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ABSTRACT

Most antivirals target viral proteins and are specific for only one virus, or even one viral
genotype. Whereas viral proteins are encoded in the plastic viral genome, virion lipids are not
and their rearrangements during fusion of the virion envelope to cellular membranes are
conserved among otherwise unrelated enveloped viruses. Antivirals that inhibit these lipid
rearrangements could thus pose a high barrier to resistance and have broad-spectrum activities.
Fusion occurs through a hemifusion stalk in which only the outer leaflets are fused, bent with
their polar heads forming a smaller radius than their hydrophobic tails (negative curvature).
Outer leaflets enriched in phospholipids with head groups of larger cross sections than their lipid
tails (“inverted cone”) disfavor this negative curvature, inhibiting fusion. The rigid amphipathic
fusion inhibitors (RAFIs) are synthetic compounds of inverted cone molecular geometry. They
inhibit the infectivity of otherwise unrelated enveloped viruses. The leading RAFI aUY 11 has an
ethynyl-perylene hydrophobic and an uracil-arabinose polar moiety. aUY 11 intercalates in viral
envelopes to directly inhibit virion-to-cell fusion. Previous studies showed that amphipathicity,
rigidity, and inverted cone molecular geometry are required.

My hypothesis is that the inverted cone molecular geometry of the RAFIs increases the
energy barrier for the hemifusion stalk, inhibiting fusion. Then, chemically distinct compounds
with similar amphipathicity, rigidity, and inverted cone shape would have similar antiviral
potencies, regardless of specific chemical groups. Alternatively, the perylene group exposed to
visible light may induce viral lipid peroxidation. Then, the perylene group and absorbance at
visible spectrum would be required. I evaluated the activities of twenty-tfive chemically distinct
RAFIs with similar amphipathicity, rigidity, and inverted cone shape. The perylene moiety and

absorption at visible spectrum were not required, but a minimum length of the hydrophobic
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moiety of 10.3 A was. The arabino moiety could be modified or replaced by other groups.
Cytidine replacement for uracil was not tolerated, indicating the Os carbonyl group is required.
Bilayer intercalation was required but not sufficient. The vast majority of RAFIs had no overt
cytotoxicity (CCso > 20 uM; TI > 250—1200). Carbonyl or butylamide substitutions for arabino
or cytidine replacement for uracil, increased cytotoxicity. Cytotoxicity was mainly determined
by the polar moiety and there was no correlation between antiviral and cytostatic activities. The
definition of the effects of shape and chemical groups on the activity of the RAFIs opens the
possibility for rational design of lipid-acting antivirals active against a broad spectrum of

enveloped viruses.
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CHAPTER 1: INTRODUCTION

1.1 Viral entry

Inhibition of viral entry is an attractive antiviral target (De Clercq and Li, 2016; Colpitts and
Baumert, 2016; Mitchell et al., 2017; Pietschmann, 2017; Xiao et al., 2014; Yamauchi and
Helenius, 2013). Entry inhibitors prevent infection altogether, before any damage to the cells can
occur. Moreover, such drugs need not to be transported across membranes to reach intracellular
targets. Only three entry inhibitors are approved by the FDA, however (De Clercq and Li, 2016);
enfuvirtide, which acts on the HIV envelope gp41 to inhibit the conformational change required
for fusion (Kilby et al., 1998), maravivoc, which binds to the HIV-1 C-C Chemokine receptor
(CCR) 5 on the surface of CD4" cells (Dorr et al., 2005; Fiatkenheuer et al., 2005), and
palivizumab, a monoclonal antibody against respiratory syncytial virus (RSV) fusion protein F.
These entry inhibitors act on viral proteins and are thus specific for only one virus, or even just a
subset of one (mariviroc, Raymond et al., 2015). They are also prone to select for antiviral
resistance (Adams et al., 2010; Greenberg and Cammack, 2004; Ratcliff et al., 2013; Waters et
al., 2008).

Several entry steps are conserved across multiple viruses. Most viruses attach to heparan
sulphate- or sialic acid- containing glycans on the cell surface, for example, and envelope-to-cell
membrane fusion is conserved among all enveloped viruses. Compounds that target such steps
could thus be expected to have broad spectrum antiviral activities (Badani et al., 2014; Bobardt
et al., 2008; Chamoun et al., 2012; Cheng et al., 2008; Edinger et al., 2014). Such compounds

have the potential to be active against even only partially characterized emerging viruses. Lipids
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in the virion envelopes are not encoded in the viral genomes, which can mutate under selective
pressures. Antivirals targeting envelope lipids are thus likely to present a higher barrier to
selection for resistance.

Many important pathogenic human viruses, such as influenza A virus (IAV), human
immunodeficiency virus (HIV), herpes simplex virus (HSV) -1 and -2, Zika virus, and Ebola
virus, have lipid envelopes. The viral envelopes must fuse with cellular membranes for infection
to occur (Figure 1.1) (Harrison, 2008). During membrane fusion, two lipid bilayers merge. It is
generally accepted that lipid bilayer fusion occurs through an intermediate structure, the
hemifusion stalk (Aeffner et al., 2012; Chernomordik and Kozlov, 2005; Chlanda et al., 2016;
Markosyan et al., 2000; Melikyan et al., 1995; Xu et al., 2005). In this stalk, the outer leaflets of
the lipid bilayers are already fused while the inner leaflets are still separated (Figure 1.2)
(Chernomordik and Kozlov, 2005; Chernomordik et al., 1998). The outer leaflets are thus bent in
a negative curvature, in which the radius of the polar head groups is smaller than that of the
hydrophobic lipid tails. (Aeffner et al., 2012; Campelo et al., 2008; Chang and Jackson, 2015;
Cohen and Melikyan, 2004; McMahon and Gallop, 2005; Stachowiak et al., 2013). As bending
membranes requires energy, the lipid rearrangements required for bending the fusing leaflets
pose one of the energy barriers to fusion.

Lipids have different molecular geometries (Figure 1.3). Lipids with head groups of larger
cross sections than those of their lipid tails are said to have an inverted cone shape. Outer leaflets
enriched in inverted cone shape phospholipids tend to adopt spontaneous positive curvatures.
Inverted cone shaped phospholipids consequently inhibit the formation of the negative curvature
required for the hemifusion stalk (Chernomordik and Kozlov, 2005; Chernomordik et al., 1995a,

1985; Gaudin, 2000a; Gunther Ausborn et al., 1995; Vogel et al., 1993; Yeagle et al., 1994).



Although such phospholipids have antiviral properties (Chernomordik et al., 1997; Gaudin,

2000a), they are not suitable as antivirals. Phospholipids are rapidly metabolized and often toxic.

1.2 The Rigid Amphipathic Fusion Inhibitors (RAFIs)

1.2.1 The RAFIs inhibit the infectivity of otherwise unrelated envelope viruses

The rigid amphipathic fusion inhibitors (RAFIs) are a family of synthetic amphipathic small
molecules with polar moieties of larger cross sections than those of the rigid hydrophobic
moiety. Such molecular geometry gives the RAFIs a general inverted cone molecular shape. The
first described RAFIs, aUY 11 and dUY 11, have polar moieties derived from arabinose- or
deoxyribose uridine and rigid hydrophobic moieties composed of ethynylperylene (Figure 1.4)
(Colpitts et al., 2013; St Vincent et al., 2010). They inhibit the infectivity of unrelated enveloped
viruses, including IAV, HSV-1 and -2, hepatitis C virus (HCV), vesicular stomatitis virus (VSV),
and Sindbis virus, among others, at nanomolar concentrations. The RAFIs have no effects on the
infectivity of the non-enveloped poliovirus, reovirus or adenovirus (Colpitts et al., 2013; St
Vincent et al., 2010).

The RAFIs are active when virions or cells are treated before infection, although they are
more active when virions are pre-treated (Colpitts et al., 2013; St Vincent et al., 2010). The
RAFTIs intercalate in the hydrophobic environment of various unrelated enveloped virions or
protein-free liposomes (Colpitts et al., 2013; St Vincent et al., 2010), without affecting
membrane fluidity (Colpitts et al., 2013; St Vincent et al., 2010). They directly inhibit lipid
mixing between enveloped viruses and cells at concentrations similar to those that inhibit viral
infectivity (Colpitts et al., 2013; St Vincent et al., 2010). The RAFIs also inhibit lipid mixing

between cells and liposomes, indicating that they act independently of viral proteins. They



inhibit the transition from the lamellar to the inverted hexagonal phase in bilayer stacks (Colpitts
et al., 2013), a transition which proceeds through negative curvature intermediates. We thus
proposed a model in which the RAFIs act directly on lipids to inhibit the formation of the
negative curvature required for the hemifusion stalk (Colpitts et al., 2013; St Vincent et al.,
2010). Other models have also been proposed. The RAFIs may intercalate in membranes to
induce peroxidation of membrane phospholipids when excited by light (Vigant et al., 2014). In
this model, the perylene moiety was proposed to be required for the generation of singlet oxygen
species (Vigant et al., 2014), which then would peroxidise envelope lipids, which would in turn
increase the rigidity of the membrane (Vigant et al., 2014). A similar mechanism has been
proposed for hypericin and LJOO1 (Lenard et al., 1993; Vigant et al., 2014).

Membrane fusion and fissions are also required for many cellular processes, such as
exocytosis, endocytosis, vesicular transport, mitosis, meiosis, and fertilization (Martens and
McMahon, 2008). Intracellular fusions are mediated by N-ethylmaleimide-sensitive factor
(NSF)-attachment protein receptor (SNARE) (Chen and Scheller, 2001). SNAREs have C-
terminal transmembrane anchors in each of the two fusing bilayers. During fusion, the SNAREs
join at the N-termini and zipper progressively towards the membrane-anchored C-termini. The
SNARE rearrangements bring the membranes in close apposition and eventually result in fusion.
Post-fusion SNARE complexes are disassembled by NSF for subsequent fusions. This latter
disassembly is an energy-dependent process driven by ATP consumption (S6llner, 2003). Many
other steps in cellular membrane fusion are driven by NTP consumption. Rab GTPases use GTP
to enhance the efficiency of the fusion between SNAREs (Lommer et al., 2009; Murray et al.,
2016). GTP provides the energy required for the fusions between the membranes of the

endoplastic reticulum mediated by the fusion protein atlastin (Winsor et al., 2017). Dynamin uses
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GTP to exert mechanical force on membranes resulting in membrane rearrangements. Cellular
proteins, including clathrin cages and COP coats, modulate membrane curvatures, which bind
membranes through their curved protein interfaces (Chernomordik and Kozlov, 2003;

Zimmerberg and Kozlov, 2006).

1.2.2 The RAFIs are specific for virion-to-cell fusions
Whereas the RAFIs intercalate in cellular membranes too, they have no major effects on cell
viability or replication (therapeutic index (TI) > 935 and > 3,000 for aUY11 and dUY11,
respectively) (Colpitts et al., 2013; St Vincent et al., 2010). Although the mechanisms of this
specificity for virus-to-cell fusion over physiological cellular fusions are yet not understood, two
models have been proposed (Colpitts et al., 2013; St Vincent et al., 2010; Vigant et al., 2014),
both are based on the virions being metabolically inactive (Colpitts et al., 2013; St Vincent et al.,
2010; Vigant et al., 2014). In one model, the RAFIs inhibit the fusion of enveloped viruses by
increasing the energy required for the formation of the hemifusion stalk (Colpitts et al., 2013; St
Vincent et al., 2010). Cells would not be equally affected as a result of their ability to remodel
lipids and change membrane curvatures via many energy-dependent mechanisms. The RAFIs
would then specifically inhibit virus-to-cell fusion based on their physical properties such as
shape, rigidity and amphipathicity, rather than on chemical properties, such as reactive functional
groups. Then, chemically distinct molecules with similar shape, rigidity, and amphipathicity
should also specifically inhibit enveloped virus infectivity with similar potency and regardless of
specific chemical groups.

RAFIs have no obvious major effects on cellular fusions or fissions. Firstly, aUY 11 and
dUY 11 have little effects on mitosis, even at high concentrations (therapeutic index > 3,000) (St

Vincent et al., 2010). Secondly, aUY 11 does not inhibit the infectivity of non-enveloped viruses
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such as poliovirus and reovirus that enter via endocytosis, which requires fusions between
endocytic compartments (Colpitts et al., 2013; Rauma et al., 1999; Schulz et al., 2012). Thirdly,
the RAFIs do not inhibit exocytosis (Colpitts, Eitzen, and Schang, 2013, unpublished results).
Viruses that egress though pathways that require cellular fusion pathways, such as TAV, still
egressed from cells (Bruce et al., 2010). The mechanisms of this specificity for virus-to-cell
fusion over cellular fusions are not yet understood. Cells treated with RAFIs after infection
produce virions containing RAFTIs in their envelopes, which are not infectious (Colpitts et al.,

2013; St Vincent et al., 2010).

