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Abstract

Viral fusion glycoproteins catalyze membrane fusion during viral entry. Unlike most enzymes,
however, they lack a conventional active site in which formation or scission of a specific

covalent bond is catalyzed. Instead, they drive the membrane fusion reaction by cojoining highly
regulated changes in conformation to membrane deformation. Despite the challenges in applying
inhibitor design approaches to these proteins, recent advances in knowledge of the structures and
mechanisms of viral fusogens have enabled the development of small-molecule inhibitors of both
class I and class Il viral fusion proteins. Here, we review well-validated inhibitors, including their
discovery, targets, and mechanism(s) of action, while highlighting mechanistic similarities and
differences. Together, these examples make a compelling case for small-molecule inhibitors as
tools for probing the mechanisms of viral glycoprotein-mediated fusion and for viral glycoproteins
as druggable targets.
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1. INTRODUCTION

Viral glycoproteins (GPs) mediate the initial attachment of the virion to the host cell through
interaction with cell surface molecules and catalyze the membrane fusion event that allows
the viral genome to be delivered to the interior of the host cell. These functions, which are
essential for initiation of the viral infectious cycle, are for some viruses executed by a single
GP, but for other viruses, they are separated into two distinct proteins. Viral proteins that
mediate membrane fusion during viral entry are known as viral membrane fusion proteins,
viral fusion proteins, and viral fusogens. Use of the term fusion in this case is distinct

from the more common use of the phrase fusion protein to indicate expression of a protein
as a linear sequence with another protein, e.g., green fluorescent protein (GFP) fusion
proteins. Although membrane fusion is thermodynamically favorable, the activation barrier
is high. Viral fusion proteins lower this energy barrier by coupling membrane fusion to the
refolding of their prefusion conformation into the postfusion one (1, 2). Pharmacological
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interference with these structural changes is an attractive antiviral strategy to prevent the
delivery of the viral genome and, hence, to block the infection prior to the onset of viral
gene expression and replication. The complex mechanisms regulating the time and place

of the fusion reaction reflect the importance of this step in viral infection and its potential

as an antiviral target. First, the conformational changes within the viral fusion protein that
catalyze membrane fusion are regulated by physiological triggers to ensure delivery of the
viral genome to the appropriate compartment of the host cell (1, 2). In some cases, the
physiological trigger is the interaction of the viral fusion protein with its attachment receptor
and/or coreceptors on the plasma membrane surface. For other viruses, the initial attachment
step leads to endocytosis of the virion via clathrin-dependent (3, 4) or caveolin-dependent
mechanisms (5-7), and the acidic pH of the endosomal compartment serves as the trigger
for changes in the conformation of the viral fusion protein. Proteolytic activation of some
viral GPs by cellular proteases during viral assembly, at the cell surface prior to infection

or within the endosomal compartment, provides an additional regulatory step to ensure that
fusion occurs at the appropriate subcellular location (8, 9). For some viruses, low pH alone
can trigger the structural changes necessary for membrane fusion in vitro, whereas during
infection the endosomal acidification enables interaction with an intracellular entry receptor
that is required for fusion and endosomal escape. One such example is Lassa virus, which
undergoes a pH-dependent receptor switch from the primary attachment receptor, the alpha
subunit of dystroglycan, to its intracellular receptor, lysosomal-associated membrane protein
1 (10, 11). Another example is Ebola virus, which is internalized by macropinocytosis

and, following proteolytic activation of its GP by endosomal cathepsins, engages the endo/
lysosomal cholesterol transporter protein Niemann-Pick type C1 (NPCL1) prior to fusion and
escape to the cytosol (12, 13) (Figure 1).

Although contemporary drug discovery efforts have been successful in developing direct-
acting antivirals targeting viral enzymes, there are currently no approved small-molecule
drugs that target viral GPs. This is because enzymes have active sites that have evolved
naturally to bind small molecules and to catalyze formation or scission of distinct covalent
bonds. These characteristics enable rational, structure- and mechanism-based inhibitor
design and medicinal chemistry. By contrast, viral fusion proteins lack classical active sites
and catalyze a process driven by the formation and disruption of multiple noncovalent
interactions. Consequently, potential target sites for small molecules that could block
fusogenic activity are generally not obvious even in high-resolution structures of viral fusion
proteins.

Despite this fundamental challenge, there are increasing examples of small molecules

that exert antiviral activity by binding to a viral fusion protein specifically and

inhibiting the structural changes that are coupled to membrane fusion during viral

entry. These successes have come from a variety of approaches, including (a) high-
throughput screens utilizing recombinant proteins and peptides engineered to mimic
specific structural changes that accompany membrane fusion; (b) in silico screens utilizing
computational docking to identify potential ligands, subsequently validated in biochemical
and virological experiments; and (c) unbiased phenotypic screens for compounds with
antiviral activity, which have serendipitously yielded compounds that inhibit viral fusion.
Careful characterization of the binding sites and mechanisms of these small molecules
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has led to pharmacological validation of discrete structural targets within viral fusion
proteins. This foundational work has been essential for the medicinal chemistry optimization
necessary to advance these compounds toward the clinic. Rather than attempting a
comprehensive review of all small-molecule fusion protein inhibitors, we focus here on
reviewing well-validated inhibitors, how they were discovered, and the experimental data
supporting their mechanism(s) and structural target(s) within the viral fusion protein. While
medicinal chemistry and structure-activity relationships (SAR) have, in some cases, been
critical for inhibitor optimization and played an important role in probing small molecule-
protein interactions, we limit the detailed discussion of these results due to the broad focus
of this journal and its space limitations.

2. ANTIVIRAL SMALL MOLECULES TARGETING CLASS I VIRAL FUSION
PROTEINS

Class | fusion proteins are utilized by diverse viral families, including Retroviridae,
Orthomyxoviridae, Paramyxoviridae, Filoviridae, Coronaviridae, and others. The high-
resolution crystal structure of the influenza virus hemagglutinin (HA) protein was the

first structure of a viral fusion protein (14, 15). Additional high-resolution structures have
since been solved, including but not limited to the envelope protein and subunit gp41 of
human immunodeficiency virus (HIV) (16, 17), GP and subunit GP2 of Ebola virus (18),
the F protein of respiratory syncytial virus (RSV) (19), the F protein of parainfluenza
virus (20), and the spike protein of human coronavirus (21, 22). These structures, along
with biochemical and biophysical studies, have established our knowledge of the shared
characteristics of class | fusion protein structure and function (1). With a largely a-helical
secondary structure, class | fusion proteins have an N-terminal hydrophobic fusion peptide
(FP), generated by proteolytic cleavage, followed consecutively by N-terminal heptad repeat
sequence 1 (HR1) and C-terminal heptad repeat sequence 2 (HR2) and a transmembrane
domain (TMD) at the C terminus. The class | fusion proteins are expressed as trimers

and require proteolytic activation to form a metastable species competent for fusion. This
activation, catalyzed by host proteases, provides a regulatory step that ensures generation
of the fusogenic species at the appropriate time and place for productive infection.
High-resolution crystal and cryo-electron microscopy structures have shown that both
prefusion and postfusion structures of class | fusion proteins are trimers, with the conserved
hydrophobic FPs buried at the subunit interface of the prefusion trimer and located at the
end of the trimeric hairpin in the postfusion structure, presumably extended into the target
membrane (14, 15, 23).

Entry of viruses with class | fusion proteins is initiated as the virion attaches to a

receptor on the plasma membrane. The N-terminal subunit [e.g., HAL of influenza HA

and gp120 of HIV type 1 (HIV-1) Env] is generally responsible for this initial attachment
step. The structural mechanism leading to membrane fusion catalyzed by class I fusion
proteins includes several key steps, including (a) separation of the N-terminal head domains
that make the initial contact with the receptor (24); (b) extension of the FP toward the
target membrane to form an extended intermediate (often referred to as the prehairpin
intermediate) (25, 26); and (c) folding back of the C-terminal HR2 domain against HR1, a
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zipping up that brings the GP TMD and FP together in a trimeric hairpin or, in some cases,
the formation of a postfusion structure with three inner helices and three extended outer
peptides. Formation of this parallel trimeric a-helical or extended postfusion structure brings
the viral and host membranes together and is the hallmark for all class | fusion proteins.
Originally elucidated in the seminal studies of influenza virus HA and HIV-1 Env, this
structural mechanism has since been corroborated for other class I viral fusion proteins. The
shared features of this model have inspired both mechanistic rationales and experimental
approaches for the discovery of small-molecule inhibitors.

