable host factors is an
attractive concept that is less prone to se-
lecting for drug-resistant viruses. The flip
side of this approach is the potential for
serious side effects and the need to target
a large and often nonoverlapping number
of cellular factors. A study by St. Vincent
et al. (7) in PNAS and the paper published
earlier by another group (8) introduce an
exciting paradigm that focuses on a uni-
versal cellular target, which happens to be
an intricate part of all enveloped viruses.
The authors (7) show that infection by
enveloped viruses can be blocked by al-
tering their membrane composition in
a way that disfavors their merger with
a target cell membrane.
Enveloped viruses surround their nu-

cleocapsids with a host cell-derived lipid
membrane and therefore must merge the
viral and target cell membranes to initiate
new infection. This step is promoted by
structurally diverse fusion glycoproteins,
which are activated by a specific cellular
receptor (or several receptors) and/or
acidic endosomal pH (9). Fusion proteins
are believed to promote membrane
merger by engaging the target membrane,
and subsequently, refolding into a stable
hairpin structure (Fig. 1A) (10, 11). Be-
cause viruses cannot directly use chemical
energy released upon ATP or GTP hydro-
lysis, conformational energy stored in their
envelope proteins seems to be the only
driving force for membrane fusion (12).
Depending on the virus, the number of

envelope glycoproteins could reach several
hundred. The apparent surplus of these
proteins reflects, in part, the importance of
the fusion step and the nondeterministic
nature of this process, which often fails to
reach completion. There is evidence that
several viral proteins must act in concert to
effectively mediate fusion (13–18). Ac-

cordingly, the fusion efficiency is known to
critically depend on the density of acti-
vated viral proteins (13, 19). The above
considerations imply that, in general, the
energy released from a single viral protein
refolding may not be sufficient to desta-
bilize lipid bilayers and promote their
fusion. Thus, a synchronous activation
and assembly of several fusion proteins
into multimeric complexes might help
overcome the energy barrier for mem-
brane fusion.
The merger of lipid membranes involves

the formation of highly curved (and thus
energetically unfavorable) intermediates—
stalk, hemifusion, and a fusion pore (Fig.
1B). The main contribution to the overall
energy of these intermediates comes from
elastic energy of bent monolayers (20),
which depends on the intrinsic propensity
of lipid sheets to deviate from planarity
(described in terms of spontaneous curva-
ture) (21). Lipids with larger polar head
groups compared with their hydrocarbon
tails confer a positive curvature by bending
the membranes away from polar heads
(Fig. 1 B and C). By contrast, lipids in
which the cross-sectional area of the polar
heads is smaller than that of the hydro-

phobic moiety confer a negative curvature.
The merger of contacting monolayers is
known to be augmented by negative cur-
vature constituents, whereas lipids favoring
the positive membrane curvature disfavor
hemifusion (20). The inhibitory effect of
positive curvature agents exemplified by
lyso-lipids has been shown for diverse fu-
sion reactions mediated by viral and cellu-
lar fusion proteins (22). These findings
strongly imply that (i) all protein-mediated
fusion reactions converge to a common
lipid intermediate with a net negative cur-
vature, most likely a hemifusion, and (ii)
lipids are essential determinants of the
outcome of protein-mediated fusion.
The study by St. Vincent et al. (7) in-

troduces a class of wedge-shaped rigid
amphipathic fusion inhibitors (RAFIs)
that block infectivity of unrelated envel-
oped viruses, apparently through confer-
ring a positive curvature to their lipid
membranes. Like lyso-lipids, RAFIs seem

Fig. 1. Viral protein refolding and lipid intermediates en route to membrane fusion. (A) Viral fusion
protein refolding into a stable hairpin of trimers, which is coupled to lipid rearrangement through the
formation of prehairpin intermediates. (B) Progression of lipid bilayer fusion through the stalk, hemi-
fusion, and fusion pore formation. Lipophilic compounds conferring positive curvature (red triangles)
stabilize prefused membranes, preventing the stalk formation and promoting the formation of lytic
pores in lipid bilayers. Lipids conferring negative curvature (yellow inverted triangles) augment hemi-
fusion. (C) Negative curvature lipids tend to form an inverted hexagonal HII-phase, whereas positive
curvature lipids assemble into micelles.
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to counteract the well-balanced action of
fusion proteins through the lipid phase,
without directly interacting with viral pro-
teins. An important feature of RAFIs, as
well as other compounds that target the
viral membrane (8), is that these are not
toxic for cells. The selective effect of
RAFIs on the metabolically inactive viral
membrane most likely originates from the
lack of membrane repair mechanisms,
which are effective in cells. As expected
for compounds that alter the propensity of
viral lipids to undergo fusion, RAFIs
blocked infection by several enveloped
viruses but did not affect the infectivity
of nonenveloped viruses at much
higher doses.
The overall shape of RAFIs and their

ability to disfavor the transition from a la-
mellar to an inverted hexagonal phase
(highly curved inverted lipid cylinders)
(Fig. 1C) are consistent with the notion
that these molecules confer a positive
curvature to viral lipids, thereby antago-
nizing the action of viral fusion proteins.
These results provide an exciting proof-of-
concept for developing broad-spectrum
entry inhibitors that could block fusion
of virtually all enveloped viruses. Impor-
tantly, this class of drugs is unlikely to se-
lect for resistant variants, because viruses

have virtually no control over their lipid
composition.
Although the study by St. Vincent et al.

(7) is an important milestone for future
antiviral strategies, a number of questions

RAFIs blocked infection

by several enveloped

viruses but did not affect

the infectivity of

nonenveloped viruses.

remain unanswered. It is not completely
clear yet whether altering the membrane
curvature is the only or even the main
mechanism of the RAFIs’ effect on en-
veloped viruses. Certain features of these
compounds reported in this study might be
indicative of additional modes of action.
First, whereas amphipathic molecules
conferring positive curvature lyse mem-
branes by favoring the formation of lipidic
pores (Fig. 1B), high concentrations of
RAFIs did not seem to damage cells or
lyse viruses. It is worth pointing out, how-
ever, that the results presented by St.
Vincent et al. (7) argue against dissolution

of the viral membrane by RAFIs but do
not rule out the membrane permeabilizing
effect. Second, the predominantly polar
nature of amphipaths conferring positive
curvature is manifested in a relatively high
critical micelle concentration and the
ease of their extraction from membranes
on washing (13). In contrast, RAFIs seem
to incorporate into viral membranes vir-
tually irreversibly, as evidenced by their
long-lasting inhibitory effect on pre-
treated viruses.
Further studies are needed to fully elu-

cidate the mechanism of inhibition of viral
fusion by RAFIs and related compounds.
For instance, it would be interesting to
determine the molar fraction of RAFIs in
the viral membrane at an inhibitory con-
centration. This could help evaluate the
corresponding change in spontaneous
curvature based on the shift in the tem-
perature of lamellar to inverted hexagonal
phase transition measured in this study.
Irrespective of the exact mechanism of
action, the low cytotoxic effect of this class
of viral fusion inhibitors might prove de-
cisive for their future clinical applications.
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