1.2.3 Previous RAFI structure activity relationship studies
Limited structure activity relationship (SAR) studies on the RAFIs had been performed before
(Figure 1.5) (St Vincent et al., 2010). Compounds with deoxyribose uridine polar moieties and
shorter hydrophobic moieties were less potent (ECs040 and 51 uM for compounds with 1-
ethynylpyrene [dUY2] or 4-ethynylpyrene [dUY 3] hydrophobic moieties, respectively) (St
Vincent et al., 2010). Compounds with non-planar (ECso 37 uM [dUY5]) or rotationally flexible
(ECs0 7.4 uM [dUY4]; 35 uM [dUY6]; 6.2 uM [dUY 8]) hydrophobic moieties also had
decreased potency. Additions of polar oxygen atoms in the linker, resulting in rotational
flexibility, decreased potency as well (ECso 14 uM [aUY 12]; > 200 uM [dUY7]; or 6.2 uM
[dUY8]). Addition of polar oxygen atoms to the hydrophobic moiety, disrupting the
amphipathicity, decreased potency even more (ECso > 200 uM [dUY1]; 60 uM [aUY1]; > 200
uM [dUY9)).

Modifications to the polar arabinose moieties did not have obvious effects. Sugar moieties
with three, two, or one hydroxyl groups had activities within three-fold from each other (ECso

0.131 uM [arabinose, aUY 11]; 0.048 uM [deoxyribose, dUY11]; 0.087 uM [dideoxyribose;



ddUY11]). Larger pivalomethyl additions to the polar moiety did not affect activity either (ECso
0.190 [PvddUY11]). However, larger 3°,5’-O-(tetraisopropyldisiloxane-1,3-diyl) groups,
disrupting the overall molecular shape and amphipathicity, had 30,000-fold decreased activity
(ECs0 165 uM [Mk-dUY11]).

Overall, it was concluded that the antiviral mechanism of the RAFIs depends on
amphipathicity, rigidity of the hydrophobic moiety, and an overall inverted cone shape (St
Vincent et al., 2010). In these SAR series, all compounds without perylene moiety had low

potencies.

1.3 Viral entry mechanisms

In order to replicate, viruses must deliver their genomes to cells. The global mechanisms of viral
entry are generally conserved among different viral families. For example, the majority of
viruses bind to cellular glycans expressed on the cell surface. These primary interactions confine
and concentrate virions onto the cell surface for subsequent interactions. Whereas some viruses
enter cells at the plasma membrane, most are internalized by cellular pathways such as clathrin-
mediated endocytosis or macropinocytosis. Most human pathogenic viruses, including HSV-1, -
2, HIV, HCV, IAV, Ebola virus, are enveloped. All enveloped viruses must also fuse with
cellular membranes to enter cells. Whereas the viral proteins mediating viral fusion differ, the

lipid rearrangements during membrane fusion are fairly well conserved.

1.3.1 Primary and secondary attachment
Most enveloped and non-enveloped viruses attach to cells by first binding to cellular glycans
exposed on the surface of the plasma membrane, such as glycosaminoglycans or sialoglycans.

These carbohydrates are ubiquitous and many microbes, including most viruses, have evolved to
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use them to attach to target cells (Chen et al., 2008; Stencel-Baerenwald et al., 2014). Viruses
bind to cellular glycans with low affinity, but this low affinity binding serves to concentrate the
virions at the cell surface.

Glycosaminoglycans are long unbranched polysaccharides of repeating disaccharides of
uronic acid and hexosamine, which are linked to cell surface proteins (Raman et al., 2005).
Glycosaminoglycans are highly diverse. They can be comprised of one of four disaccherides
classes (heparin/heparan sulphate, chondroitin/dermatan sulfate, keratan sulfate or hyaluronic
acid), which all can be further modified with variable sulphation patterns (Raman et al., 2005).

Of the glycosaminoglycans classes, heparan sulphate is the most common as viral
attachment receptor, used by HSV-1, -2 (Spear, 2004), HCV (Morikawa et al., 2007), HIV
(Crublet et al., 2008), Sindbis virus (Byrnes and Griffin, 1998), RSV (Levine et al., 1987),
adenovirus (Asokan et al., 2006), among others.

A smaller number of other viruses, including influenza-, reo-, adeno-, and rotaviruses bind
glycoproteins or glycolipids containing terminal sialic acid moieties (N-acetyl neuraminic acid,
NeuSAc) (Stencel-Baerenwald et al., 2014). Sialic acid is a nine-carbon monosaccharide derived
from neuraminic acid, in which the fifth carbon is often acetylated.

The sialic acid binding site of [AV HA is a depression lined with the conserved residues
Tyr 98, Trp 153, Glu 190, Leu 194, His 183, and Thr 155. The pyranose moiety of the sialic acid
sits on top of the aromatic residues Tyr 98 and Trp 153. The sialic acid is mainly stabilized with
hydrogen bonds with Glu 190 Leu 194 His 183, and Thr 155, as well as Van der Waals
interactions between the methyl of the N-acetyl group and Trp 153 (Sauter et al., 1992).
Attachment proteins from other viruses that bind sialic acid have similar binding pockets. The

binding pocket in reovirus o1 binds sialic acid via hydrogen bonds from backbone groups, and
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has a similar small hydrophobic binding pocket for the sialic acid methyl group (Reiss et al.,
2012; Stencel-Baerenwald et al., 2014).

Following the primary interactions, virion glycoproteins bind to specific cellular receptors
or other proteins with high affinity. Such secondary interactions are more specific than the
primary ones, and often determine the tropism of the virus. For example, HIV binds CD4 on
helper T cells and macrophages, and HCV binds to receptors involved in lipid metabolism
expressed in hepatocytes. Secondary attachment may also induce conformational changes in the
viral fusion proteins, resulting in fusion. Not all viruses use secondary attachment steps in their
entry process, however. For example, IAV binds solely to sialo-glycans and has no secondary

receptor.

1.3.2 Internalization

Many viruses use cellular transport pathways for their internalization (White and
Whittaker, 2016; Wisskirchen et al., 2014). For example, HCV hijacks the cholesterol uptake
pathway in order to enter hepatocytes (Miao et al., 2017), whereas others such as influenza, reo-
and Ebola virus employ different modes of internalization, depending on which ones are
available at the time of infection (Bhattacharyya et al., 2010; Rossman et al., 2012; Schulz et al.,
2012; Sieczkarski and Whittaker, 2002; de Vries et al., 2011). For example, influenza can enter
cells either via clatherin mediated endocytosis or macropinocytosis, depending on which
pathway is operational at the time of infection (Rossman et al., 2012; Sieczkarski and Whittaker,
2002; de Vries et al., 2011).

Clatherin-mediated endocytosis is a major route for virus internalization and as such it has
been particularly well characterized. The process is initiated by receptor binding at the cell

surface, after which the proteins clathrin and adaptor protein 2 (AP2) are recruited to the cargo-
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bearing receptors to promote the assembly of clathrin-coated pits. In this process, clathrin
modulates the curvature of the membrane, resulting in the budding (fission) of a vesicle,
typically of 100 nm in diameter from the plasma membrane.

Internalization by clathrin-mediated endocytosis is used by envelope viruses, including
IAV (Chen and Zhuang, 2008), Semliki Forest virus (Kielian and Helenius, 1984; Nieva et al.,
1994), HCV (Blanchard et al., 2006), Ebola virus (Bhattacharyya et al., 2010) and VSV (Sun et
al., 2005), as well as non-enveloped viruses such as reovirus (Schulz et al., 2012), human
papilloma virus (HPV) (Raff et al., 2013), and adenovirus (Nemerow, 2000). Clatherin-mediated
endocytosis is inhibited by chlorpromazine. Correspondingly, chlorpromazine inhibits the entry
of the broad-spectrum viruses that enter via this pathway (e.g. ECs0 9.4 uM against HCV
(Blanchard et al., 2006), 157 uM against VSV (Sun et al., 2005)).

Although less common, viruses can also use cavelolar-mediated endocytosis pathways.
Caveolae are formed in cholesterol and sphingolipid rich domains, at which caveolin proteins are
recruited to form 50-80 nm vesicles. The small non-enveloped viruses simian virus 40 (SV40)
(Engel et al., 2011; Pelkmans et al., 2002) and enterovirus 71 (Lin et al., 2013), as well as the
enveloped hepatitis B virus (HBV) (Macovei et al., 2010) use this entry pathway for entry.

Macropinocytosis is used by cells for the uptake of non-specific fluids, membrane and
ligands, and is generally used by viruses that are too large to be internalized by other cellular
uptake pathways (Mercer and Helenius, 2012). Such viruses include Ebola virus (Saeed et al.,
2010), filamentous [AV (Rossman et al., 2012), or vaccinia virus (VACV) (Mercer and Helenius,
2008). However, smaller viruses such as HPV16 may also use this pathway (Raff et al., 2013).

Regardless of the mode of internalization, most viruses pass through the endocytic

pathway, entering into the cytoplasm via either early endosomes, late endosomes, or endo-
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lysosomes (White and Whittaker, 2016). The fusion component of entry depends on the
particular environmental cues. For many enveloped viruses, acidification is the trigger for fusion
with the endosomal membrane. VSV and SFV fuse at the early endosome, triggered by the
mildly acidic pH of 5.5 (Helenius, 2013; Sieczkarski et al., 2003). As early endosomes or
macropinosomes mature to late endosomes, the pH falls. Influenza and Dengue viruses fuse with

late endosomes at ~pH 5.

1.3.3 Virus-to-cell fusion

For most viruses, low pH results in glycoprotein conformational change. However, endosomes
present other cues such as receptor binding (e.g. Ebola virus and HCV) or the proteolytic
cleavage of fusion proteins that trigger entry of some corona viruses.

From the early endosomes, cargo can be directed in various directions. The cargo can
return to the plasma membrane, it can move to the Golgi, or it can proceed down to lysosomes in
which the contents of the endosome are ultimately degraded.

Not all viruses are internalized, however. Paramyoxoviruses fuse at the plasma membrane
at neutral pH, triggered by receptor binding. Herpes- and retroviruses generally fuse at the
plasma membrane, but fuse with endosomal membranes in some cell types (St Vincent et al.,

2010)

1.3.4 Triggers for fusion
Four events activate viral fusion proteins: receptor binding (HSV-1, -2, HIV, some
paramyxoviruses), low pH (IAV, alpha- flavi-, rhabdoviruses), receptor binding and low pH

(HCV and EBOV), low pH and proteolytic cleavage (some coronaviruses (SARS CoV),
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pneumoviruses (RSV)) (White and Whittaker, 2016). For some viruses, the triggers differ
depending on the cell type (retroviruses, herpesviruses).

Several triggers can result in the conformational change to the active fusion state. Some
fusion proteins are activated by receptor binding at the plasma membrane. For example, the
fusion protein of HIV, gp41, is triggered by binding CD4 and CXC4 or CCRS5. Some viruses
require the concerted effort of several viral receptor binding proteins to induce the
conformational change in the fusion protein. For example, the conformational change of HSV-1,
-2 fusion protein gB is triggered by the binding of gD to its cellular receptors, including herpes
virus entry mediator (HVEM) or nectin-1 (Akhtar and Shukla, 2009; Rey, 2006).
Parainfluenzavirus 5 (PIV5) fusion protein F is activated by the receptor-binding protein
hemaglutinin-neuraminidase (HN) (Adu-Gyamfi et al., 2016). Most viruses travel to internal
acidic compartments, where proton binding results in the conformational change in the fusion

protein (White and Whittaker, 2016).

1.4 Mechanisms of viral fusion

1.4.1 Viral fusion proteins
Whereas cellular fusion proteins have transmembrane anchors in both fusing membranes, viral
fusion proteins must mediate fusion with only one transmembrane domain. Viral fusion proteins
have a C-terminal transmembrane domain that anchors them to the viral envelope. However, a
hydrophobic fusion peptide or ‘loop’ eventually establishes contact with the cellular membrane
during fusion.

Viral fusion proteins differ from virus to virus, but their general mechanisms are similar

(Figure 1.6). Prior to fusion, they exist in metastable conformations, with the hydrophobic
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fusion peptides or loops tucked in hydrophobic pockets within the fusion protein. Fusion proteins
undergo a conformational change into a fusion-active extended conformation that involves the
insertion of the fusion peptide into the cellular membrane. Immediately following the extension,
the fusion protein collapses into a conformation in which the C-terminal transmembrane domain,
anchored in the viral membrane, and the fusion peptide, inserted in the cellular membrane, come
in close apposition, triggering fusion.