2.1. Human Immunodeficiency Virus

HIV-1 enters the host cell by membrane fusion mediated by a class | fusion GP, Env/gp160.
Env/gp160 is proteolytically activated by furin or furin-like proteases into gp120 and gp41
subunits, which form the gp120/gp41 trimeric structure that is competent for fusion (17,
27-29) (Figure 2a). Binding of gp120 to the CD4 receptor induces rearrangement of variable
loops 1, 2, and 3 (V1-V3) and the formation of a four-stranded { sheet (the bridging sheet)
(30, 31), enabling coreceptor binding through interactions of the bridging sheet and V3
with chemokine receptors CCR5 or CXCR4 (30, 32). Binding of gp120 to a coreceptor, in
turn, induces further conformational changes that result in the exposure and insertion of the
gp4l FP into the target membrane to form the extended intermediate (33). Refolding of the
intermediate into the postfusion conformation produces a six-helix bundle, with an inner
core and outer layer formed by HR1 and HR2, respectively (16, 17, 34, 35) (Figure 2b).
Zipping up of the HR2 and HR1 domains is thought to provide the driving force bringing
the transmembrane anchor and the FP of gp41 together, thereby driving fusion of the viral
and cellular membranes (Figure 2b). The importance of the HR1-HR2 interaction has been
pharmacologically validated by Fuzeon, a Food and Drug Administration (FDA)-approved
peptide that prevents this structural change by mimicking HR2 and competing in trans with
the cis interaction. A potential approach to pharmacological inhibition of the HR1-HR2
interaction was revealed by structural and biochemical analyses. Peptides N36 and C34,
derived from HR1 and HR2, respectively, form a six-helix bundle, in which a cavity formed
by N36 hosts hydrophobic residues of C34 (Figure 3). Mutagenesis has demonstrated that
interaction of C34 residues with this N36 cavity (also referred to as the inner core cavity

or pocket) is important for the stability of the six-helix bundle and for membrane fusion
(16, 36). These discoveries led to the hypothesis that a small molecule targeting the cavity
would pharmacologically inhibit formation of the six-helix bundle and prevent membrane
fusion. (See the sidebar titled Peptides and Small Molecules Have Diverse Mechanisms for
Inhibiting Class | Fusion Proteins.) HIV-1 Env-mediated membrane fusion. (a) Schematic
diagram of HIV-1 Env including gp120 and gp41 subunits. The locations of the SP, V1-
V5, C, protease cleavage site, FP, HR1 and HR2, MPER, TMD, and CT are shown. (b)
Schematic of the fusion process.

PEPTIDES AND SMALL MOLECULES HAVE DIVERSE MECHANISMS FOR
INHIBITING CLASS | FUSION PROTEINS

Biochemical reconstitution experiments in which heptad repeat (HR)-mimicking peptides
bind with high affinity and specificity to a recombinant inner core species made up of
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HR1 peptides provided critical inspiration for inhibiting fusion as an antiviral strategy.
T20 (Fuzeon), which corresponds to the HR2 region of human immunodeficiency virus
type 1, is the only approved drug that inhibits viral glycoprotein-mediated membrane
fusion. Analogous HR2-mimicking peptides have been validated as inhibitors of many
other viruses with class | fusion proteins (167), but none have been developed as drugs
due to the cost and the poor bioavailability and metabolic stability of peptides. While
these HR2-mimicking peptides have been used in assays to identify small molecules
that prevent the HR1-HR2 interaction in vitro, the compounds generally have structural
mechanisms that differ from T20 and other HR2-derived peptides. Rather than competing
directly with HR2 for binding to HR1, the small molecules instead bind in discrete
pockets and act by other proposed mechanisms. These include (a) stabilization of

the prefusion structure, thereby raising the activation barrier to form the prehairpin
intermediate (54-57); (b) destabilization of the prefusion structure, leading to inactivation
of the virus due to inappropriate extension of the fusion peptide (58); (c) prevention

of six-helix bundle formation (37); and (d) distortion of six-helix bundle structure (59).
Notably, these proposed mechanisms may not be mutually exclusive and in many cases
cannot be easily distinguished from one another in many experiments—i.e., an inhibitor
that prevents formation of the prehairpin intermediate would de facto prevent formation
of the postfusion six-helix bundle. It is also important to keep in mind that because the
peptides and recombinant proteins used to screen and characterize these inhibitors are
experimental models, they may not always accurately mimic the events occurring during
authentic infection. While challenging, experiments to validate (or invalidate) proposed
mechanisms provide a critical opportunity to test our understanding of glycoprotein
structure and fusion mechanisms.

Compound ADS-J1 was initially identified by computational docking of a 20,000-member
small-molecule library against the gp41 inner core cavity (PDB:1AIK). ADS-J1 inhibits
cell-cell fusion at low micromolar concentrations in vitro (IC50 4.95 uM) and inhibits
formation of a six-helix bundle by peptides N36 and C34 (37). Nonetheless, the binding

site of ADS-J1 and its mechanism of action were initially disputed due to (a) the selection
of resistance mutations mapping to the V3 loop rather than to the inner core cavity on

gp41 and (b) experiments suggesting that ADS-J1 instead bound to gp120 and interfered
with attachment and/or coreceptor binding (38, 39). Subsequent in vitro experiments showed
that ADS-J1 indeed binds to IQN17 (40), a mimic of the gp41 inner core containing a
soluble peptide corresponding to the HR1 inner core residues fused to a trimeric coiled

coil derived from the GCN4 leucine zipper. In addition, binding of ADS-J1 to IQN17
prevents binding of PIE7 (40, 41), a validated D-amino acid peptide ligand of the inner

core cavity on IQN17 (42) (Figure 4). Furthermore, point mutations in the cavity region
were shown to confer ADS-J1 resistance (a 30- to greater than 200-fold increase in

IC50) to pseudoviruses generated by cotransfection of an HIV-1 Env plasmid and luciferase-
expressing Env-deficient HIV-1 vector. While no high-resolution structure has yet been
reported for ADS-J1 bound to gp41, a salt bridge between a sulfonic acid of ADS-J1 and
Lys574 on N36 was predicted to be a key interaction, and mutation of Lys574 to Asp
reduced both binding to ADS-J1 and inhibition of six-helix bundle formation in the IQN17
context (43). Taken together, these experiments provide significant evidence that ADS-J1
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interacts specifically with the HR1 cavity region of gp41 and prevents gp41-mediated
membrane fusion (42).

High-throughput screening approaches have also been utilized to identify inhibitors of
gp41-mediated membrane fusion. One approach utilized a small protein (gp41-5), which is
composed of three HR1 segments forming the inner core and two HR2 segments. Binding
of a fluorescently labeled HR2 peptide to gp41-5 in trans was monitored by fluorescence
polarization (Figure 4). This approach allowed the identification of small molecules that
bind to gp41-5 and prevent its interaction with the HR2 peptide in trans (44, 45). In a
high-throughput screen of 34,800 small molecules, compounds 5M038 and 5M041 showed
strong inhibition of cell-cell fusion and infection of peripheral blood mononuclear cells with
HIV-1 in vitro (IC50 19 uM and 18 uM, respectively) (45). Binding of 5M038 to the HR1
cavity was further supported by nuclear magnetic resonance (NMR) experiments showing
(a) the association of 5SM038 with an IQN17 containing the residues (Leu57, Trp60, Lys63)
corresponding to the inner core cavity of gp41 and (b) competition between 5M038 and

a C34 peptide containing the HR2 residues known to bind to the cavity (Trp117, Trp120,
Ile124). ELISA-based detection of the six-helix bundle formed by an N36 peptide with a
fluorophore-tagged C34 peptide supplied in trans was similarly used to identify compounds
NB-2 and NB-64 as gp41 inhibitors (46).

In an alternative approach, the discovery that antibodies targeting the membrane-proximal
external region (MPER) are broadly neutralizing was leveraged to screen for small-molecule
inhibitors targeting this region (47, 48). A region of approximately 25 highly conserved
residues, the MPER lies between the transmembrane region and the extracellular domain of
the HIV-1 Env GP (Figure 2) and is the target of broadly neutralizing antibodies (bnAbs)
(49-53). To identify small molecules targeting the MPER, Chen and colleagues (47)

utilized a protein dubbed gp41-inter, which had been engineered to mimic the prehairpin
intermediate of gp41, and a fluorophore-labeled antigen-binding fragment (Fab), 2F5,

that recognizes the MPER (Figure 4). A high-throughput screen of 162,102 compounds
identified several compounds that prevent binding of 2F5 to gp41-inter. Medicinal chemistry
exploration of SARs of a lead compound, dequalinium, led to the development of a
derivative, S2C3, that binds to gp41-inter (KD 2 pM) and inhibits cell-cell fusion (1C50

4.4 uM) and HIV-1 infection in vitro (IC50 2.4 uM). Furthermore, S2C3 was shown to
block the binding of soluble CD4 to Env by targeting a site distinct from that targeted by
gp120-directed antibodies, VRCO1 and PG16. Subsequently, the NMR structure of S2C3
with the MPER-TMD revealed that the compound binds in a hydrophobic pocket formed
exclusively by the MPER residues. This was corroborated by experiments showing that
mutations in this pocket affect susceptibility to inhibition of cell-cell fusion mediated by
full-length HIV-1 Env (47). These studies suggested that compounds targeting the MPER
pocket inhibit Env-mediated membrane fusion by stabilizing the prefusion conformation and
preventing the receptor-induced conformational change to the prehairpin intermediate state.
Although a rationale for the initial compound screening was based on competition between
compounds and the 2F5 Fab for binding to a model of the prehairpin intermediate state,

the NMR study instead suggests that S2C3 reduces the conformational dynamics of the
MPER, thereby preventing binding of the 2F5 Fab through an allosteric mechanism rather
than through direct competition. This rational screening approach illustrates a valuable
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complement to the structure- and mechanism-based efforts that targeted the inner core
cavity of gp41l. Collectively, these examples demonstrate that gp41 has multiple targets
for pharmacological inhibition and that judiciously designed screening approaches provide
a rational path toward identifying compounds targeting either site. (See the sidebar titled
Assays for Characterizing Inhibitors of Viral Glycoproteins.)