Viral fusion proteins are classified based on their structural similarities. Class I fusion
proteins are trimeric and composed primarily of alpha-helices. These proteins are encoded by
orthomyxoviruses (Skehel and Wiley, 2000), paramyxoviruses (Lamb and Jardetzky, 2007),
retroviruses (Chan et al., 1997), filoviruses (Weissenhorn et al., 1998), and coronaviruses (Xu et
al., 2004). Most class I fusion proteins are synthesized as single chain precursors proteolytically
cleaved by cellular proteases to generate two polypeptide chains, one of them containing an N-
terminal fusion peptide. Some class I fusion proteins contain internal fusion loops rather than
fusion peptide, including avian sarcoma leucosis virus (ASLV) and filoviruses. The best studied
class I fusion protein is [AV hemagglutinin (HA) (Skehel and Wiley, 2000). HA is synthesized
as a single chain (HAo) (Chen et al., 1998), which forms trimers. HAo then is cleaved into two
chains linked by disulphide bonds: an N-terminal chain HA1, responsible for receptor binding,
and a C-terminal chain HA2, required for fusion and infectivity. HA2 contains the transmembrane
anchor and a coiled-coil stalk of three alpha helices protruding from the viral envelope. The
hydrophobic fusion peptide is at the N-terminal 20-25 HA:z residues, buried between the cavities
of the coiled coil (Wiley et al., 1981; Wilson et al., 1981). HA is a globular subunit sitting on
top of the HA2, which contains two conserved sialic acid binding domains, and basic residues

that trigger the structural fusion rearrangement. Fusion is triggered by low pH, which causes the
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HA\ subunit to move to the side of the HA> stalk, while the fusion peptide on HA:> relocates to
the end of the coiled-coil rod toward the target membrane (Carr and Kim, 1993). In the post
fusion conformation (Bullough et al., 1994), the coiled coil breaks close to the C-terminal
transmembrane domain, resulting in a folded conformation in which the transmembrane domain
is on the same side of the N-terminal fusion peptide (Bullough et al., 1994).

The fusion proteins of alphaviruses (E1) (Kielian et al., 2010), bunyaviruses (Gc) (Dessau
and Modis, 2013) and most flaviviruses (E) (Modis et al., 2004) are classified as class II fusion
proteins. Class II fusion proteins are predominantly composed of beta sheets, lie flat on the
virion surface as dimers, and have a fusion loop rather than an N-terminal fusion peptide. Class
II fusion proteins are divided into three domains: a beta-barrel shaped domain I, an elongated
finger-like domain II, which contains the fusion loop, and a C-terminal domain III that has an
immunoglobulin-like fold involved in receptor binding. To prevent untimely conformational
changes, they interact with a second viral protein (pE2, G~ and prM for alphaviruses,
bunyaviruses and flaviviruses, respectively). During fusion, class II fusion proteins rearrange
into trimers that extend from the virion surface.

Class III fusion proteins include the fusion proteins of herpesviruses (glycoprotein B; gB)
(Heldwein et al., 2006; Maurer et al., 2013) and rhabdoviruses (G) (Roche et al., 2007). They
share features with class I (three stranded coiled-coil, trimeric oligomeric state) and class 11
fusion proteins (beta-sheet secondary structures, internal loops as fusion peptides). Class III
fusion proteins have a relatively complex domain organization. Unlike class I and II fusion
proteins, however, the conformational rearrangements during fusion of some class III fusion

proteins can be reversible (Gaudin, 2000b).
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Based on secondary structure and disulphide bond predictions, the HCV fusion protein E2
was until recently predicted to be a class II fusion protein (Krey et al., 2010). The resolution of
the crystal structure of E2 revealed instead a compact globular structure. E2 does not undergo
large structural rearrangements during fusion either, unlike the class II fusion proteins (Khan et
al., 2014). HCV E2 has a Ig fold, but no other features common to the class II fusion proteins,
such as the central beta-barrel in domain I or the hydrophobic loops. Hydrophobic fusion loops,
have not been identified in HCV E2. HCV E2 is therefore not a class II fusion protein (Khan et
al., 2014; Kong et al., 2013). The fusion protein of bovine viral diarrhea virus, a pestivirus in the
Sflaviviridae family, does not resemble other class II viruses either (Li et al., 2013b). There may
therefore be several many classes of viral fusion proteins.

The RAFIs inhibit the infectivity of viruses with class I (IAV), class II (Sindbis virus, tick-
borne encephalitis virus), class III (VSV, HSV-1 and -2), and class IV fusion proteins (HCV)
viruses, at similar concentrations (Colpitts et al., 2013; Orlov et al., 2016; St Vincent et al.,

2010), indicating their mechanism of action is independent of the viral fusion proteins.

1.4.2 Bilayer destabilization
The pre- and post fusion structures hint that the refolding of viral (and cellular) fusion proteins
mediates fusion by bringing the fusion bilayers in close. Nonetheless, the fusion peptides and
transmembrane domains (TMD) of viral fusion proteins also contribute to fusion by
destabilizing the fusing membranes (Harrison, 2008).

Fusion peptides or loops are generally conserved segments in fusion proteins, which are
critical for fusion and contain hydrophobic as well as some polar residues. The fusion peptides

and loops of various fusion proteins have been studied extensively. Nonetheless, the best studied
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one is that of influenza HA. This peptide is amphipathic, alpha helical and has a kinked hairpin
structure (Han et al., 2001). It inserts in the target membrane roughly parallel to the polar-
hydrophobic interface of the outer leaflet with its hydrophobic residues inserted into the
hydrophobic region of the bilayer, and the polar residues pointing away from it (Lorieau et al.,
2010). The HA fusion peptide is highly conserved. Any number of mutations to the HA fusion
peptide result in hemifusion without pore opening (Cross et al., 2001; Melikyan et al., 2000;
Qiao et al., 1999), indicating the fusion peptide contributes to the lipid rearrangements in fusion.
The transmembrane domains (TMD) of the viral fusion proteins also contribute to fusion,
although their mechanisms also remain unclear. Like the fusion peptides, their sequences are
highly conserved, and cannot be mutated without losing fusion. The wild type TMD of HA
increases lipid order (Schroth-Diez et al., 2000). It interacts with the fusion peptide (Lai and

Freed, 2015), an interaction which should rupture the hemifusion stalk.

1.4.3 Cellular fusion proteins

The cellular fusion proteins SNAREs (soluble NSF attachment receptor) mediate fusion in
various intracellular trafficking pathways, including exocytosis, membrane trafficking, protein
trafficking, neurotransmitter release, and hormone secretion (Sollner, 2003; Zhou et al., 2015).
The SNARESs are anchored in the opposite fusing membranes. The vesicle SNAREs are anchored
by C-terminal transmembrane domains (syntaxin and synaptobrevin) or palmitylation of four
cysteine residues (synaptosomal-associated protein 25; SNAP-25). The SNARE on the vesicle
membrane synaptobrevin first docks at the target membrane containing SNAP25 and syntaxin.
To mediate fusion, the SNARESs in the vesicle and target membrane then form a 4-helix coiled-

coil (one each of syntaxin and synaptobrevin, two coils of SNAP-25) via heptad repeats.

16



The similarities between the cellular fusion proteins SNARESs and some viral fusion
proteins include the formation of a coiled-coil helix bundle (Skehel and Wiley, 1998) and the
large conformational changes that occur during fusion. Fusions stimulated by HA (Kemble et al.,
1994; Melikyan et al., 1995) or SNAREs (Grote et al., 2000; McNew, 2000) are arrested in the
hemifusion stalk or non-expandable fusion pores (Markosyan et al., 2000) when a
transmembrane domain in the proteins is replaced by a lipid anchor. This arrest indicates that the
hemifusion stalk is an intermediate stage of both viral and cellular fusions (Kweon et al., 2017;
Xu et al., 2005).

Like class I fusion proteins, the SNAREs use the energy of the formation of coiled coil
structures to facilitate fusion. Differing from the class I viral fusion proteins, the coiled coil
SNARE structure is formed between three different molecules, anchored into each membrane.,
The interactions between the two membrane anchoring domains in the post fusion conformations
are critical for complete fusion mediated by IAV HA (Park et al., 2003), HIV gp41 and
SNARE:s. Fusion proteins that do not depend on the formation of coiled coils also exist. The cell-
to-cell fusion protein EFF-1 (epithelial fusion failure-1), involved in C. elegans development is
not predicted to contain coiled coils (Mohler et al., 2002). EFF-1 is homologous to the viral class
IT fusion proteins. Fusion mediated by EFF-1 also proceeds through the hemifusion stalk
intermediate, in which one of the membranes is bent into a more curved structure than the other
(Zeev-Ben-Mordehai et al., 2014). Viral class II fusion proteins are thus considered functional

homologous to the cellular EFF-1 (Pérez-Vargas et al., 2014).
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1.4.4 Lipid rearrangements during membrane fusion

Lipid bilayers are mechanically stable, held together as an elastic medium mostly by
hydrophobic effects (Tanford, 1978). The lipid polar head groups interact with the surrounding
aqueous environment, secluding the lipid tails from the aqueous environment.

The lipid rearrangements during membrane fusion are conserved. Membrane fusions,
including viral, intracellular, embryonic development, fertilization, and protein-free liposome
fusions all occur through hemifusion intermediates (Figure 1.2) (Chernomordik et al., 1993,
2006; Efrat et al., 2007; Floyd et al., 2008; Lee and Lentz, 1997; Lentz, 2006; Xu et al., 2005;
Zampighi et al., 2006). Two unfused bilayers must first come in close apposition (2-3 nm) of
each other. Bringing the two bilayers in such close apposition costs energy (Helfrich, 1973; Rand
and Parsegian, 1989). The electrostatic repulsion between bilayers and the steric hindrance by
membrane proteins oppose such close contact between the fusing bilayers. Moreover, the lipids
polar head groups interact with water molecules which must also be removed from the
intermembrane space first for close contact (Helfrich, 1973). The resulting surface tension that
builds up during the removal of water molecules eventually relaxes during the formation of the
hemifusion stalk. The fusing bilayers may come in such close apposition only locally, at highly
curved point-like membrane protrusions (Chernomordik and Kozlov, 2003; Efrat et al., 2007;
Kozlovsky and Kozlov, 2002; Kuzmin et al., 2001), a mechanism that would minimize the area
of the fusing bilayers that needs to come into close contact and consequently the activation
energy requirement. The formation of such local protrusions also stresses the membrane, making
easier the transition to the higher energy hemifusion intermediate.

When the two bilayers come sufficiently close, then the outer leaflets fuse to form a

hemifusion stalk (Kozlovsky and Kozlov, 2002). In the hemifusion stalk, the outer leaflets of the
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bilayer have already fused, whereas the inner leaflets are still intact. Numerous observations
support the hemifusion stalk model. The hemifusion can be detected in lipid mixing studies, in
which the transfer of lipophilic and hydrophilic fluorescent dyes are tracked during fusion. The
hemifusion stalk has formed when outer leaflet lipid mixing occurs without content mixing. The
differential mixing indicates that the outer leaflets have merged before the vesicular content is
released. Lipid mixing prior to content mixing has been observed for model membranes with (Lu
et al., 2005; Xu et al., 2005) or without (Chanturiya et al., 1997; Lee and Lentz, 1997; Meers et
al., 2000) reconstituted SNAREs, in Ca?*-triggered exocytosis (Wong et al., 2007), in yeast
vacuole fusion (Jun and Wickner, 2007), in virion-to-cell fusion (Floyd et al., 2008), and in many
fusions mediated by viral proteins (Chernomordik et al., 1997; Gaudin, 2000a; Kemble et al.,
1994). The hemifusion stalk has also been observed by other approaches such as atomic force
microscopy (Oelkers et al., 2016) and electron tomography (Zampighi et al., 2006).

Under the hemifusion stalk model, the outer leaflets must adopt negative curvatures.
Enrichment of exogenous lipids that hinder the formation of such curvatures consequently inhibit
fusion, as further discussed in section 1.4.5. Enrichment in lipids of inverted cone geometries in
the outer leaflet block both viral and cellular fusions, including cortical exocytosis, mast cell
degranulation, microsome-microsome fusion, and syncytium formation by baculovirus infected
cells (Chernomordik and Kozlov, 2008; Chernomordik et al., 1995a, 1995b, 1995c, 1993;
McMahon et al., 2010; Pécheur, 2007). The observations that lipid geometry affect membrane
fusion also support the models for membrane fusion proceeding through curved intermediates.

Fusion mediated by some modified defective fusion proteins results in a long-life
hemifusion stalk, indicating that the unstable hemifusion stalk is an intermediate in the fusion

pathway (Kemble et al., 1994; Melikyan et al., 1995; Oelkers et al., 2016). The hemifusion stalk
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has also been observed in model membranes (Yang and Huang, 2002), indicating that the
formation of these stalks is physically possible. Computational models of fusion through the
hemifusion stalks have predicted requirements for energies that are biologically feasible
(Kozlovsky and Kozlov, 2002).

In the subsequent fusion steps, the inner leaflets form contact as a single bilayer. This
structure is called the hemifusion diaphragm. Eventually the inner leaflets also fuse, resulting in
the formation of a fusion pore. This pore formation and pore opening steps require energy as
well (Katsov et al., 2006; Risselada et al., 2014). Fusion pore expansion depends on the lipid
composition of the inner leaflets; lipids of inverted cone shape promote pore formation
(Chanturiya et al., 1997).

Although now less accepted, alternate models proposing different fusion intermediates
have been presented (Mayer, 2002), including proteinacious pore intermediates (Chang and
Jackson, 2015; Lindau and Almers, 1995; Mayer, 2002). In such models, integral membrane
proteins span both fusing bilayers and form an aqueous channel across the two fusing bilayers.
Unlike the hemifusion stalk model, the proteinaceous pore model does not require drastic
changes in curvature and content mixing generally precedes lipid mixing (Jackson and Chapman,
2008; Lindau and Almers, 1995; Tse et al., 1993). Proteins are not required for fusion, however.
Various experimental conditions, for example the addition of polyethylene glycol, which
dehydrates bilayers, induce fusion between protein-free bilayers (Chanturiya et al., 1997; Lee
and Lentz, 1997; Lentz and Lee, 1999). Dehydration of lipid bilayers also results in spontaneous
formation of stalk-like structures (Yang and Huang, 2002).

In biological contexts, membrane fusions are mediated by proteins. However, bilayer

fusion can also occur spontaneously under certain experimental conditions. For example,
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dehydration of the bilayers (Kozlovsky et al., 2004), promotes fusion. Polyethylene glycol (PEG)
also depletes water molecules from the fusion site, and thus results in spontaneous fusion in
absence of proteins (Lentz and Lee, 1999). Calcium ions also promote the fusion between
protein-free liposomes. While the mechanism of the latter effect is still unclear, the positively
charged ions may stabilize the electrostatic interactions with the negatively charged
phospholipids in opposing bilayers, bringing them together (Pannuzzo et al., 2014). Bilayers in
low pH environments can also fuse spontaneously, possibly by neutralization of the repulsive
negative charge of phospholipids (Diizgiineg et al., 1985).

Although viral and cellular fusions differ in their source of energy, membrane composition,
and vesicle size, both proceed through the same hemifusion stalk intermediate, as is described in

section 1.4.1.

1.4.5 Lipids and membrane fusion

Fusion requires the initially near-flat membrane leaflets to adopt positive (radius of the polar
head groups larger than that of the lipid tails) and negative (radius of the polar head groups
smaller than that of the lipid tails) curvatures. For example, the formation of the hemifusion stalk
requires the outer leaflets to adopt negative curvatures and pore expansion requires the inner
leaflets to adopt positive curvatures.

The energy required for the formation of the hemifusion stalk is dependent the membrane
lipid compositions (Fuller and Rand, 2001; Szule et al., 2002). Membranes adopt spontaneous
curvatures based on their lipid composition. Lipids have different molecular shapes, depending
on the relative cross sections of the polar head group and the number of hydrophobic acyl chains.
Lipids with polar head groups of smaller cross sections than those of their lipids tails, such as

phosphatidylethanolamine, are said to have cone shaped geometries, whereas lipids with polar
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head groups of larger cross sections than those of their lipids tails, such as
lysophosphatidylcholine, are said to have inverted cone shaped geometries. Most lipids in
biological membranes have polar head groups of similar cross sections to those of their lipid
tails. Such lipids are said to be cylindrical.

Bilayers composed of cylindrical lipids are practically flat. Bending membranes away
from their spontaneous curvatures requires energy. In the hemifusion stalk, the outer leaflets
have to adopt a curvature comparable to the membrane thickness (Chernomordik et al., 1995a).
The energy required for this bending is estimated to be 40 k5T, where ks is the Boltzman
constant and T is the absolute temperature (Katsov et al., 2006; Kozlov and Chernomordik,
2015; Kozlovsky et al., 2002).

The molecular shape of the lipids determines whether they preferentially form certain
mesophases, such as micelles, flat lamellar phases, or inverted hexagonal Hu phases. Cone
shaped lipids preferentially form micellar structures, inverted cone shaped lipids form inverted
hexagonal Hi phases, and cylindrical lipids form bilayers.

Outer leaflets enriched in lipids with head groups of smaller cross sections than that of the
lipid tails (i.e. cone shaped lipids, such as lysophosphatidyl choline) tend to form monolayers
with negative curvatures (Figure 1.3). Lipids with head groups of larger cross sections than
those of the lipid tails (i.e. inverted cone shaped lipids, such as phosphatididylethanolamine) tend
to form monolayers with positive curvatures in model membranes (Figure 1.3) (Fuller and Rand,
2001; Rand et al., 1990; Szule et al., 2002).

Enrichment of inverted cone-shaped lipids in the outer leaflets of bilayers inhibits, at non-
lytic concentrations, fusion between microsomes (Vogel et al., 1993), cellular membranes

containing baculovirus gp64 fusion protein (Chernomordik et al., 1995b), rabies virus-to-
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liposome fusion (Gaudin, 2000a), Sendai virus-to-LUV fusion (Yeagle et al., 1994) and fusion
between protein free liposomes (Chernomordik et al., 1995a). Enrichment in cone shaped lipids
in the outer leaflets promote fusion. The fatty acid oleic acid, for example, enhances fusion
between baculovirus gp64 expressing cells (Chernomordik et al., 1995b).

The effect of inverted cone shape lipids is dependent on the length of the hydrophobic tails.
Lipids with shorter chain length have a more pronounced inverted cone shape than lipids with
longer chain lengths, but partition less to membranes than lipids with longer chain lengths.
Fusion inhibition by short-chain lysolipids is decreased compared to that by short-chain
lysolipids (Gaudin, 2000a; Vogel et al., 1993). Inhibition of membrane fusion by long-chain
inverted cone shape lipids (e.g. stearoyl, 18:0, ECso ~7 mole%) requires higher membrane
concentrations of short-chain inverted cone shaped lipids tails (e.g. lauroyl, 12:0, ECso ~2
mole%) (Chernomordik et al., 1997; Gaudin, 2000a).

Inhibition of membrane fusion by inverted cone shape lipids is reversible. Lysolipids with
short acyl chains can be washed away from the membrane with bovine serum albumin. Addition
of lipids with opposite cone shape geometries also neutralizes inhibition (Chernomordik et al.,

1997).

1.4.6 Amphipathic inverted cone shaped molecules and viral fusion

In addition to the RAFIs, other small amphipathic inverted cone shaped molecules have been
proposed to affect fusion by modulating membrane curvature (Figure 1.7). Chlorpromazine is a
charged, amphipathic phenothiazine derivative that has been proposed to traverse the membrane
to intercalate in the inner leaflet (Fang and Iwasa, 2007; Karunakaran and Fratti, 2013). Once
there, it would destabilize the inner leaflet, which must adopt positive curvatures in the

hemifusion intermediate. Consistent with this model, chlorpromazine promotes progression to
23



full fusion from the hemifusion stalk intermediate. Fusion mediated by lipid anchored
(Markosyan et al., 2000) or mutated HA (Melikyan et al., 2000), which induces the formation of
only the hemifusion stalk without further progression, is rescued by chlorpromazine.

An amphipathic alpha-helical peptide derived from the membrane-anchor domain of HCV
protein NS5A, C5a, is active against HCV, Dengue virus, West Nile virus, respiratory synsytial
virus (RSV), HBV, VACV, VSV and HIV (Apellaniz et al., 2011; Bobardt et al., 2008; Cheng et
al., 2008). C5a is proposed to intercalate between the lipid head groups to destabilize and lyse
virion envelopes (Apellaniz et al., 2011; Bobardt et al., 2008; Cheng et al., 2008). The possibility

that C5a also acts by membrane curvature modulating mechanisms has not been excluded.

1.4.7 Differences between viral and cellular fusions

Virions are metabolically inert. The only energy available for virion-to-cell fusion is that stored
in the fusion proteins, which is released by attachment, binding and the protein rearrangements.
In contrast, cellular fusion proteins use energy provided by metabolism to mediate fusion
(Bombardier and Munson, 2015; McMahon et al., 2010), remodel membrane curvatures (Prinz
and Hinshaw, 2009; Salzer et al., 2017), or regulate lipid compositions.

In addition to differences in energy availability, virions and most cellular vesicles also
differ in size. Virion envelopes are approximately 100 nm in diameter, and rarely larger than
~200 nm, whereas the diameters of endosomes, lysosomes and phagosomes are typically larger
(500 to 1000 nm). Nonetheless, there is significant overlap in sizes. Large trafficking vesicles are
amost as small as virions (~250 nm), whereas small trafficking vesicles, and clathrin-coated or
pinocytic vesicles are approximately the same size as virions (40 to 70 nm).

Whereas virion envelopes are derived from host membranes, their lipid compositions differ

from cellular membranes (Briigger et al., 2006; van Genderen et al., 1994; Gerl et al., 2012; Liu
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et al., 2011; Scheiffele et al., 1999). Compared to most cellular membranes, including plasma
and endosomal membranes, the outer leaflets of virion envelopes are enriched in cholesterol and
lipids that promote positive curvatures. For example, the outer leaflets of virion envelope are
often enriched in cone shaped sphingolipids (Briigger et al., 2006; van Genderen et al., 1994;
Gerl et al., 2012). Virion envelopes are also more enriched in proteins compared to cellular
membranes (Aloia et al., 1993). Consequently, virion envelopes are less fluid than most cellular

membranes.

1.5 HSV-1 entry

HSV-1, an alphaherpesvirus in the herpesviridae family, is an enveloped virus that causes life-
long latent infections in the majority of the word population. Reactivations of the virus can result
in mucocutanous lesions, such as cold sores, genital lesions, or keratitis, and can cause severe
outcomes in immunocompromised individuals.

HSV-1 is nuclear replicating double stranded DNA virus. Its genome is enclosed in a
protein capsid, which in turn is surrounded by a protein tegument layer. The lipid envelope
surrounds the protein tegument layer and contains the glycoproteins.

HSV-1 entry is more complex than that of most other viruses and, consequently, is not so
well understood. HSV-1 and -2 glycoproteins interact with multiple receptors in the broad range
of cells these viruses infect. Four glycoproteins are required in the entry to host cells, gB, gD,
gH, and gL.. A fifth glycoprotein, gC, is involved in low affinity interactions with heparin
sulphate, but it is not essential (Turner et al., 1998).

¢B and gC mediate primary interactions to heparan sulphate. gC, which is not essential for

entry, increases attachment efficiency. gD then mediates the secondary interactions with the
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cellular receptors nectin-1, HVEM (used by HSV-1 and -2), or 3-O sulphated heparin sulphate
(used by HSV-1 but not HSV-2) (Akhtar and Shukla, 2009; Rey, 2006). Following receptor
binding, gD changes conformation, triggering the recruitment of the fusion complex composed
by the gH/gL heterodimer and the actual fusogen, gB (Gianni et al., 2006). The role of the gH/gL
complex is ambiguous, possibly regulating fusion by gB (Chowdary et al., 2010). gB, the most
conserved among HSV entry glycoproteins (Heldwein et al., 2006), interacts with the paired
immunoglobin like-type 2 receptor (PILR2) to mediate fusion (Maurer et al., 2013).

It is still unknown how HSV-1 fusion is triggered. HSV-1 generally fuses with the plasma
membrane, but also fuses with endosomal membranes, depending on cell type. Fusion to neurons
and Vero cells occurs at the plasma membrane at neutral pH (Wittels and Spear, 1991). In
Chinese hamster overy or Hela cells, HSV-1 is internalized by endocytosis before fusing with the
endosomal membrane in a pH dependent manner (Nicola, 2016). For fusion at the plasma
membrane, a model has been suggested in which gB punctures the membrane (Clarke, 2016) due
to close contact to the cellular membranes when gD binds cellular receptors (Eisenberg et al.,
2012). The release of the membrane potential across the plasma membrane would then create an
electric field that could lead to the transition to the postfusion conformation of gB (Clarke,
2016). In endosomes, the low pH could break the hydrogen bonds that hold the fusion loops in
place (Stampfer et al., 2010).

Like other class III fusion proteins, gB has five ectodomains. In the post-fusion
conformation, these domains are arranged in a hairpin above a TMD (Heldwein et al., 2006).
Domain I, which is located close to the virion envelope, contains two fusion loops, which are
exposed and face away from the virion envelope in the pre-fusion conformation. Domain III

forms the central coiled-coil domain (Heldwein et al., 2006). The structure of the pre-fusion
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conformation or the protein rearrangements during fusion remain elusive (Cooper and Heldwein,
2015). Any structural information is based on homology modeling with VSV G, another class I1I
fusion protein. However, since VSV G rearrangements triggered by acidic pH are reversible
(Gaudin, 2000b), and those by HSV-1 gB are not (Weed et al., 2016), the accuracy of such

models remains unclear.

1.6 Inhibitors of viral fusion

Viral entry inhibitors have some advantages. Firstly, they prevent infection altogether before the
virus can damage cells or establish persistent genome reservoirs, such as genome integration
(retroviruses), covalently closed circular DNA (HBV), or latent genomes (herpes viruses). Entry
inhibitors act outside cells, avoiding the need to cross cell membranes. Entry inhibitors may also
prevent potentially pernicious host immune responses. For example, influenza can induce
hyperinduction of pro-inflammatory cytokines, which can determine the severity of the infection
(Liu et al., 2016). Entry inhibitors can also complement existing therapies.