ASSAYS FOR CHARACTERIZING INHIBITORS OF VIRAL GLYCOPROTEINS

The activity of viral glycoprotein inhibitors can be evaluated in several different assays.
Virological assays using live viruses or reporter viruses typically monitor viral or reporter
protein expression, viral yield, or virus-induced cytopathic effects to detect inhibition of
virus. Because inhibition of any step in the replication cycle can affect these readouts,
experiments using these assays commonly restrict the timing and duration of compound
exposures to enhance the likelihood that the activity is due to inhibition of viral entry.
For example, inhibition of viral infectivity can be monitored by preincubating the

small molecule with the virus inoculum and allowing it to be present at the time of
infection but absent for the remainder of the experiment. Even when performed under
these conditions, these assays cannot distinguish a direct effect on fusion from an

effect on other postattachment and postinternalization steps, such as interaction with an
intracellular receptor. Assays that monitor glycoprotein-mediated fusion provide a more
precise readout on mechanism. Fusogenic activity can be observed by expression of the
glycoprotein on the cell surface and the formation of syncytia due to cell-cell fusion
upon triggering of the glycoprotein (e.g., exposure to low pH, coreceptor binding, heat).
Intracellular fusion of viral particles labeled with lipophilic dyes leads to dequenching
when the dye diffuses across the newly fused membrane, a direct readout that can be
monitored by fluorescence microscopy. The fusion of authentic virions with liposomes or
supported lipid bilayers allows fusion to be monitored under more biochemically defined
conditions. In addition, antibodies specific for the postfusion glycoprotein conformation
have been used to show that the postfusion structure has not formed, an indirect
demonstration that fusion has been prevented.

2.2. Influenza

Influenza virus entry is mediated by the HA trimer (15, 60). Proteolytic cleavage of HA

by trypsin-like serine proteases generates HA1 and HA2 subunits, which remain covalently
linked by disulfide bridges (Figure 5a). HA1 forms the head domain responsible for receptor
binding, whereas HA2 forms the stem domain responsible for membrane fusion during viral
entry. Although the sequence of the head region is highly divergent due to immune pressure,
the sequence of the stem region is highly conserved and, thus, presents an attractive target
for vaccine and antivirals development (61). Viral entry is initiated by interaction of HA1
with sialic acid on the cell surface. Following endocytosis of the virion, acidic pH in

the endosomal compartment triggers formation of the extended intermediate, which then
progresses to the postfusion form (60) (Figure 5b).

To identify compounds that inhibit HA-mediated fusion, Bodian and colleagues (62)
used computational modeling to identify a potential ligand-binding site in the prefusion
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structure of HA near the FP and then performed an in silico screen to identify potential
ligands. Tertiary butylhydrogquinone (TBHQ) was discovered to (a) inhibit the pH-induced
conformational changes leading to exposure of the FP in vitro, (b) prevent fusion of
HA-expressing cells with erythrocyte ghosts, and (c) inhibit influenza virus infection in
cell culture (63). Biochemical studies conducted with BHA—the soluble trimeric HA
ectodomain produced by bromelain digestion in influenza virus—indicated that TBHQ
stabilizes the prefusion conformation of HA—i.e., it raises the activation barrier for viral
fusion. Consistent with this, mutations conferring resistance to TBHQ destabilize HA,
thereby counteracting the compound’s effect (63). Interestingly, although the computational
docking experiments that identified TBHQ as a potential HA inhibitor predicted its binding
site to be located at a site proximal to the FP, the high-resolution crystal structure of TBHQ
bound to HA demonstrated that it instead binds in a hydrophobic cavity at the interface
between protomers of the prefusion HA trimer (54) (Figure 6a—e). (See the sidebar titled
Characterization of Inhibitor-Binding Sites.)

CHARACTERIZATION OF INHIBITOR-BINDING SITES

An equally important part of inhibitor characterization is identification of the inhibitor-
binding site on the structure of the target protein. This is critical for understanding
mechanisms but also for directing medicinal chemistry optimization of inhibitors. High-
resolution cocrystal, cryo-electron microscopy, and nuclear magnetic resonance studies
are the gold standards for mapping binding sites and elucidating the protein-small
molecule interactions driving antiviral activity and specificity. Chemical cross-linking
experiments have also been used to identify inhibitor-binding sites on viral fusion
proteins. Lower-resolution, cross-linking results can be enhanced through the use of
computational approaches to build binding models, which in turn can be tested via
site-directed mutagenesis of the viral fusion protein and medicinal chemistry to modify
the inhibitor. While purely computational approaches have been used to identify potential
binding sites and to screen for inhibitors due to the relative ease with which they

can be implemented, the computational prediction is not always correct. For example,
docking experiments that led to the discovery of tertiary butylhydroquinone (TBHQ) as
an inhibitor of hemagglutinin-mediated fusion did not correctly identify its binding site.
The antiviral activity assays that identified arbidol as an influenza virus inhibitor were
agnostic with respect to antiviral target or mechanism. In addition, neither TBHQ- nor
arbidol-resistance mutations map to the binding site. This highlights the challenge of
identifying and correctly targeting a specific molecular site on viral fusion proteins (as
well as other nonenzymatic proteins) and underscores the need to validate the actual
binding site, ideally through high-resolution structure determination but also through
cross-linking and structure-activity relationship studies that employ both site-directed
mutagenesis of the protein and medicinal chemistry on the compounds.

Arbidol is a small-molecule inhibitor of influenza virus that was originally discovered on
the basis of its antiviral activity and was subsequently found to target HA and to inhibit

its fusion activity (64). The high-resolution crystal structure of arbidol bound to HA shows
that it binds in the same hydrophobic cavity between two protomers in the prefusion HA
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trimer as TBHQ (55) (Figure 6f—j). Through hydrophobic interactions and the formation

of inter- and intraprotomer salt bridges, arbidol stabilizes the prefusion conformation of
HA and, analogously to TBHQ, raises the energetic barrier for the conformational changes
that induce membrane fusion (55). The independent discoveries that TBHQ and arbidol
both bind in the interprotomer cavity and act as molecular glue stabilizing HA’s prefusion
conformation provide a remarkable validation of the interprotomer cavity as an antiviral
target. Although preventing the formation of the postfusion six-helix bundle by competition
of HR1 and HR2 interaction may seem to be a more straightforward strategy, the examples
of TBHQ and arbidol have demonstrated that pharmacological targeting of the hydrophobic
cavity between two protomers in the prefusion HA trimer can effectively block fusion at a
much earlier point by stabilizing the prefusion conformation of the GP.

Other small-molecule inhibitors of HA were identified through target-based high-throughput
screening. In a screen predating yet analogous to that which identified compounds targeting
the MPER region of HIV gp41, AlphaLISA (amplified luminescent proximity homogeneous
assay) technology was used to identify compounds that mimic the activity of the bnAb
CR626, which recognizes a highly conserved epitope in the HA stem (65). Screening of
~500,000 compounds led to the identification of a class of benzylpiperazines exemplified by
JNJ7918, which inhibits the infectivity of several HIN1 strains in cell culture (IC50 1.09

to 12.90 uM) (65). Despite the lack of a high-resolution structure, SAR studies allowed

the optimization of JNJ7918 toward the development of JNJ4796, which has 30- to 80-fold
increased affinity for the HA stem, 30- to 500-fold improvement in virus neutralization
assays, and partial efficacy in murine models of HIN1 infection (65). In mechanism-of-
action studies, binding of JNJ4796 to HA was shown to prevent its pH-induced transition

to the postfusion form, as evidenced by the loss of the HA1 subunit after reduction of the
interchain HA disulfide. Further, binding of JNJ4796 protected prefusion HA from trypsin
digestion at low pH, an effect previously reported for CR626 and other stem-targeting
neutralizing antibodies that stabilize the prefusion form. High-resolution crystal structures
of JINJ4796 bound to two different HA variants (HIN1 A/Solomon Islands/3/2006 and
H5N1 A/Vietham/1203/2004) demonstrated that this compound binds stoichiometrically to
the HA prefusion trimer, occupying a highly conserved hydrophobic groove at the interface
of HA1 and HA2, which is distinct from the interprotomer cavity targeted by arbidol and
TBHQ (Figure 6k—0). As a further validation, residues comprising the JNJ4796-binding site
correspond largely to the epitope recognized by CR6261 and other bnAbs, with INJ4796
making hydrophobic and polar interactions that mimic many of the interactions observed
between HA and bnAbs (65). More recently, F0045[S] was discovered using a competitive
fluorescence polarization assay that monitored the interactions of a cyclic HR2-mimicking
peptide (P7-TAMRA) with the stem region of H1/PR8 HA (66). FO045[S] inhibits the
infectivity of several HIN1 viruses and an H5N1 pseudovirus (IC50 1.6 to 22.8 uM). The
high-resolution cocrystal structure and biochemical studies demonstrate that FO045[S] acts
analogously to JNJ4796 by binding in the hydrophobic groove at the interface of HA1 and
HAZ2, thereby stabilizing the prefusion conformation of HA and preventing the structural
changes required for membrane fusion (66).
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2.3. Ebola Virus

The GP of Ebola virus is a characteristic class | fusion protein consisting of three
heterodimers of proteolytically generated GP1 and GP2 subunits (67). Following its

initial attachment to the plasma membrane surface, the Ebola virion is internalized by
macropinocytosis (68) (Figure 1). Within the endosomal compartment, proteolytic cleavage
of GP1 by cathepsins B or L removes the glycan cap and enables the interaction of GP1 with
its intracellular receptor, the cholesterol transport protein NPC1 (12, 13, 69, 70). Interaction
of NPC1 with the GP1 receptor-binding site is thought to promote the extension of the

GP2 fusion loop into the target membrane and folding back of HR2 against HR1 to form
the characteristic six-helix bundle associated with membrane fusion (12, 71). Although the
fusion loops of most class | fusion proteins are found at the N terminus, the fusion loop of
GP2 is found within an internal loop. Phenotypic and computational screens have identified
small molecules that bind GP in a way that may inhibit GP-mediated fusion (58, 72, 73).
The sequential steps leading to Ebola virus membrane fusion during viral entry have not
been fully recapitulated in vitro; consequently, interrogating the effect of small molecules
on the structural rearrangements of GP during fusion and testing mechanistic hypotheses
have been more challenging for Ebola GP-targeting compounds than analogous inhibitors
targeting HIV Env and influenza virus HA.

A screen of FDA- and ex-US-approved drugs and molecular probes identified toremifene
and other selective estrogen receptor modulators as inhibitors of a recombinant eGFP-Ebola
reporter virus. Toremifene efficiently inhibits eGFP-Ebola virus infection in cell culture
(IC50 1 uM) and in a murine model (74). Because it does not affect internalization,
cathepsin processing of GP, or endosomal acidification, toremifene was hypothesized to
inhibit either trafficking to the late endosome or fusion triggered by GP. The high-resolution
cocrystal structure of toremifene bound to GP demonstrated that it binds in a pocket between
GP1 and GP2 (58). Toremifene reduces the stability of glycosylated, recombinant GP in
thermal shift assays. This destabilization of GP has been proposed but not demonstrated

to cause premature triggering of GP2, which could affect the subsequent fusion step.
Consistent with this, the antiviral activities of toremifene and other ligands binding to the
same pocket correlate with their destabilization of a recombinant GP in the thermal shift
assay (58, 75). This effect is notably the opposite of that of arbidol, THBQ, JNJ4796,

and F0045[S] on influenza HA. Several other small-molecule inhibitors of GP have

been reported to bind in this pocket, based on computational docking corroborated with
mutagenesis and/or medicinal chemistry studies (76, 77). Inhibition of GP2 due to small-
molecule stabilization of the prefusion conformation—the inhibitory mechanism observed
for arbidol and THBQ in influenza HA—has been suggested for compounds identified in a
large computational screen (73); however, both the binding site and mechanism of action of
these compounds await experimental validation.

2.4. Respiratory Syncytial Virus

RSV has two major GPs on its surface: the attachment GP, G, which is highly variable, and
the more conserved fusion GP, F. Although deletion of G attenuates RSV, the virus is still

viable, which indicates the F protein is sufficient to mediate the entry process (78, 79). F is
proteolytically cleaved into the F1 and F2 subunits that form a metastable prefusion trimer
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of three F1-F2 heterodimers (80, 81). Although the physiological trigger for F-mediated
membrane fusion has not yet been established conclusively, it undergoes conformational
changes analogous to those of other class | fusion proteins: the FP inserts into the target
membrane to form a prehairpin intermediate, which collapses upon folding of each HR2
helix in an antiparallel fashion against an HR1 segment, to form the six-helix bundle (35).
The six-helix bundle formed by peptides N57 and C45—derived from the HR1 and HR2
regions of F, respectively—has been crystallized and provides a high-resolution model for
the postfusion structure, including the presence of a potentially druggable hydrophobic
cavity, reminiscent of the cavity observed in HIV gp41 (19). The site lies at the carboxy-
terminal end of a groove at the surface of the inner coiled coil formed by the N57 peptide
(HR1) trimer.

Interest in RSV F inhibitors as antivirals has driven several large phenotypic screens yielding
lead compounds that have been the focus of extensive medicinal chemistry optimization.
These efforts have developed multiple compounds that (a) potently inhibit laboratory and
clinical RSV isolates in cell culture (IC50 and EC50 values sub- to low nanomolar) and in
animal models (mouse, cotton rat, and neonatal lamb), (b) inhibit RSV-induced syncytium
formation, and (c) cross-link to residue Tyr198 in the HR1 pocket (56, 57, 59, 82-88).
Structural and mechanistic studies of these compounds have yielded interesting similarities
and potential contrasts with other class | fusion protein inhibitors.

The cocrystal structure of compound TMC-353121 with the postfusion six-helix bundle
formed by N52 (HR1) and C39 (HR2) peptides demonstrated that this compound binds

in the HR1 pocket, making hydrophobic and electrostatic interactions with both HR1 and
HR2 residues (59) (Figure 7a—e). Interestingly, the presence of the C39 (HR2) peptide

was required for covalent binding of a photo-cross-linking analog of TMC-353121 in the
HR1 pocket of IQN57, a soluble peptide analogous to the gp41 IQN17 protein (Figure

4) containing the hydrophobic pocket of the F protein HR1 fused to a trimeric coiled

coil derived from the GCN4 leucine zipper (59). This stands in contrast with compounds
targeting the analogous pocket of gp41, which can bind to gp41 IQN17 in the absence of
the HR2 peptide (40, 42). The observations that binding of TMC-353121 (a) stabilizes the
IQN57-C39 six-helix bundle in thermal shift assays but does not bind to the preformed
six-helix bundle and (b) results in a loss of electron density corresponding to the nonhelical,
N-terminal portion of the HR2 peptide in the N52 (HR1)-C39 (HR2) six-helix bundle led
to the proposal that formation of the more stable, distorted six-helix bundle in the presence
TMC-353121 may prevent or mistime the necessary juxtaposition of the viral and host
membranes due to interference with the final zipping up of HR2 with HR1 (59) (Figure
7d,e). In presenting this proposed mechanism, however, it was carefully noted that the
observed distorted six-helix bundle could represent an artifact of cocrystallization of the
compound with separate HR1 and HR2 peptides instead of the full-length RSV F (59).

In subsequent structural studies (56, 57) of preclinical F inhibitors targeting the HR1 pocket,
including TMC-353121 and JNJ-53718678 (KD 7.4 nM, EC50 RSV infectivity 460 pM,
>95% reduction of lung viral titer and RNA with once daily dosing in neonatal lamb model),
were studied using DS-Cav1 (89), a recombinant RSV F protein stabilized in the prefusion
conformation by an engineered disulfide (S155C-S290C) and mutations S190F-V207L. The
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structure of JINJ-53718678 with DS-Cav1l (Figure 7f—j) revealed hydrophobic contacts with
Phe140 in the FP and HR2 residue Phe488, along with reordering of adjacent residues
compared to the unliganded DS-Cav1 structure (57). In differential scanning fluorimetry
experiments, these interactions collectively increased the stability of prefusion RSV F and
were proposed to raise the barrier for triggering conversion to the postfusion form (57).
Consistent with this mechanism, JNJ-53718678 inhibits membrane fusion that occurs upon
heat-induced triggering of F expressed on the surface of cells (57). While analogous to the
effect of arbidol on influenza HA-mediated fusion, this mechanism differs from the distorted
six-helix bundle mechanism that had been proposed for TMC-353121. The hypothesis that
TMC-353121 shares a common mechanism with JNJ-53718678, BMS-433771, and other
RSV F-targeting compounds is supported by high-resolution crystal structures showing that
all of these compounds bind in the same site of the stabilized prefusion F protein (56,

57) (Figure 7f-i). While some of the inhibitors occupy only two of the three equivalent
lobes at the interface of the F protein trimer and others all three, all of the compounds

have 1:3 inhibitor:F trimer stoichiometry. All five inhibitors form hydrophobic contacts
with the aromatic side chains of Phe140 in the FP and Phe488 in HR2 near the viral
transmembrane region (56, 57) (Figure 7j). Elucidation of SAR associated with high-affinity
binding in isothermal calorimetry experiments and antiviral activity in cell culture revealed
rt-it and CH-mu interactions between heterocyclic groups of the inhibitor with Phe488,
Phe140, and Phe137 side chains (57). Additional electrostatic interactions with Asp486

and Glu487 appear to be correlated with the higher potency of inhibition of TMC-353121
and JNJ-2408068 (57). Experiments in which conformation-specific antibodies were used
to detect triggering of F by heat demonstrated that binding of the F inhibitors, including
TMC-353121, to surface-expressed RSV F prevents triggering of the prefusion protein.
These results suggest that all five F-targeting compounds act at an early step in the

fusion process rather than at the late stage of zipping up that was originally proposed for
TMC-353121 (56, 57). Consistent with this mechanism of action, resistance mutations to
TMC-353121 include D486N in the HR2 region but also residues in the FP (F1401, L141W,
G143S, V144A) and in the cysteine-rich region of the globular domain between HR1 and
HR2 (D392G, K394R, S398L, T400A/1) (59).

From a methodological standpoint, the RSV F inhibitors highlight the inherent challenges
in using model peptides and proteins to study viral fusion proteins. Due to their solubility
in agueous solution, these model systems have facilitated both structural and biochemical
studies that have been extremely useful in advancing the field. Mechanistic models derived
from these model systems, however, benefit greatly when additional experiments can
complement the caveats associated with these models, including the absence of significant
parts of the viral fusion protein and any associated membranes.