Most current antiviral strategies focus on inhibition of replication (De Clercq and Li,
2016). Viral strains that are resistant to inhibitors acting on intracellular targets involved in
replication are most likely to still be sensitive to entry inhibitors (Lee et al., 2017).

Several viral entry steps are conserved. Most viruses attach to either heparan sulfate or
sialic acid, for example, and the lipid bilayer of enveloped viruses must fuse with cellular
membranes to enter cells. Such conserved steps have the potential to be useful as targets for

broad spectrum antivirals.
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1.6.1 Approved entry inhibitors

Three antivirals that block viral entry are approved for clinical use. They act by different
mechanism of actions. Entry is inhibited by blocking of the transition from pre- to post-fusion
conformations of viral fusion proteins. Some peptides that mimic the heptad repeat of the viral
fusion proteins prevent the structural rearrangements that occur during fusion. Enfuvirtide
(Fuzeon, approved in 2003), is a 36-amino acid such peptide. It mimics the HR-2 region of the
HIV fusion protein gp41 to compete with the interaction between the heptad repeat regions HR-1
and -2 in the post-fusion conformation (Kilby et al., 1998). Peptides mimicking similar domains
of other viral fusion proteins have also been characterized, including against the class I fusion
proteins of IAV HA (Autoimmune Technologies, 2015; Badani et al., 2014), RSV F (Gaillard et
al., 2017), SARS-CoV spike (Bosch et al., 2004; Sainz et al., 2006), the class II fusion proteins
of Dengue and West Nile virus E (Hrobowski et al., 2005), and the class III fusion proteins of
HSV-1 (Akkarawongsa et al., 2009). Small molecules that inhibit this transition against RSV
(Razinkov et al., 2001) and Dengue virus (Leal et al., 2017) have been identified.

The humanized monoclonal antibodies palivizumab (Synagis, approved in 1998) and RSV-
IGIV (immune globulin intravenous, Respigam, approved in 1996, discontinued), neutralize the
antigenic site of the RSV attachment and fusion protein F (The IMpact-RSV Study Group,
1998). The mechanism of action of palivizumab is not well understood. It does not inhibit viral
attachment or interactions with cellular membranes, and it remains unclear whether it inhibits
fusion directly (Huang et al., 2010).

Maraviroc (Selzentry, approved in 2007) is an antagonist of the cellular co-receptor CCRS,
which is used by a subset HIV strains (Dorr et al., 2005). Mariviroc binds to, and changes the

conformation of, CCRS, a G-protein coupled receptor, in a manner such that the HIV attachment
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and fusion protein gp120/gp41 cannot bind to it. gp120/gp41 determines the tropism of HIV
isolates, binding to either CCRS on macrophages (R5 strains) or CXCR4 on T-cells (X4 strains)
(Raymond et al., 2015). HIV isolates at early stages of infections are predominantly R5. As the
infection progress, X4-types become dominant (Kuhmann and Hartley, 2008). Maraviroc is
effective at targeting infections with the RS, but not X4, strain of HIV, and selection for pre-
existing X4 strains is one of the mechanisms of resistance (Raymond et al., 2015).

Antivirals that target proteins depend on specific interactions with their target proteins.
They therefore have a narrow spectrum of activity, often active against only one virus, or even
the subset of one. Moreover, viral fusion proteins are encoded in viral genomes, which rapidly
evolve under selective pressures, resulting in the prompt selection for resistance (Greenberg and
Cammack, 2004). Antiviral targets that are not encoded by the viral genome, such as the lipid

envelope, may pose a higher barrier to resistance.

1.6.2 Antiviral molecules acting on viral lipids

Several antiviral molecules that target the lipids in the viral envelopes have already been
characterized (Figure 1.7), although only one clinically approved antiviral may target lipids (De
Clercq and Li, 2016). Docosanol (Abreva) is approved for the treatment of HSV-1 and -2
infections, but its mechanism of action, or actual targets, are still unclear. Docosanol is saturated
22-carbon primary alcohol and was first reported to have antiviral activity against otherwise
unrelated enveloped viruses, including HSV-1, -2, and RSV, but not the non-enveloped
poliovirus, (Katz et al., 1991). Docosanol co-purifies with cellular membrane lipids (Pope et al.,
1996), but is rapidly metabolized (Pope et al., 1996). It has been proposed to inhibit virus-to-cell
fusion (Pope et al., 1996; Sacks et al., 2001), but this mechanism of action is still highly debated

(Spruance, 2002).
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Many other small molecules, peptides, and antibodies that target the lipid envelope of
envelope viruses have been identified and tested as potential antivirals. Arbidol (Blaising et al.,
2014) is approved as a prophylactic and treatment for IAV and influenza B virus in Russia and
China. Arbidol is an indole-derivative that interacts with tryptophan residues found in membrane
proximal regions of many viral fusion proteins. It also interacts with the membrane at the level of
the polar head groups (Teissier et al., 2011). Arbidol is active against the entry of both envelope
and non-envelope viruses (Brooks et al., 2012; Pécheur et al., 2016), although the exact antiviral
mechanism remains unknown. It may increase the affinity of viral glycoproteins for membranes,
obstructing the necessary protein rearrangements (Teissier et al., 2011). However, other
mechanisms of action have also been suggested, including the inhibition of clatherin-dependent
trafficking (Blaising et al., 2013).

PD 404,182 is a small molecule that disrupts the integrity of the lipid envelopes of HIV
and HCV without overt toxicity to cells (Chamoun et al., 2012). Although its mechanism of
action is unclear, it may act via similar mechanisms to the RAFIs. PD 404,182 does not appear to
directly interact with lipid envelopes, however, as it does not associate with liposomes. In
addition, PD 404,182 is inactive against Dengue virus, which is closely related to HCV, or
Sindbis virus, which is closely related to HIV, suggesting it may act on proteins, rather than on
lipids (Chamoun et al., 2012).

A antiviral peptide derived from NS5a, C5a, is active against HIV and HCV, without overt
toxicity to cells (Cheng et al., 2008). The peptide is an amphipathic helix, and was suggested to
intercalate in virion membranes to disrupt the integrity of virion envelopes (Badani et al., 2014).
However, the mechanism of action remains highly elusive, as it was also proposed to have

immunogenic properties (Lin et al., 2011).
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1.6.3 Lipid peroxide generators

Lipid peroxidation introduces a peroxide group to the hydrophobic region of unsaturated lipids.
As a result, membranes with peroxidized lipids are disrupted, resulting in their permealization or
disintegration.

Photoactive lipid peroxidators (Figure 1.8) absorb light and reach their excited state.
Excited lipid peroxidators then promote the generation of reactive oxygen species through two
pathways. In the first (type I) an electron or hydrogen atom is transferred to a substrate whereas
in the latter (type II) the energy of the excited state is transferred to an oxygen molecule,
resulting in the generation of singlet oxygen ('02) (Bacellar et al., 2014; Foote, 1968). Singlet
oxygen is a reactive excited-state oxygen that has a short half-life and slow diffusion rate.

LJOO01 is a lipophilic rhodamine (oxazreolidine-2,4-dithione) derivative that generates
singlet oxygen in a white light-dependent manner (Vigant et al., 2013; Wolf et al., 2010). LJ0O1
is active against the infectivity of various unrelated enveloped viruses, including HSV-1, -2,
HIV, TAV, semliki forest virus, and Ebola virus (EBOV) (ECso ~20-300 nM), while having no
effect on the infectivity of the non-enveloped AdV (Vigant et al., 2013). LJOO1 decreased the
fluidity of membranes in a light-dependent manner, whereas the insertion of LJ0OO1 in
membranes alone does not affect the fluidity of membranes.

JL103 is a LJOO1 derivative that absorbs visible light more efficiently (Vigant et al., 2013).
Compared to LJOO1, JL103 has approximately 10-fold higher potency (ECso 0.5-13 nM for HIV,
IAV, cytomegalovirus (CMV), HSV, and rift valley fever virus (RVFV); and 185 nM EBOV)
(Vigant et al., 2013). LJOO1 was postulated to reduce fluidity of membranes, rendering them
unable to fuse (Hollmann et al., 2014). Peroxidation, by other agents, however, increases

membrane fluidity which in turn renders the membranes unable to fuse (Huarte et al., 2016).
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Quinone derivatives, such as the natural compounds hypocrellin A and B or hypericin
found in St. Johns Wort, are active against envelope viruses, including HSV-1 (Hudson et al.,
1997), IAV, VSV, and Sendai virus (Lenard et al., 1993) at nanomolar concentrations. They
peroxidize lipids in a light-dependent manner (Jendzelovska et al., 2016; Lenard et al., 1993), an
effect which contributes to their antiviral activity (Hudson et al., 1997). Without light (A 470-590
nm), the potency of hypocrellin A and B is reduced by 20-50 fold (Hudson et al., 1997).
Hypericin and hypocrellin A and B have no overt cytotoxicity at effective concentrations, at
least without light (Hudson et al., 1997).

Hypericin has two absorption peaks at A 550 and 600 nm, with broad and weak absorptions
at A below 550 nm (Krishnamoorthy et al., 2005). Hypocrellin also has two peaks in the visible
spectrum at A 540 and 570 nm, as well as a broad peak at 470 nm (Krishnamoorthy et al., 2005).
Synthetic quinone derivatives that absorb light in the UV rather than the visible spectrum have
lower potencies than hypericin and hypocrellin A, indicating that absorption in the visible
spectrum could be important for antiviral activity (Krishnamoorthy et al., 2005).

The mechanism of these quinone derivatives appear to be similar to that of certain
tetrapyroles such as porphyrin and chlorophyllide, which also have light-dependent activity
against envelope viruses, including HBV, HCV, Dengue virus, Marburg virus (Guo et al., 2011).

It is not known whether lipid peroxidation by these compounds has antiviral effects. Such
studies are currently underway in our lab. Peroxyl radical generators (Figure 1.8) such as 2,2'-
azobis (2,4-dimethylvaleronitrile) (AMVN) and 2,2'-azobis (2-amidinopropane) (AAPH) are
very commonly used to study lipid peroxidation (Hanlon and Seybert, 1997). The azo bond of

AMVN and AAPH decomposes to form two radicals (R - ), which then react with oxygen

molecules to produce peroxyl radicals (ROz * ). The polar AAPH generates radicals in aqueous
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environments, whereas the hydrophobic AMVN generates them inside the membranes. Radicals
produced by AAPH are scavenged by polar antioxidants such as ascorbic acid, whereas those

produced by AMVN are scavenged by lipopohilic antioxidants such as a-tocopherol.

1.6.4 Modulators of fluidity

Modulators of membrane fluidity can also inhibit fusion between enveloped viruses and cells.
Curcumin is a non-steroidal diarylheptanoid found in turmeric that has broad spectrum activity
against otherwise unrelated enveloped viruses (Chen et al., 2013). Curcumin intercalates in the
virion envelopes to decrease their fluidity, resulting in virions deficient in binding and fusion to
cells (ECso in micromolar range, no overt toxicity) (Anggakusuma et al., 2013). Curcumin
inhibited both receptor binding and fusion directly (Anggakusuma et al., 2013).

Glycyrrhizin is another natural compound, found in licorice root, that decreases the fluidity
of lipid bilayers (Harada, 2005). Glycyrrhizin is active against several unrelated enveloped
viruses, including HIV, IAV, VSV (Harada, 2005), and severe acute respiratory syndrome
corona virus (SARS-CoV) (Cinatl et al., 2003) . Curcumin and glycyrrhizine have no overt
toxicity. However, their therapeutic indexes are narrow (> 2.94 and approximately 50, for
curcumin and glycyrrhizine, respectively) (Anggakusuma et al., 2013; Harada, 2005).

Whereas the RAFIs also intercalate in virion envelopes to inhibit virus-to-cell fusion, they
do not affect membrane fluidity (Colpitts et al., 2013), indicating the RAFIs act by a different

mechanism of action than curcumin or glycyrrhizin.

1.6.5 Lipid-acting antiviral mechanisms in innate viral immunity
Cells may have evolved innate viral immunity mechanisms that modulate membrane properties

to inhibit viral infection. HC25 (25-hydroxycholesterol) is a cholesterol-derivative, the synthesis
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of which is induced by interferon during viral infection. It has broad-spectrum antiviral activity
against a broad range of viruses, including IAV, HCV, and HSV (Blanc et al., 2013; Chen et al.,
2014). HC25 downregulates cellular cholesterol levels, the principal regulator of cellular
membrane fluidity (Blanc et al., 2013). HC25 has no direct effect on virions, but instead acts on
the cells, being active when cells are treated prior or after infection (Anggakusuma et al., 2013).
HC?25 thus appears to act on cellular targets to decrease membrane fluidity.