2.5. Inhibitors of Other Class | Fusion Proteins

There have been many additional efforts leading to the discovery of compounds targeting
other class | fusion proteins. Important examples include measles virus (90-93), Nipah virus
(94), parainfluenza virus (95-98), severe acute respiratory syndrome coronavirus (99), and
severe acute respiratory syndrome coronavirus 2 (100). These compounds were discovered
and characterized using approaches analogous to those described for the inhibitors of HIV,

Annu Rev Virol. Author manuscript; available in PMC 2021 October 25.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Liu and Yang

Page 13

influenza, and RSV GPs and have been proposed to act by analogous mechanisms including
stabilization of the prefusion structure to raise the barrier to membrane, destabilization of
prefusion structure to cause premature triggering of the viral fusion protein, and inhibition of
six-helix bundle formation. They are included as examples in Supplemental Table 1.

3. ANTIVIRAL SMALL MOLECULES TARGETING CLASS Il VIRAL FUSION
GLYCOPROTEINS

Class Il viral fusion proteins have a structure distinct from their class | counterparts

but perform the same function of lowering the energy barrier for membrane fusion. The
first members of class Il were the E proteins of tick-borne encephalitis virus and other
flaviviruses (101-103). The class now also includes the E1 proteins of alphaviruses [Semliki
Forest (104, 105), Sindbis (106), chikungunya (107), and rubella (108) viruses] and the

Gc proteins of phleboviruses [Rift Valley fever virus, thrombocytopenia syndrome virus,
and Uukuniemi virus (109-111)]. In contrast to the class I fusion proteins, which have a
largely helical secondary structure, the class Il fusion proteins consist predominantly of
strands organized in three domains (I, Il, I11) that are connected via a membrane-proximal
stem region to the C-terminal TMD (112). Domain | (DI) is an eight-stranded B barrel.
Domain 11 (DII), formed from two noncontiguous insertions in DI, is a long, finger-like
domain made of twelve B strands and two a helices with the conserved hydrophobic FP at
its tip. Domain 111 (DII1) is an immunoglobulin-like domain that mediates interactions with
attachment factors during viral entry and is a major target of host antibody responses (101)
(Figure 8a).

Unlike class | fusion proteins, which are trimeric in both pre- and postfusion conformations
but undergo extensive refolding during membrane fusion, the flavivirus E protein undergoes
large changes in oligomerization and domain orientation while maintaining similar
secondary structure during viral maturation and cell entry. On immature virions, E exists as a
trimer of heterodimers with its viral chaperone, pre-membrane (prM) (113). This association
protects the FP from premature triggering as the new virion traffics through the Golgi (114,
115). prM is cleaved by furin or furin-like proteases to produce pr and M proteins in the
trans-Golgi network (114, 115). While M remains associated with the viral membrane, pr
dissociates from the FP upon encountering the neutral pH of the extracellular milieu (114,
115) (Figure 9). This event coincides with reorganization of E as the fusion-competent
dimer on mature, infectious virions. Membrane fusion mediated by class Il fusion proteins
is associated with dissociation of the prefusion dimer to monomers that reorganize as
trimers. In the alphaviruses, the attachment and membrane fusion functions are performed
by separate proteins, E2 and E1, respectively. The fusion loop of E1 is buried beneath E2

in the prefusion conformation (105). E2 is expressed in precursor form as pE2, which is
cleaved by furin-like proteases into E2 and E3 proteins (116), with E3 acting analogously to
the flavivirus pr protein (117, 118).

Viral entry mediated by class 11 fusion proteins is initiated by attachment to the host
cell through interactions of either DIl of E (flaviviruses) or the E2 protein (alphaviruses)
with factors on the plasma membrane surface. This triggers internalization of the virion
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through clathrin-dependent endocytosis. Acidic pH in the endosomal compartment is a
physiological trigger for reorganization of the prefusion dimer to postfusion trimer. A
structural mechanism for class 11 fusion proteins has been developed based on differences
in the pre- and postfusion conformations of the soluble envelope proteins (minus the stem
region and membrane domain) and biochemical experiments (104, 119, 120). The key
features of the mechanism (Figure 8b,c) include (a) rotation of DIl about the hinge region
between DI and DII, which results in extension of the FP away from the virion surface
and enables formation of trimer contacts; (b) insertion of the fusion loop into the target
membrane, which induces trimerization; and (c) folding of the stem region and membrane
anchor back toward the fusion loop in a zipping up reaction that drives fusion of the viral
and target membranes (104, 112, 119, 120). Consistent with this model, mutations at the
interface between DI and DII alter the pH threshold for fusion (121), and the addition

of soluble DIII or synthetic peptides corresponding to the stem region inhibits the fusion
reaction in vitro (122, 123).

3.1 Dengue Virus

A potential mechanism for pharmacological inhibition of the dengue virus E protein was
serendipitously discovered when a soluble prefusion E dimer (SE2) comprised by DI, DII,
and DIII of dengue virus 2 (DENV2) cocrystallized with n-octyl-g-D-glucoside (BOG), a
detergent present at millimolar concentrations in the crystallization buffer (102) (Figure
10a). The high-resolution structure of this complex revealed that the detergent molecule
docks in a hydrophobic pocket located between DI and DII. Notably, the kil loop (residues
270-279), which lies in the hinge region between DI and DII, forms a lid at the top of the
pocket in the unliganded structure. In the OG-bound structure, the hairpin shifts upward,
opening the pocket (Figure 10b). This observation suggested that small molecules targeting
this pocket might block E-mediated fusion by interfering with the conformational changes
required for this process, in particular by hindering the change in angle between DI and DI
required to transition to the postfusion conformation of the protein or by stabilizing an early
intermediate state that occurs prior to dimer dissociation (102, 120). This hypothesis was
also supported by prior research demonstrating that mutations in this hinge region, including
many residues corresponding to the BOG pocket, affect the pH threshold for fusion (124,
125) (Figure 10c).

Several dengue E inhibitors have been identified through virtual screening to identify
potential ligands of the BOG pocket (126-130). The first of these studies identified
compound P02, which inhibits a luciferase reporter pseudovirus derived from the related
yellow fever virus in cell culture (IC50 13 uM) (130). Computational docking studies
suggested that P02 makes close contact with several residues in the BOG pocket, including
a hydrophobic contact with Leu207 (130). Saturation transfer difference NMR spectroscopy
using sE2 protein showed loss of specific BOG resonances in the presence of P02 (130).
This indicated that P02 causes displacement of BOG but could not address whether this
occurs directly or allosterically, and inhibition of fusion was not demonstrated. In addition,
P02 may have more than one mode of action based on its activity against a subgenomic
yellow fever virus replicon, a model system used to study viral RNA replication that

lacks the E protein entirely (IC50 13 uM pseudovirus, 17 uM replicon). Subsequent E
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inhibitors discovered in virtual screens have been shown to inhibit dengue virus entry, to
coelute with soluble prefusion E protein of dengue virus, and, in some cases, to inhibit
E-mediated cell-cell fusion (126-130). While these inhibitors are predicted to bind in the
BOG pocket, no high-resolution structural data, biochemical cross-linking experiments, or
gain/loss-of-inhibition established with resistance mutations or medicinal chemistry have yet
been published for these compounds.

A phenotypic screen using immunofluorescence-based detection of dengue-infected cells
identified GNF-2, an allosteric inhibitor of BCR-AbI kinase (131), as an inhibitor of DENV2
(EC90 15 uM) (132). Mode-of-action studies revealed that GNF-2 inhibits a post-entry

step of the infectious cycle mediated by cellular Abl kinases; however, an additional effect
on viral entry was not recapitulated with other Abl kinase inhibitors (132). The effect on
viral entry was mapped to inhibition of E, as evidenced by interaction of a biotinylated
analog of GNF-2 with dengue virions and sE2. Medicinal chemistry established distinct
SAR for the antiviral activities mediated by E versus Abl kinases, leading to related
4,6-disubstituted pyrimidines (1-100-1) and 2,4-diamino pyrimidines (2-12-2, 7-148-6) that
inhibit DENV?2 infectivity with single-digit micromolar EC90 values. These compounds
prevent E-mediated membrane fusion in an assay in which fusion of virions with trypsin-
encapsulating liposomes leads to mixing of the inner contents of the virion and liposomes
and digestion of the viral core protein on the interior side of the viral membrane (133).
Direct evidence for binding in the BOG pocket was provided by cross-linking of an analog
of compound 1-100-1 to a region between residues Ser274 and Leu283 in the BOG pocket of
SE2 (133). Bolstering this, a resistance mutation, Met196Val, selected during serial passage
of DENV?2 in the presence of 7-148-6 was mapped to the OG pocket. A panel of mutations
(Phe193Leu, Met196Val, GIn200Glu/Ala, GIn271Glu/Ala, Met272Ser, Phe279Ser) in the
BOG pocket was further used to map loss of binding of 1-100-1, 2-12-2, 7-148-6, and
GNF-2 to sE2 (133) and to show that structurally related inhibitors have similar patterns of
sensitivity to different mutations. Together, these studies provide the best current evidence
for the BOG pocket as a druggable target.

A different approach to the discovery of dengue E inhibitors was enabled by the
demonstration that the zipping up of the stem peptide along the outside of the postfusion

E trimer can be modeled with a synthetic peptide corresponding to the membrane-proximal
stem region (stem peptide) and a soluble postfusion E trimer of DENV?2 (SE3) (134).