Interferon induced transmembrane proteins (IFITM) restrict the infection of some
unrelated enveloped viruses, including IAV and RSV, flaviviruses (west Nile virus and Dengue
virus), VSV (Sun et al., 2005), and HIV (albeit to lesser extent than IAV) but not of some other
enveloped viruses such as arenaviruses or a retrovirus (MLV). The mechanisms by which
IFITMs restrict infection are not yet fully understood and probably diverse. One IFITM, IFITM3
is a transmembrane protein that localizes to endosomes. It restricts entry of IAV by modulating
the properties of endosomal membrane, inhibiting pore formation after hemifusion has occurred
(Desai et al., 2014). IFITM3 has also been proposed to inhibit virion-to-cell fusion by inhibiting

the formation of negative curvatures for hemifusion (Li et al., 2013a).

1.6.6 Limitations of current antivirals

Most approved antivirals act directly on specific viral proteins. Development of drugs targeting
specific enzymes or receptors requires specific knowledge of the target proteins, information
which is not readily available for emerging pathogens. Antivirals that target steps conserved
across multiple viral families have the potential to be useful against only partially characterized

emerging pathogens.
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1.7 Objectives and hypothesis

The research described in this thesis aims to examine the mechanism of action of the RAFIs.
Two models were proposed. In one the RAFIs inhibit the fusion of enveloped viruses by
increasing the energy required for the formation of the hemifusion stalk based on their physical
properties, such as shape, rigidity and amphipathicity, rather than on chemical properties, such as
reactive functional groups. In the other, the perylene moiety and absorption of visible light are
required for activity. My hypothesis is that the RAFIs inhibit virus-to-cell fusion by biophysical
mechanisms. If the hypothesis is correct, then chemically distinct molecules that have shape,
rigidity, and amphipathicity similar to these of the RAFIs should also inhibit enveloped virus
infectivity with similar efficacy. My first objective was to test chemically distinct molecules for
their effects on the infectivity of enveloped viruses. If the RAFIs specifically target virus-to-cell
fusions over cellular fusions, moreover, then their antiviral activities should be independent of
their effects on cellular viability. Therefore, my second objective was to test the effect of

chemically distinct RAFIs on cellular viability.
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Attachment Attachment

Internalization

Figure 1.1 The lipid bilayers of envelope viruses must fuse with cellular membranes to
infect cells

Viral entry begins with virion attachment to receptors or ligands on the cell surface. Most
viruses are then internalized (left), to fuse with vesicle membranes. Viral fusion protein
rearrangements are triggered by low pH or receptor binding. Some viruses fuse directly with
the plasma membrane (right) upon receptor binding. Regardless of the entry pathway,

however, all envelope viruses must fuse their envelopes with cellular membranes.
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Figure 1.2 Membrane fusion proceeds through a hemifusion intermediate
In this structure, the outer leaflets have already fused whereas the inner leaflets have not. The
outer leaflets must thus bend into a negative curvatures, which poses one of the energy barriers

to fusion.
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Figure 1.3 Lipid molecular geometries, mesophase structures, and their effects on

membrane curvature
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Figure 1.4 The RAFIs aUY11 and dUY11 have inverted cone shaped molecular geometries
Chemical and space filling structures orthogonal representations. aUY 11 and dUY 11 have
rigid ethynylperylene hydrophobic moieties, and arabino-uracil or deoxyribose-uracil polar
moieties, respectively. The cross sections of the polar moieties are larger than those of the
hydrophobic moieties, giving them inverted cone molecular geometries. Grey, carbon; red,

oxygen; blue, nitrogen; white, hydrogen.
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Figure 1.5 Previous structure activity relationship studies

Chemical and space filling structures orthogonal representations. Grey, carbon; red, oxygen;
blue, nitrogen; purple, silicon; white, hydrogen. The activities of these compounds are

published in (St. Vincent, et al., 2013).
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Figure 1.6 Viral fusion protein rearrangements

Despite structural differences, viral fusion protein rearrangements occur through similar
mechanisms. In the pre-fusion conformation the TMD (dark green) is anchored in the viral
membrane only. During fusion, the protein extends and a hydrophobic fusion peptide (orange)
inserts in the cellular membrane. The collapse of this unstable intermediate results in the post-
fusion conformation, in which the fusion peptide and the TMD are in the same membrane.

Adapted from Harrison, 2008.
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Figure 1.7 Compounds that act on viral lipids
Chemical and space filling structures. Grey, carbon; red, oxygen; blue, nitrogen; purple,

silicon; yellow , sulfur; green, chloride; white, hydrogen..
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Figure 1.8 Lipid peroxidators
Chemical and space filling structures. Grey, carbon; red, oxygen; blue, nitrogen; purple,

silicon; yellow , sulfur; white, hydrogen..
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CHAPTER 2: MATERIALS AND METHODS

2.1 Antiviral compounds

Test compounds were synthesized by Alexey A. Chistov, Gleb V. Proskurin, Andrey V. Aralov,
Egor A. Ulashchik, Philipp P. Streshnev, and Vadim V. Shmanai led by Vlademir Korshun
(Shemyakin-Ovchinnikov Institute of Bioorganic Chemistry, Moscow, Russia). Compounds
aUY11 (St Vincent et al., 2010; Chistov et al., accepted), dUY 11 (Andronova et al., 2003), 3b
(Chistov et al., 2016), and 5a,b—7a,b (Aralov et al., 2017) were prepared as described previously.
The synthesis of 1a,b and 8a,b—1a,b will be reported elsewhere. The procedures for 2a,b, 3a,
4a.b, 12a,b, and 13 are described in (Speerstra et al., manuscript in preparation).

Compounds were dissolved in DMSO at 10 mM, aliquotted and stored at -20 °C.
Compounds were dissolved in 37 °C DMEM just prior to use such that DMSO concentrations
never exceeded 0.2%. Equivalent DMSO concentrations were used as vehicle control. All

antiviral compounds are found in Table 3.1-3.

2.2 Chemicals and reagents

All RAFIs were dissolved in dimethylsulphoxide (DMSO > 99.9%, Sigma-Aldrich, Oakville,
ON, Canada). 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium (MTT, Sigma-Aldrich)
dissolved at 5 mg/mL in warmed PBS (phosphate buffered saline, prepared as 1 mM KH2POs,
150 mM NaCl, 3 mM Na:HPOs4, adjusted to pH 7.4). MTT stock solutions were stored at 4 °C for
up to 5 days. Isopropanol and DMSO (99.5%), purchased from Fisher (Ottawa, ON, Canada) and

Sigma-Aldrich respectively, were used to solubilize formazan crystals in the MTT assay. RAFIs
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were dissolved in 1-octanol (Sigma-Aldrich) to obtain their spectra in hydrophobic
environments.

1,2-Dioleoyl-sn-glycero-3-phosphocholine (DOPC; Sigma-Aldrich) dissolved in
chloroform (Fisher) was used for the preparation of liposomes. Catalog numbers for all

chemicals are found in Table 2.2.

2.3 Cell culture reagents

Cells were cultured in Dulbecco’s modified Eagle medium (DMEM, Invitrogen Life
Technologies Inc., Burlington, ON, Canada), supplemented with 5% fetal bovine serum where
indicated (PAA Laboratories, now GE Healthcare, Westborough, MA, USA). Phenol red free
DMEM (Invitrogen) was used for MTT assays. Infected cells were overlayed with semisolid
DMEM containing 2% methylcellulose and 5% FBS (Sigma-Aldrich) and were fixed and stained
with crystal violet (1% [w/v] crystal violet, 17% [v/v] methanol in H20). PBS was prepared as 1
mM KH2PO4, 150 mM NaCl, 3 mM Na:HPOs4, adjusted to pH 7.4. Catalog numbers for all main

chemicals are described in Table 2.3.

2.4 Cells and viruses

African green monkey Vero fibroblasts (Vero; catalog number CCL-81, American Type Culture
Collection, Manasses, VA, USA) were cultured in DMEM containing 5% FBS at 37 °C, 5%
CO2. To passage cells, monolayers were washed once with 37 °C PBS and detached with
trypsin-ethylenediaminetetraacetic acid (EDTA) (0.05%; Invitrogen) for approximately 5
minutes at 37 °C. Cells were then resuspended in 37 °C Dulbecco’s modified Eagle’s medium

(DMEM), 5% fetal bovine serum (FBS).
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HSV-1 (KOS) was obtained from the late Dr. Priscilla Schaffer (Harvard Medical School,
Boston, MA). To propagate viral stocks, Vero cell monolayers at 70% confluency were
inoculated with HSV-1 at a multiplicity of infection (MOI) 0.05 pfu/cell for 1 hour at 37 °C in
5% CO2, rocking and rotating the flask every 10 minutes. The inoculum was removed and cell
monolayers were then washed twice with cold DMEM and overlayed with fresh DMEM.
Infected cells were incubated in DMEM, 5% FBS for 48 hours at 33 °C until full cytopathic
effect (CPE) was observed.

Infected cells were harvested with sterile disposable scrapers. Cells and supernatant were
separated by centrifugation at 3,200 X g for 30 minutes in a swinging bucket rotor A-4-62 in
Eppendorf 5810R centrifuge at 4 °C (Eppendorf Canada, Mississauga, ON, Canada). The
supernatant was collected and cell-free virions were pelleted by centrifugation at 10,000 X g for
2 hours in a JA-14 rotor in a Beckman Coulter J-series centrifuge at 4°C (Beckman Coulter Inc.,
Mississauga, ON,Canada). Cell-associated virions were released by three freeze-thaw cycles in
dry ice-ethanol and 37 °C water bath and three sonication cycles using an Ultrasonic Processor
XL 2020 (Mandel Scientific Company, Guelph, ON, Canada) at a power setting of 3 and at 30
second intervals. Cellular debris was pelleted by centrifugation at 3,200 X g for 30 minutes in a
swinging bucket rotor A-4-62 in an Eppendorf 5810R centrifuge at 4 °C. The resulting
supernatant was used to resuspended cell-free virions. Viral stocks were aliquoted and stored at -

80 °C.

2.5 Viral titrations

HSV-1 stocks were 10-fold serially diluted in DMEM on ice. Vero cell monolayers seeded on 6-

well plates at 90% confluency were inoculated with 200 pL diluted virions for 1 hour at 37 °C.
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Cells were then washed twice with 1 mL 4 °C serum-free DMEM. Infected cells were then
overlayed with DMEM containing 5% FBS and 2% methyl cellulose (Sigma-Aldrich). Cells
were incubated for approximately 48 hours or until plaques appeared. Cells were then fixed and
stained with crystal violet (Sigma-Aldrich) and methanol (1% [w/v] crystal violet, 17% [v/V]

methanol in H20).

2.6 Infectivity assay

Approximately 200 HSV-1 virions were exposed to test compound or DMSO vehicle for 10
minutes at 37 °C. Following treatment, confluent Vero cell monolayers were washed twice with
serum-free Dulbecco’s modified Eagle’s minimal medium (DMEM) and then inoculated with the
pre-treated virions in 5% COz for 1 hour at 37 °C. Cells were then washed twice with 4°C
DMEM to remove unbound virions, overlaid with semi-solid medium containing 5% FBS and
2% methyl cellulose, and incubated in 5% CO2 at 37 °C until plaques became visible
(approximately 48 hours). Viable cells were fixed and stained with crystal violet. Plaque
numbers were normalized against the number of plaques produced by virions exposed to DMSO

vehicle.

2.7 Cellular viability assay

Subconfluent Vero cell monolayers were incubated in medium containing test compound or
DMSO vehicle for 24, 48, or 72 hours at 37 °C and 5% COxz. Half of the medium was replaced
every 24 hours with fresh drug-containing medium. Cell numbers and viability were assessed by
the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium (MTT) reduction assay, which

evaluates mitochondrial activity, a correlate of cell number and viability (Berridge et al., 1996).
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Following exposure to test compounds, cell monolayers were washed twice with 37°C DMEM.
MTT dissolved in 37°C DMEM was then added to the cells and incubated in 5% COz for 3 hours
at 37 °C to allow for MTT reduction to formazan. MTT was removed and formazan crystals
were solubilized in 1:1 DMSO:isopropanol. Formazan absorbance was read at 570 nm with
background at 650 nm. As blank, MTT and test compound at the experimental concentrations,
determined by spectrophotometry, were added together to untreated cells. Any effect of test
compounds on MTT reduction was calculated as a percentage of DMSO (I = [MTTbwmso —
MTTeompound] / MTTpmso). Relative cell numbers were calculated as (MTTyx) + MTTyx) * 1) /
MTTyo).

Cell numbers were expressed relative to to. Doubling times were calculated using
GraphPad Prism, with the non-linear regression exponential growth fitting (Y= Yo**, where Yo is
relative cell number at time = 0 [normalized to 1], & is the growth constant in reciprocal hours,
and x is time in hours). The doubling time xdouniing 1s the time at which the relative cell number is
two-fold Yo, or xaouniing = In(2)/k. Half cytostatic concentrations (CCso) are the concentration at

which the cell doubling times increase by two-fold.