This model formed the basis of a competitive fluorescence polarization assay used to
identify compounds that prevent the interaction of the stem region with sE3 (134). High-
throughput screening of ~30,000 compounds followed by secondary screening for inhibition
of DENV2 infectivity led to the identification of cyanohydrazone 1662G07 (SE3-stem

IC50 ~15 uM, DENV?2 infectivity EC90 16.9 uM). Medicinal chemistry established SAR
for inhibition of DENV?2 infectivity and led to the development of compound 3-110-22,
which inhibits DENV?2 infectivity with EC90 0.75 uM and prevents E-mediated fusion
with trypsin-encapsulating liposomes in vitro (134). Closer study, however, revealed that
3-110-22 has no effect on binding of the stem peptide to SE3, suggesting that its mechanism
differs from that of 1662G07 (134). 3-110-22 was later shown to bind with KD 0.6 uM

to SE2 in biolayer interferometry experiments, and loss of binding was observed when
specific mutations were made in the BOG pocket (133). The binding site of 1662G07 has
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not been mapped, and whether its antiviral activity is due to direct competition with the sE3-
stem peptide interaction was not pursued further. Additional medicinal chemistry to reduce
nonspecific, pan-assay interference activities of 3-110-22 and to improve its microsome
stability resulted in compound JBJ-01-162-04 (DENV?2 infectivity EC90 1.5 uM), which
was shown to inhibit DENV?2 infection in a murine model (135). Finally, a competitive
amplified luminescent proximity homogeneous assay screen (AlphaScreen) using DENV?2
sE2 and a biotinylated derivative of GNF-2 was used for target-based high-throughput
screening. This led to the identification of several additional lead compounds (54105,
K786-9739, C200-5340, G199-0398, C200-9144, S7337, S1633, C066-4182) that inhibit
DENV?2 infectivity with EC90 values in the low micromolar range, block E-mediated fusion
of virions with synthetic liposomes, and exhibit sensitivity to mutations in the BOG pocket
(136). Validation of the assay through correlation of AlphaScreen and antiviral activities
suggests that the target-based assay provides a reliable screening tool for identification of
ligands of the BOG pocket.

3.2. Other Flaviviruses

Cocrystallization of OG or other small molecules with other flavivirus E proteins has not
been reported even after deliberate efforts to obtain cocrystals with OG (103, 137-139).
Despite this, alignment of residues in the BOG pocket suggests at least partial conservation
of the inhibitor-binding site. Consistent with this, validated inhibitors of the DENV2 BOG
pocket were shown to have varying levels of activity against Zika virus (ZIKV), West Nile
virus, and Japanese encephalitis virus (133, 135). As an initial step in discovery of inhibitors
of other flavivirus E proteins, recombinant prefusion Zika E protein and a 3-110-22-based
probe were used in an analogous competitive AlphaScreen to screen ~27,000 compounds
(140). Secondary assays for inhibition of ZIKV infectivity confirmed seven lead compounds
that inhibit ZIKV infectivity with single-digit EC90 values and that inhibit fusion of Zika
virions with liposomes (140). While these results are consistent with inhibition of Zika E
through pharmacological targeting of the pocket analogous to the BOG pocket on dengue

E, this conclusion awaits direct evidence in the form of high-resolution structures, cross-
linking, and/or resistance, mutagenesis, and medicinal chemistry SAR studies.

3.3. Hepatitis C Virus

Hepatitis C virus (HCV) has two surface GPs, E1 and E2, which form a heterodimer
essential for viral entry (141). Secondary structure predictions suggested that both E1

and E2 have homology to other class Il fusion GPs; however, the currently available
structural data reveal significant differences. The E2 protein has an N-terminal domain

with three hypervariable regions (HVR1, HVR2, HVR3) and a C-terminal transmembrane
helix. Two high-resolution crystal structures of the core domain of E2—corresponding to
an N-terminal deletion protein that begins at HVYR2— in complex with different antibody
fragments revealed an Ig-like p sandwich made up of two antiparallel p sheets, each
stabilized by disulfide bonds (142, 143) (Figure 11). Although they share a similar Ig fold,
the compact globular shape of E2 is apparently unlike other class 11 fusion proteins. The
N-terminal domain of E1 (residues 192-271) was crystallized as a homohexamer, with each
monomer having a hairpin-helix-sheet structure, in which the N-terminal hairpin and the
helix and three-stranded B sheet form two distinct dimer interfaces with adjacent monomers
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(144) (Figure 11). The resulting homodimer is a six-stranded sheet with greater structural
similarity to phosphatidylcholine transfer protein than to known class Il fusion proteins
(144). This discovery has raised the suggestion that the HCV GPs represent a unique class
of fusion proteins (144, 145). Further studies are required to determine if this is the case
because the model proteins crystallized lack significant portions of E1 and E2 as well as

the viral membrane; moreover, the fragment of E1 was crystallized under low pH buffer
conditions. Consequently, the current structures may differ from the physiologically relevant
prefusion structures of E1 and E2 in ways that are not yet known.

HCV entry follows a complex path beginning with the interaction of E2 with the low-density
lipoprotein receptor and glycosaminoglycans or other host factors on the plasma membrane
surface. This is followed by coordinated, sequential interactions with receptor-like scavenger
receptor class B type I, CD81, CLDNL1, and occludin that lead to the uptake of HCV into

the endosome and membrane fusion induced by low pH (146-152). The aforementioned
structures and a wealth of genetic and biochemical studies have provided insight into E2’s
function in attachment and binding of coreceptors and identified a putative FP in E1 (146,
153-157). Despite these discoveries, elucidation of HCV’s fusion mechanism has been
challenging due to the lack of high-resolution structures containing both E1 and E2 in pre-
and postfusion forms, the physiological association of HCV virions with lipoproteins, the
complexity of the HCV entry mechanism, and the absence of an experimental model that
biochemically recapitulates E1/E2-mediated fusion.

The lack of mechanistic information about HCV-mediated fusion has not impeded the
discovery of small-molecule inhibitors of HCV fusion. Phenotypic assays using a Cre-Lox-
based reporter system to detect HCV infection of cells based on Gaussia luciferase reporter
activity enabled discovery of small molecules that act at any step in the viral replication
cycle (158). Multiple compounds affecting an early step in the replication cycle were
identified from a ~350,000-member library (159). A subsequent medicinal chemistry effort
to optimize the antiviral activity and biopharmaceutical and pharmacokinetic properties of a
set of related aryloxazoles led to the development of compound 18a (fluoxazolevir), which
inhibits multiple HCV genotypes in cell culture (EC50 values 0.008-2.007 pM) (160, 161).
Most impressively, tests of 18a against HCV genotypes 1b, 2a, and 3 in the humanized
chimeric mouse model of infection demonstrated 1-2 log decreases in viral titer as well as
activity against multidrug-resistant HCV mutants. Also, 18a exhibited evidence of synergy
with daclatasvir, an approved drug that interferes with HCV RNA replication through its
interaction with the viral nonstructural protein 5A, suggesting that 18a (a) acts a step distinct
from daclatasvir and (b) has potential for use in combination with daclatasvir.

Chlorcyclizine (CCZ), an antihistamine that was identified in an analogous phenotypic
screen (EC50 0.022 uM), has been shown to inhibit a late stage of viral entry and to reduce
HCV genotype 1b and 2a titers by 2- and 1.5-log, respectively, in the albumin—urokinase
plasminogen activator/severe combined immunodeficient chimeric mouse model (162, 163).
Although inhibition of E1/E2-mediated membrane fusion could not be assayed directly

for 18a or CCZ, time-of-addition experiments and experiments in which viral attachment,
internalization, and fusion were synchronized through control of temperature and endosomal
pH are consistent with effects on fusion. In photo-cross-linking experiments, derivatives
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of 18a and CCZ were shown to cross-link to E1when incubated with an E1/E2 protein
(residues 192-746) expressed recombinantly in a lentivirus expression system (161) or when
added directly to HCV-infected cells in culture (162), respectively. While the location of
18a’s cross-links to E1 were not mapped, a diazirine-conjugated CCZ analog was shown

to covalently modify E1 residues 214, 215, and 221 (162). Mutations that confer resistance
without loss of viral fithess map to the predicted fusion loop for both 18a (Ala274Ser,
[1e374Thr, Asp382Glu, and Val414Ala) (161) and CCZ (Met267Val, Ala274Thr, Leu286lle,
GIn289His, Phe291Leu, Met267Val/Phe291Leu, and Leu2861le/Phe291Leu) (162). The
location of these mutations suggests that 18a and CCZ may directly hinder function of

the predicted fusion loop; however, the possibility that these mutations act by a more general
mechanism (e.g., by destabilizing a prefusion conformation, analogously to the mutations
conferring TBHQ-resistance to influenza virus and F inhibitor-resistance to RSV) cannot
currently be excluded. Molecular modeling based on the crystal structures of HCV E2 and
partial E1 predicts binding of CCZ in a hydrophobic pocket formed by the fusion loop
within the ectodomain of E1 (162); however, the orientation of the compound in this binding
model is only partially consistent with the location of the cross-linked residues. While
further biochemical and structural studies are needed to confirm this model and to assess
whether 18a binds in the same pocket, the activity of these compounds both in vitro and in
vivo provides ample motivation for these efforts.

4.4. THE FUTURE OF VIRAL FUSION PROTEIN INHIBITORS: OUTSTANDING QUESTIONS

The development of small molecules targeting viral fusion proteins as antiviral drugs has
lagged behind the development of other classes of direct-acting antivirals, most notably
those targeting viral enzymes. This is partly due to the inherent challenges of applying
rational, structure-based drug discovery and optimization approaches to this target class. A
second challenge has been the diversity of viral fusion proteins and their structural tolerance
of mutations to escape immune pressure. This raises legitimate concerns that a limited
spectrum of activity and poor resistance profile would render viral fusion protein inhibitors
of limited use as therapeutics. Despite these challenges, the significant efforts reviewed here
demonstrate that viral fusion proteins are druggable targets and that viral fusion protein
inhibitors can exert potent and specific antiviral activity both in vitro and in vivo. This is,
perhaps, unsurprising considering that, while the surface epitopes of viral envelopes are
diverse, conservation of the fusion machinery targeted by these compounds resembles the
conservation of enzyme active sites. With such inhibitors now in hand, the field is poised to
both advance antivirals toward the clinic (as in the case of the RSV inhibitors) and deploy
these compounds as tools to better understand fusion mechanisms. In advancing this exciting
area of antivirals discovery, obvious areas for growth would be the extension of these efforts
to other viral fusion proteins—in particular, class 111 viral fusion proteins because none
have been published at the time this review was prepared. Beyond this, several important
questions beg attention.

One such question regards the stoichiometry required for inhibition. How many functionally
redundant copies of the fusion protein on the virion surface must be inhibitor bound to
prevent fusion? Clearly, saturating all copies of the fusion protein on the virion surface
would be difficult. Fortunately, the potency of some fusion protein inhibitors and their
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affinity for recombinant fusion protein suggest that saturated binding is not necessary for
antiviral activity. This was more directly analyzed in single-particle experiments monitoring
hemifusion of dengue virus-like particles (VLPs) labeled with a self-quenching lipophilic
dye with a supported lipid bilayer (164). The inclusion of a fluorophore-conjugated analog
of the E inhibitor 3-110-22 showed that hemifusion was blocked once ~20% of the copies of
E on the VLP were inhibitor bound (164). Since this represents a single example, analyses of
other inhibitor series and viruses are warranted to determine how the inhibitory threshold is
affected by the location of the binding site or specific interactions of the small molecule with
the fusion protein. Alternatively, the inhibitory threshold could be an inherent property of a
particular virus that is maintained across inhibitors.

Related to this and pertinent to drug resistance is whether mutations can affect this
inhibitory threshold and reduce drug susceptibility independently of their effects on affinity
of drug binding. If so, this would present a novel resistance mechanism specific to this
antiviral class. ldentifying binding modes and sites that are prone to this type of resistance
would inform drug development efforts and could provide unique opportunities to probe

the cooperativity of fusion proteins on the virion surface. A second aspect of antiviral
resistance worth exploring is whether viral fusion proteins are dominant drug targets. This
concept refers to the fact that a drug-resistant mutant genome initially exists in the infected
cell within a population of largely wild-type, drug-susceptible genomes. Kirkegaard and
colleagues (165) have elegantly shown that viral capsid proteins are dominant drug targets.
When a resistance mutation is introduced into the population, progeny virions contain

both drug-resistant and drug-susceptible forms of the capsid protein. Outgrowth of the
drug-resistant mutant is prevented by the drug susceptibility of the wild-type proteins within
the newly synthesized virion. In this example, the oligomeric structure and function of the
viral capsid protein are critical for the dominance of drug susceptibility. Viral fusion proteins
may follow this paradigm; consequently, examining this phenomenon and identification

of inhibitor characteristics (e.g., binding site and binding mode, inter-versus intraprotomer
contacts) that confer a dominant phenotype may be useful in optimizing the resistance
profile of this class of antivirals.

Finally, the effects of viral fusion protein inhibitors on virion morphogenesis warrant
exploration. Most fusion protein inhibitor studies have focused almost exclusively on
inhibition of viral entry. Despite this, specific, coordinated structural changes occur during
virion morphogenesis. Moreover, reverse genetic studies have demonstrated that even single
amino acid substitutions in viral fusion proteins can completely block production of viral
particles. This suggests that targeting fusion proteins during virion morphogenesis presents
another opportunity for antiviral intervention. Agents that have this dual mode of action
may have superior potencies as well as more advantageous resistance profiles due to

the high likelihood that single suppressor mutations that rescue fusion will be unable to
rescue morphogenesis, and vice versa. Examining whether existing viral fusion protein
inhibitors affect late stages of the viral replication cycle is a logical first step in this

line of investigation. This can be supplemented by the development of assays to detect
compounds that interfere with the maturation of viral fusion proteins and the production

of infectious particles. Identifying single sites within viral fusion proteins that can mediate
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pharmacological inhibition of both virion fusion and morphogenesis could confer distinct
advantages.

There is a large unmet need for antivirals to combat existing as well as emerging viral
pathogens, and agents that have broad-spectrum activity against related viruses and that
have high barriers to resistance are sorely needed. Small-molecule inhibitors of viral
fusion proteins represent an attractive opportunity for drug development. They lack known
homologs in humans and have conserved structures and functions in catalyzing membrane
fusion during viral entry. The small molecules and discovery strategies discussed here
provide the foundation for developing direct-acting antivirals and for examining new
concepts—including inhibitory thresholds, drug dominance, and dual modes of action—to
develop solutions for the current challenge.
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cell plasma membrane endocytosis and fusion in endosome macropinocytosis, proteolytic
activation, and fusion triggered
by intracellular receptor
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Figurel.
Examples of viral entry pathways. (a) HIV-1 initially binds to the cell via interactions of the

receptor-binding subunit gp120 of the viral GP Env with the receptor CD4 on the plasma
membrane surface. This interaction induces a conformational change in gp120 that exposes
a second receptor-binding domain. Interaction of this site with the coreceptor, CCR5 or
CXCR4, triggers structural changes within the fusogenic subunit gp41 that are coupled to
fusion of the viral and plasma membranes. (b) Influenza virus initially attaches to sialic
acid on the cell surface and is then internalized by clathrin-dependent endocytosis. The
reduced pH of the late endosome is the physiological trigger for the structural changes

in hemagglutinin leading to fusion of the viral and endosomal membranes. (c) Ebola

virus attaches to the host plasma membrane through interaction with surface factors, such
as DC-SIGN and TIM-1, and then is internalized by macropinocytosis. The viral GP is
proteolytically cleaved by cathepsins B or L in the endosome to form GP1 and GP2. The
acidic environment of the late endosome further facilitates the interaction of GP1 with the
internal receptor NPC1, which is believed to be the trigger for changes in GP2 structure
that are coupled with fusion of the viral and endosomal membranes. Abbreviations: DC-
SIGN, dendritic cell-specific intercellular adhesion molecule 3-grabbing nonintegrin; GP,
glycoprotein; HIV-1, human immunodeficiency virus type 1; NPC1, Niemann-Pick type C1;
TIM-1, T cell immunoglobulin and mucin domain 1. Figure adapted from images created
with BioRender.com.

Annu Rev Virol. Author manuscript; available in PMC 2021 October 25.


https://BioRender.com

1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Liu and Yang Page 30

a HIV-1 Env
gp120 Protease clfavage site gpa1
SP © Vi | V2 G V3 € V4 | C V5 @ FP HR1 HR2 MPER | TMD cT
1 32 131 156 196 296 330 385 418 461 471 512 527 546 581628 659 684 706 856

Cell membrane

CD4 CCR5/CXCR4 1t FP W
A GRS
gp120 HR1 ._-'
gpa1 HR2 =
/(! MPER L
90 ¢ K -
(44 (¢
Viral membrane
Prefusion state  Prehairpin intermediate state Postfusion state (hemifusion) Postfusion state (pore formation)
Figure2.

Binding of gp120 to CD4 induces conformational changes that enable interaction with

the CCR5 and CXCR4 coreceptors. Interaction with the coreceptors triggers additional
changes, including extension of the gp41 FP and its insertion into the host cell membrane

to form the extended, prehairpin intermediate and subsequent zipping up of the HR2
domains around the inner HR1 trimeric core to form a six-helix bundle. This brings together
the FP and TMD and, therefore, the viral and host membranes, facilitating hemifusion,
fusion, and pore formation. Abbreviations: C, conserved region; CT, cytoplasmic tail; FP,
fusion peptide; HIV-1, human immunodeficiency virus type 1; HR, heptad repeat; MPER,
membrane-proximal external region; SP, signal peptide; TMD, transmembrane domain; V,
variable region. Figure adapted from images created with BioRender.com.
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a gp41 core structure b C

Figure 3.
The gp41 core structure formed by HR1- and HR2-derived synthetic peptides. (a) The six-

helix bundle structure formed by N36 (blue) and C34 (purple) peptides derived from HR1
and HR2 of gp41, respectively (PDB:1AIK). (b) The zoomed-in view of the hydrophobic
cavity at the HR1 core surface formed by residues from the two adjacent N36 helixes. (c)
The zoomed-in view of the residues from C34 interacting with the hydrophobic cavity at
the HR1 core surface. Abbreviation: HR, heptad repeat. Structural graphics were generated
with UCSF Chimera, developed by the Resource for Biocomputing, Visualization, and
Informatics at the University of California, San Francisco, with support from NIH P41-
GM103311 (166).
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Figure 4.