2.8 Liposome preparation

B-oleoyl-y-palmitoyl-L-a-phosphatidylcholine (POPC) was dissolved in chloroform in glass tubes
and the chloroform evaporated overnight. POPC bilayers were hydrated in fusion buffer (180
mM NaxHPO4, 100 mM citric acid; pH 7.4) by vortexing. Large multi-lamellar liposomes were
prepared using an Avanti liposome mini-extruder (Avanti Polar Lipids Inc., Alabaster, AL,

USA). Hydrated POPC bilayers were loaded in an air-tight glass syringe and extruded through a
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polycarbonate 200 nm filter to a syringe on the other side of the mini-extruder. Liposomes were

passed through the filter ten times.

2.9 Absorbance and emission spectra

Test compounds were diluted to 10 uM in 1-octanol in10 mm polymethacrylate cuvettes (Sigma-
Aldrich). Absorbance spectra were collected using a 10 mm polymethacrylate cuvette blanked
with 1-octanol (BioDrop-DUO UV/Vis spectrometer, Montreal Biotech Inc, Canada).

For emission spectra, test compounds were mixed to a concentration of 10 uM with 1-
octanol, warm fusion buffer, or warm fusion buffer containing liposomes (2 nM DOPC).
Emission spectra were collected using a QuantaMaster 40 scanning spectrofluorometer equipped
with a 75-W Xenon lamp. RAFIs were excited at the first absorbance peak of the polyaromatic
rings. Exicitation and emission wavelengths are found in Table 2.4. Background emission of the
respective solvents was subtracted and spectra were internally normalized to the highest peak

where possible (5a and Sb produced no obvious peaks under certain conditions).
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Table 2.1 Chemicals and reagents

Chemical name

Supplier

Catalog number

1-Octanol

Chloroform

Methanol

Citric acid monohydrate
DMSO, 99.5%

DMSO, >99.9%

DOPC

Isopropanol

Methyl cellulose

Thiazolyl Blue Tetrazolium
Bromide

Sigma-Aldrich (Oakville,

ON, Canada)

Fisher (Ottawa, ON, Canada)

Fisher

Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Fisher

Sigma-Aldrich
Sigma-Aldrich

111-87-5

C-298-4
67-56-1
C1909
D1435
D8418
L1381
67-63-0
MO0387
M2128
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Table 2.2 List of cell culture reagents

Chemical name Supplier Catalog number
Crystal Violet Sigma-Aldrich C3886
DMEM Invitrogen (Life 11885
Technologies Inc.,
Burlington, ON, Canada)
DMEM Phenol red free Invitrogen 11054-001
FBS PAA Laboratories (GE A15-70
Healthcare, Westborough,
MA, USA)
Methyl Cellulose Sigma-Aldrich MO0387
Trypsin-EDTA Invitrogen 15400-054
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Table 2.3 Excitation wavelengths RAFI spectra

RAFI

Kexcitation, nm

aluY11
dUY11
1a
1b
2a
2b
3a
3b
4a
4b
S5a
5b

6b
Ta
7b
8a
8b
9a
9b
10a
10b
11a
11b
12a
12b
13

440
440
382
382
440
415
440
440
440
440
440
440
425
425
415
415
440
440
440
440
440
440
440
440
440
415
415

53



CHAPTER 3: RESULTS

My hypothesis is that the RAFIs inhibit virus-to-cell fusion based on their physical properties,
such as shape, amphipathicity, and inverted cone shape. If this hypothesis is correct, then the
RAFIs would act independently of their chemical groups. To test the hypothesis, I collaborated
with chemists under the lead of Dr. Vladimir Korshun, who synthesized twenty-five chemical
variations to aUY 11 and dUY 11 (Figure 3.1). These RAFIs are all amphipathic, although to
varying extends, have rigid base-hydrophobic moiety interfaces, and inverted cone shapes.

If the mechanism of action of the RAFIs depend on their chemical groups, then the
potencies of the RAFIs with chemical replacements of the sugar, base, linker, or perylene
moieties would be expected to be lower than the potency of aUY 11. Conversely, if the
mechanism of action depends on the physical properties of the RAFIs, such as amphipathicity,
rigidity, or inverted cone shape, then chemical distinct RAFIs with similar physical properties to
aUY 11 would also be expected to have similar potencies to aUY 11.

To test the potencies of the RAFIs, HSV-1 virions were exposed to each of the RAFIs for
10 minutes prior to infection. Cell monolayers were then infected with treated virions for 1 hour.
Any un-infectious virions were then washed away, and cell monolayers were overlayed with
fresh semi-solid medium. After 48 hours, plaques developed, which were visualized by staining

cells with crystal violet.

3.1 Perylene is not required for antiviral activity

Previous SAR studies had shown that a smaller 4-ring pyrene moiety preplacing the 5-ring
perylene resulted in 1,000-fold reduction in antiviral activity (St Vincent et al., 2010), indicating
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that either five aromatic rings as a chemical group or a hydrophobic moiety of sufficient length
are required for activity. We tested these possibilities.

A compound with a smaller 4-ring pyrene together with a longer butadiynyl linker, giving
the hydrophobic moiety a total length similar to that of aUY 11, had antiviral activity similar to
that of aUY 11 (ECso, 16 nM [aUY11]; 73 nM [1a]; Figures 3.1, 3.2; Table 3.4). The antiviral
activity of compounds with smaller pyrene is thus recovered when the length of the hydrophobic
moiety is maintained by increasing the length of the linker. The five-ring perylene moiety is not

essential.

3.2 The minimal length of the hydrophobic moiety is 10.3 A

RAFIs with hydrophobic moieties of different lengths tested the minimal required length for the
hydrophobic moiety. The length of the hydrophobic moiety of aUY 11, measured from the top of
the perylene moiety to the bottom of the ethynyl linker, is 10.3 A (dimension b; Figures 3.1, 3.2,
3.3; Table 3.4). Compounds with triazole moieties replacing the ethynyl linker, decreasing the
length of the hydrophobic moiety to merely the length of the perylene moiety (8.3 A), had 50 to
800-fold decreased antiviral activities (9.2 A: ECso, 2.3 uM [6a]; 0.89 uM [6b]; or 7.3 A: ECso,
12.4 uM [7a]; 4.38uM [7b]). Even shorter hydrophobic moieties (5.3 A) resulted in > 1,000-fold
decreased activity (ECso, > 20 uM [5a and Sb]). Hydrophobic moieties longer than that of

aUY 11 did not increase antiviral activities (12.3 A: ECso, 49 nM [3a]; 42 nM [3b]). The length
of the hydrophobic moiety was inversely correlated with the antiviral activity (excluding
compounds with 3-ethynylperylene, Pearson r -0.65, p 0.016; Figure 3.4A). Nonetheless, RAFIs
with ethynylperylene hydrophobic moieties had ECso ranging from 30 nM to > 20 uM, showing

that the hydrophobic moiety is not the only factor determining potency.
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RAFIs with hydrophobic moieties of varying widths tested whether activity depends on the
width of the hydrophobic moiety. The width of the hydrophobic moiety of aUY 11, measured
from side to side of the perylene moiety, is 7.3 A (Table 3.4). Wider hydrophobic moieties (up
to 9.5 A) did not affect antiviral activity (ECso, 31 nM [2a] — 9.5 A, 73 nM [1a] — 8.3 A, Table
3.4, Figure 3.4B), whereas the two compounds with hydrophobic moieties narrower than 7.3 A

were > 1,000-fold less active (ECso, > 20 pM [Sa and Sb]).

3.3 RAFIs with chemically distinct polar moieties had similar antiviral

activities
Previous SAR studies showed that the hydroxyl groups in the arabino moiety had a modest 2-
fold effect on antiviral activity, indicating the hydroxyl groups are not critical (St Vincent et al.,
2010). We further tested the 2’-hydroxyl and other functional groups at this position. Elimination
of the 2’-hydroxyl group did not affect the antiviral activity more than three-fold (ECso, 31 nM
[2a] or 0.608 uM [2b]; 49 nM [3a] or 32 nM [3b]; 2.3 uM [6a] or 0.89 uM [6b]; 12.4 uM; [7a]
or 4.38 uM [7b]; for the respective compounds with or without the 2’ hydroxyl group,
respectively; Table 3.4, Figure 3.5A). Substitutions of the hydroxyl groups for small, less polar
methyl ether groups did not affect antiviral activity either (ECso, 52 nM [4a]; 46 nM [4b]; Table
3.4), supporting the conclusion that the hydroxyl-groups are not critical. The arabino moiety
needs not be flexible either. A compound with an conformationally restrained arabino moiety
had activity similar to that of aUY 11 (ECso0, 46 nM [4b]; Figure 3.2, Table 3.4).

The arabino moiety is also replaceable by non-cyclic butylamide derivatives without
affecting activity to a significant extent (ECso, 29 nM [9a, 4-oxybutylamide]; 20 nM [9b, 4-

oxybutylamide]; 60 nM [10a, 3,3-dimethyl-2,4-dioxybutylamide]; 50 nM [10b, 3,3-dimethyl-
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2,4-dioxybutylamide]; 75 nM [11a, butylamide]) (Figure 3.2, Table 3.4). A smaller and
negatively charged acetyl group substitution replacing the arabino sugar decreased activity by
20- to 120-fold (ECso 1.90 uM [8a]; 350 nM [8b]).

The arabino sugar moiety is thus not required and can be substituted by polar (9a, 9b, 10a,
and 10b) or even relatively non-polar (11a and 11b) groups (Figure 3.2, Table 3.4). However,
small and charged substitutions for the arabino sugar decreased activity (8a and 8b; Figure 3.2,
Table 3.4).

Pivaloyloxymethyl (Pom) additions to N3 position had variable effects. Pom additions to
compounds containing a 4-hydroxybutylamide group or a 3,3-dimethyl-2,4-dioxybutylamide had
no major effect (ECso 50 nM [10b] or 60 nM [10a]; 20 nM [9b] or 29 nM [9a], for compounds
with or without POM, respectively Figure 3.5B). Pom additions increased the activity of the
compound containing a small negatively charged acetic acid at position 1 by 5-fold (ECso 350
nM [8b] or 1.89 uM [8al]), but decreased the activity of the compound containing a non-polar
butylamide group by 125-fold (ECso0 9.38 uM [11b] or 75 nM [11a]; Figure 3.5B).

One compound tested the requirement of the carbonyl group (0, hydrogen bond acceptor)
at position 3 in the uracil moiety. Its replacement with a amine group (6", hydrogen bond
donor), converting it to cytidine, resulted in 465-fold decrease in antiviral activity (ECso, 1.26
uM [12a]). The carbonyl group in the pyrimidine moiety can therefore not be replaced by an

amine group (Figure 3.2, Table 3.4).

3.4 Ciross sections of the polar moiety did not affect the antiviral activity

Although all dimensions of the flexible arabino moiety vary, the polar moiety of aUY 11 in one

conformation is 6.9 A long (dimension e), 9.2 A wide (dimension ), and 4.6 A deep (dimension
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g; Figure 3.2, Table 3.4). The cross section of its polar moiety (dimensions f'and g) are thus
larger than the cross section of its hydrophobic moiety (dimensions ¢ and d), giving the inverted
cone shape. None of the tested compounds were cone shaped (i.e. dimensions f and g smaller
than c and d; Figure 3.2, Table 3.4).

As the arabino moiety is replaceable by a variety of other polar moieties, we tested the
effects of the size of the polar moiety on antiviral activity. There was no correlation between

polar moiety length, width, or depth and the antiviral activity (Figure 3.9).

3.5 RAFIs with various hydrophobic moieties are not overtly cytotoxic

Half cytostatic values were not reached for the vast majority of the compounds at 20 uM,
although most compounds with modifications to the hydrophobic moiety reduced cell doubling
rates to some extent (Table 3.4, Appendix 2). Therefore, RAFIs with a variety of different
hydrophobic moieties, including longer and wider than those of aUY 11, have no major effects on

cell viability (Figure 3.4C, D).

3.6 RAFIs with charged or non-polar moieties were cytostatic or cytotoxic

A compound with a cytidine moiety replacing the uridine moiety was cytostatic (CCso < 0.6 uM,
12a), but addition of an oxygen between the linker and the perylene moiety overcame
cytotoxicity (CCso> 20 pM; 12b; Table 3.4), although it also disrupted antiviral activity. A
compound with hydroxylated and methylated butylamide moieties replacing the arabino moiety
and also a Pom group did not reach CCsoat 20 uM (10b), indicating that RAFIs without arabino
moieties can also be tolerated. Nonetheless, most substitutions replacing the arabino moiety were

either cytostatic or cytotoxic, including non-polar chains (CCso, 1.7 uM — cytostatic, or 6 < CCso
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<20 uM —cytotoxic; 11a; CCso < 0.6 uM — cytostatic, 11b) or small charged groups (CCso 7.5
uM —cytostatic, 8a; Table 3.4). A compound with hydroxylated and methylated butylamide

moieties replacing the arabino moiety and no Pom was also cytostatic (CCso 9.6 uM, 10b; Table

3.4).