Model peptide and protein systems used in discovery and study of HIV-1 gp41 fusion
protein inhibitors. (a) IQN17 mimics the inner core and is derived from a portion of the
gp41 HR1 region linked to a trimerization domain derived from GCNA4. It was used to
validate compounds that prevent binding of PIE7 peptides to the inner core cavity. (40,
41) (b) gp41-5 contains three HR1 peptides and two HR2 peptides derived from gp41
and was used to identify compounds that prevent binding of a fluorescently labeled HR2
peptide (44, 45). (c) gp41-inter mimics the prefusion prehairpin intermediate and was used
to identify compounds that prevent binding of Fab 2F5 to the MPER (47, 48). (d) Map
of the portions of gp41 present in IQN17, gp41-5, and gp41-inter. Abbreviations: CT,
cytoplasmic tail; Fab, fluorescence-labeled antigen-binding fragment; FP, fusion peptide;
HIV-1, human immunodeficiency virus type 1; HR, heptad repeat; MPER, membrane-
proximal external region; TMD, transmembrane domain. Figure adapted from images
created with BioRender.com.
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Influenza virus HA-mediated membrane fusion. (a) Schematic diagram of HA. The positions
of the SP, HA, protease cleavage site, HA2, FP, HR1, HR2, disulfide bond, TMD, and CT

are shown
sialic acid

. (b) Schematic of the fusion process. Viral entry is initiated by binding of HA1 to

moieties on the plasma membrane. The virion is internalized by endocytosis. The

pH of the late endosome is the physiological trigger for extension of the HA2 FP toward the
endosomal membrane to produce the extended, prehairpin intermediate. This is followed by
refolding of HA2 monomers around the HAL inner core. Formation of this six-helix bundle
drives the viral TMD and FP into proximity, along with the viral and endosomal membranes,
thereby facilitating hemifusion and subsequent pore formation upon full fusion of the two
membranes. Abbreviations: CT, cytoplasmic tail; FP, fusion peptide; HA, hemagglutinin;
HR, heptad repeat; SP, signal peptide; TMD, transmembrane domain. Figure adapted from
images created with BioRender.com.

Annu Rev Virol. Author manuscript; available in PMC 2021 October 25.


https://BioRender.com

1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Liu and Yang Page 34

Q@ Influenza HA trimer b C d

Lt o —HA1

Viral membrane

-

f  Influenza HA trimer g h
o
, —HA1

o
% 3 ¢

\ A \_
Arbidol Arbidol

Arbidol

Fusion peptide

HA2

Viral membrane

K influenzaHA trimer | m n o -
Laﬁ;gHAU )
—HA1 = J
s Valdo(HA1) R
Fusion T@J 8(HA1), ng {f
peptide _ Sk J
: B \ His38(HA1) | 64 5, I
B, INJ4796 = §—INJ4796 { 4—INA796  iqgiian g S Thra1”
- ' Fusion §
(\}  peptide , G 7
L5 a2 ‘ o

Viral membrane

Figure 6.
The structure of the influenza HA glycoprotein complexed with small-molecule inhibitors.

(a) Structure of the influenza HA trimer complexed with TBHQ (PDB:3EYK). (b) The
side view and (c) the top view of the complex structure showing binding of TBHQ in

the inner hydrophobic cavity between protomers of the HA trimer. (d) Binding of TBHQ
between the adjacent helixes is not proximal to the FP. (e) A zoomed-in view of binding

of TBHQ to the hydrophobic cavity. (f) Structure of the influenza HA trimer complexed
with arbidol (PDB:5T6S). (g) The side view and (h) the top view of the complex structure
showing binding of arbidol in the inner hydrophobic cavity between protomers of the HA
trimer. (i) Binding of arbidol between the adjacent helices is not proximal to the FP. (j) A
zoomed-in view of arbidol bound in the hydrophobic cavity. (K) Structure of the influenza
HA trimer complexed with JNJ4796 (PDB:6CF7). (I) The side view and (m) the top view
of the complex structure showing binding of JINJ4796 to the hydrophobic groove at the
interface of HAL and HA2. (n) Binding of JNJ4796 is proximal to the FP. (0) A zoomed-in
view of binding of JNJ4796 to the hydrophobic groove at the interface of HA1 and HA2.
Abbreviations: FP, fusion peptide; HA, hemagglutinin; TBHQ, tertiary butylhydroquinone.
Structural graphics were generated with UCSF Chimera, developed by the Resource for
Biocomputing, Visualization, and Informatics at the University of California, San Francisco,
with support from NIH P41-GM103311 (166).
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Figure7.
The structure of the RSV F glycoprotein complexed with small-molecule inhibitors. (a)

Structure of the RSV six-helix bundle formed by N52 (HR1) and C39 (HR2) peptides with
TMC-353121 (PDB:3KPE). (b) The side view and (c) the bottom view of the complex
showing binding of TMC-353121 in the HR1 pocket. (d) Binding of TMC-353121 was
proposed to distort the six-helix bundle due to absence of electron density at the N-terminal,
nonhelical portion of the protein. The crystal structure of the native six-helix bundle
(PDB:1G2C) is shown for comparison (19, 59). (e) A zoomed-in view of binding of
TMC-353121 to the HR1 pocket. (f) The structure of DS-Cavl, a stabilized RSV prefusion
F trimer, with JNJ-53718678 (PDB:5KWW). (g) The side view and (h) the top view of the
complex shows JNJ-53718678 in the central cavity. (i) The binding of JNJ-53718678 in the
central cavity was shown to stabilize the prefusion F. (j) A zoomed-in view of binding of
JNJ-53718678 to two lobes at the interface of the F protein trimer in the central cavity and
contacts made to Phe140 and Phe488. Abbreviations: HR, heptad repeat; RSV, respiratory
syncytial virus. Structural graphics were generated with UCSF Chimera, developed by the
Resource for Biocomputing, Visualization, and Informatics at the University of California,
San Francisco, with support from NIH P41-GM103311 (166).
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Figure. 8.
Flavivirus E-mediated membrane fusion. (a) Schematic diagram of dengue E. The locations

of DI, DII, DIII, stem region S region, TMD, and soluble E protein (residues 1-394) are
shown. (b) Schematic of the E-mediated fusion process. In the prefusion state, the mature
E dimer is anchored on the viral membrane. Exposure to low pH in the endosome triggers
dissociation of the E dimer and extension of the FP toward the endosomal membrane.
Rearrangement of E as a trimeric species is followed by movement of DIl toward DI.
Zipping up of this extended intermediate through new interactions of the S region with
DIl pulls the viral TMD and FP into proximity, and with them, the viral and endosomal
membranes. This facilitates hemifusion and subsequent formation of a fusion pore. (c) Pre-
(PDB:10AN) and postfusion (PDB:10KS8) structures of dengue E protein. The DI, DII,
DIll, and FP are indicated. Abbreviations: D, domain; FP, fusion peptide; S, stem; TMD,
transmembrane domain. Figure adapted from images created with BioRender.com.
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Figure.

Processing of the flavivirus E protein during virion maturation. Immature virions are
assembled at neutral pH in the ER. prM-E heterodimers organize as trimers on the surface of
immature virions. As the immature virions traffic in the TGN, prM is cleaved by furin-like
proteases into pr and M (not visible), and the E proteins reorganize as dimers. The pr peptide
remains associated with the fusion peptide of E until the virion reaches the neutral pH of the
extracellular space. Abbreviations: ER, endoplasmic reticulum; prM, pre-membrane; TGN,
trans-Golgi network. Figure adapted from images created with BioRender.com.
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DengueE dimer

Figure 10.
Cocrystal structure of a DENV2 sE2 with BOG. (a) Structure of a soluble prefusion dimer

containing DI, DII, and DIl of DENV2 with BOG bound in the hydrophobic pocket at

the interface of DI and DIl (PDB:1OKE). (b) The zoomed-in view of the BOG-binding
pocket (PDB:10KE) superposed on the unliganded structure (gray; PDB:10OAN), indicating
the change in the kI hairpin. (c) The zoomed-in view of the location of mutations that

alter the threshold pH for fusion. Abbreviations: BOG, n-octyl-B-D-glucoside; D, domain;
DENV?2, dengue virus 2; sE2, soluble prefusion E dimer. Structural graphics were generated
with UCSF Chimera, developed by the Resource for Biocomputing, Visualization, and
Informatics at the University of California, San Francisco, with support from NIH P41-
GM103311 (166).
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Figure11.
The HCV EL1 and E2 proteins. (a) The schematic diagrams of E1 and the portion

of E1 present in the crystallized construct. (b) The schematic diagram of E2 and the

portion of E2 present in the crystallized construct. (c) The crystal structure of partial E1
consisting of the N-terminal hairpin, the helix, and a three-stranded { sheet (PDB:4UOQl).
(d) The crystal structures of the E2 core consist of the front layer, Ig g sandwich, and

back layer (PDB:4AMWF and PDB:4WEB). Abbreviations: HCV, hepatitis C virus; HVR,
hypervariable region; S, stem; TMD, transmembrane domain. Structural graphics were
generated with UCSF Chimera, developed by the Resource for Biocomputing, Visualization,
and Informatics at the University of California, San Francisco, with support from NIHP41-
GM103311 (166).
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