3.7 Light absorption in the visible spectrum is not required

Most RAFIs absorb light at 440 and 474 nm (peak absorbance ratios approximately 1:1.2). The
absorbance spectra for 2b, 6a, 6b, 12b, and 13 were blue-shifted, with absorption peaks at 415
and 440 nm (Figure 3.6). The two compounds with pyrene moieties replacing the perylene
moieties had absorption peaks at 382 and 405 nm and absorbed little light at wavelengths > 425
nm (1a and 1b; Figure 3.6), as would be expected from these hydrophobic moieties (Figure
3.6). One of them nonetheless retained good antiviral activity (1a, ECso 0.073 uM), indicating

that at least absorption in the visible spectrum is not required for activity.

3.8 Active RAFIs intercalate into lipid bilayers

To test the effects of the different substitutions on the ability of the test compounds to intercalate
between the lipids of lipid bilayers, the fluorescence spectra were analyzed in aqueous or
hydrophobic environments, or in aqueous environments containing liposomes.

Fluorescence emission spectra were determined at excitation wavelengths at the first
absorbance peak. Like aUY11 and dUY 11, most RAFIs had similar fluorescence spectra in
hydrophobic environments or in polar environments containing liposomes, whereas the
fluorescence intensity in aqueous environments was much weaker and characteristically distinct

(Figure 3.6). The hydrophobic moieties of these compounds thus intercalate between the
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hydrophobic acyl chains of the liposome bilayers. In contrast to most other compounds, 2b, 12a
12b, and 13 were fluorescent in aqueous environments (Figure 3.6). Nonetheless, their
fluorescence spectra in aqueous environments containing liposomes were more similar to those
in hydrophobic than to those in aqueous environments, indicating that these compounds also
intercalate between the hydrophobic acyl chains of the liposome bilayers (Figure 3.6).
Compounds 5a and Sb are only weakly fluorescent (Figure 3.6). However, their
fluorescence spectra are still somewhat more similar when in aqueous environments containing
liposomes or not, and most different in hydrophobic environments. These compounds are thus
most unlikely to intercalate between the hydrophobic acyl chains of the liposome bilayers. With
the exception of these two compounds, which had no activity (ECso > 20 pM), all tested RAFIs
intercalated in lipid bilayers. Intercalation is therefore required but not sufficient for antiviral

activity.
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Table 3.1 RAFIs based on uracil scaffold

The RAFIs were synthesized by Vlademir Korshun, Shemyakin-Ovchinnikov Institute of

Bioorganic Chemistry, Moscow, Russia.

Compound R1 R2 X

aUY11 S5-(perylen-3-ylethynyl)- arabinose H perylen-3-ylethynyl
arabino-uridine

dUY11 5-(perylen-3-ylethynyl)-2'- deoxyribose H perylen-3-ylethynyl
deoxyuridine

la 5-(pyren-1-ylbutadiynyl)-2'- deoxyribose H pyren-1-ylbutadiynyl
deoxyuridine

1b 5-(pyren-4-ylbutadiynyl)-2'- deoxyribose H pyren-4-ylbutadiynyl
deoxyuridine

2a 5-(perylen-2-ylethynyl)- arabinose H perylen-2-ylethynyl
arabino-uridine

2b 5-(perylen-2-ylethynyl)-2'- deoxyribose H perylen-2-ylethynyl
deoxyuridine

3a 5-(perylen-3-ylbutadiynyl)- arabinose H perylen-3-ylbutadiynyl
arabino-uridine

3b 5-(perylen-3-ylbutadiynyl)-2'- deoxyribose H perylen-3-ylbutadiynyl
deoxyuridine

4a 5-(perylen-3-ylethynyl)-2'-O- 2'-O-methyl-ribose H perylen-3-ylethynyl
methyl-uridine

4b 5-(perylen-3-ylethynyl)-LN A- 2'-O-4'C-methylene- H perylen-3-ylethynyl
uridine ribose

Sa 5-(4-phenyl-1,2,3-triazol-1- ribose H 4-phenyl-1,2,3-triazol-1-
yl)uridine yl

5b 5-(4-phenyl-1,2,3-triazol-1- deoxyribose H 4-phenyl-1,2,3-triazol-1-
yl)-2'-deoxyuridine yl

6a 5-[4-(perylen-3-yl)-1,2,3- ribose H 4-(perylen-3-yl)-1,2,3-
triazol-1-yl]uridine triazol-1-yl

6b 5-[4-(perylen-3-yl)-1,2,3- deoxyribose H 4-(perylen-3-yl)-1,2,3-
triazol-1-yl]-2’-deoxy-uridine triazol-1-yl

Ta 5-[4-(perylen-2-yl)-1,2,3- ribose H 4-(perylen-2-yl)-1,2,3-
triazol-1-yl]uridine triazol-1-yl

7b 5-[4-(perylen-2-yl)-1,2,3- deoxyribose H 4-(perylen-2-yl)-1,2,3-
triazol-1-yl]-2’-deoxy-uridine triazol-1-yl

8a 5-(perylen-3-ylethynyl)-uracil-  acetic acid H perylen-3-ylethynyl
1-acetic acid

8b 3-pivaloyloxymethyl-5- acetic acid Pom perylen-3-ylethynyl

(perylen-3-ylethynyl)-uracil-1-
acetic acid
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9a 5-(perylen-3-ylethynyl)-uracil- ~ N-(4- H perylen-3-ylethynyl
l-acetic acid, 4-oxybutylamide  oxybutyl)acetamide

9b 3-pivaloyloxymethyl-5- N-(4- Pom perylen-3-ylethynyl
(perylen-3-ylethynyl)-uracil-1-  oxybutyl)acetamide
acetic acid, 4-oxybutylamide

10a 5-(perylen-3-ylethynyl)-uracil- ~ N-(3,3-dimethyl- H perylen-3-ylethynyl

1-acetic acid, 3,3-dimethyl- 2.4-
2,4-dioxybutylamide dioxybutyl)acetamid
e
10b 3-pyvaloyloxymethyl-5- N-(3,3-dimethyl- Pom perylen-3-ylethynyl

(perylen-3-ylethynyl)-uracil-1-  2.4-
acetic acid, 3,3-dimethyl-2,4- dioxybutyl)acetamid
dioxybutylamide e

11a 5-(perylen-3-ylethynyl)-uracil- ~ N-butylacetamide H perylen-3-ylethynyl
1-acetic acid, butylamide

11b 3-pyvaloyloxymethyl-5- N-butylacetamide Pom perylen-3-ylethynyl
(perylen-3-ylethynyl)-uracil-1-
acetic acid, butylamide
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Table 3.2 RAFIs based on cytidine scaffold

Compound R1 X

12a 5-(perylen-3-ylethynyl)-2'- deoxyribose perylen-3-ylethynyl
deoxycytidine

12b 5-(perylen-3- deoxyribose perylen-3-ylmethyloxymethyl

ylmethyloxymethylethynyl)-
2'-deoxycytidine
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Table 3.3 RAFIs based on furanosyl scaffold

Compound R1

X

13

3-(2-deoxy-B-D- deoxyribose
ribofuranosyl)-6-(perylen-2-
yl)furo[2,3-d]-pyrimidin-

2(3H)-one.

perylene-2-yl
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Dimensions Activities
Hydrophobic moiety Polar moiety ECy, UM CCyp, MM TI
a b c d e f g cytostatic cytotoxic
auy11 17.2 103 73 26 69 92 46 0.016 >20 >20 > 1,250
9 18.9 103 73 26 86 92 76 0.02 0.82  2<CCy<6 41
9a 189 103 73 26 86 73 7.6 0.029 0.82  2<CCy<6 39
2a 178 103 95 26 69 92 46 0.031 >20 >20 > 645
3b 193 123 73 26 69 89 46 0.032 >20 >20 > 625
duvyii 17.2 103 73 26 69 89 46 0.043 >20 >20 > 465
4b 16.2 103 73 26 6.9 10.2 5.9 0.046 >20 >20 > 435
3a 19.2 123 73 26 6.9 9.2 46 0.049 >20 > 20 > 408
10b 18.6 103 73 26 83 92 63 0.05 >20 >20 > 400
4a 16.2 103 73 26 69 86 56 0.052 >20 >20 > 385
10a 18.6 103 73 26 83 83 74 0.06 9.6 >20 > 160
la 17.2 103 83 2.6 69 89 46 0.073 >20 >20 > 274
11a 18.6 103 73 26 83 83 638 0.075 1.7  6<CCq<20 22.7
8b 17.7 103 73 26 7.4 13 6.3 0.35 >20 >20 >57.1
2b 17.8 103 95 26 6.9 89 46 0.608 >20 >20 >32.9
6b 17.2 92 89 26 99 9.2 46 0.89 >20 >20 >22
13 155 86 86 26 6.9 89 46 1.06 >20 >20 >12.6
12a 17.2 103 73 26 6.9 89 46 1.26 <0.6 >20 <0.48
8a 153 103 73 26 53 69 49 1.9 7.5 > 20 4
6a 17.2 92 89 26 99 89 46 2.3 >20 >20 >8.7
7b 145 73 73 26 99 9.2 46 4.38 >20 >20 >4.6
b 172 103 83 26 6.9 89 46 5.95 >20 > 20 >3.4
11b 18.6 103 73 26 83 89 638 9.38 <0.6 >20 <0.06
7a 145 73 73 26 99 89 46 12.4 >20 >20 >1.6
12b 17.8 79 73 26 86 89 46 >20 >20 >20 <1
5b  13.9 53 59 26 99 9.2 46 >20 >20 >20 <1
5a 13.9 53 59 26 99 89 46 >20 >20 > 20 <1
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Table 3.4 RAFIs ranked by antiviral activity

Yellow, equal to the dimension of aUY 11 (a, 17.2 A; 5, 103 A; ¢, 73 A;d, 2.6 A;e,69 A;£.9.2
A; or g, 4.6 A); green, larger than the dimension of aUY 11 (yellow green [a, 17.7-17.8 A; c, 8.3
A; ord, 8.3-8.6 A]; light green [a, 18.6 A; c, 8.3-8.6 A; or g, 5.9-6.2 A]; darkest green [a, >18.9
A;b,>109 A;¢,>89 A; e, >9.9 A; or g, >6.8 A]; red, smaller than the dimension of aUY11:
light pink [a, 16.2 A; b, 9.2 A; or £, 8.3 A]; dark pink [a, 15.3 A; b,8.6 A;1. 8.6 A;e, 9.9 A; org,
6.8 AJ; darkest red [a, <14.5 A; b, <7.3 A; ¢, <5.9 A; e, <5.3 A; or g, <7.3 A]. EC5, < 100 nM
(green), 100 nM < ECy, <500 nM (yellow); 500 nM < ECy, <1 uM (light pink); 500 nM < ECj,
< 1.5 uM (dark pink); or < 1.5 puM (red); CCy, > 20 uM (green), 20 < CCy, < 6 uM (yellow), 6 <
CCsy <2 uM (light pink), 2 < CCs, < 0.6 uM (dark pink), or < 0.6 uM (red); selective indexes
(ST) > 600 (green), 200 < SI < 600 (light green), 100 < SI < 200 (yellow green); 30 < SI < 100

(yellow); 10 < SI < 30 (light pink); 4 < SI < 10 (dark pink); or SI <4 (red).
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Figure 3.1 Chemical and space filling structures
Chemical and space filling structures of aUY 11, dUY 11 and twenty-five new RAFIs in three

orthogonal orientations. Gray, carbon; red, oxygen; blue, nitrogen; white, hydrogen.
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Figure 3.2 Most of the RAFI moieties can be replaced with chemically distinct ones
Bar graphs presenting ECs, of test compound relative to that of aUY11. Average + 95% confidence

interval (n = 3). Colors of the bars correspond the colors of the modifications shown below.
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Figure 3.3 Dimensions of the hydrophobic and polar moieties

Space filling structure of the RAFI aUY11 in three orthogonal perspectives, indicating
dimensions of the hydrophobic (A, pink) or polar (B, green) moiety. The cross sections of the
polar moiety (dimensions fand g) are larger than those of the hydrophobic moieties

(dimensions ¢ and d), giving the inverted cone shape.
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Figure 3.4 Antiviral activities depend on the length of the hydrophobic moiety

The antiviral (A, B) and cytostatic (C, D) activities of the RAFIs with modifications in the
hydrophobic (filled) and polar (open) moieties plotted against the length (A and C) or width (B
and D) of the hydrophobic moiety. Colors moieties as in Figure 2; circles, arabino; triangles,
deoxyribose; squares, other. Arrow, RAFIs with the same hydrophobic moiety as that of
aUY11. The antiviral activities of the 10 active compounds with distinct hydrophobic moieties

correlate to the length of the hydrophobic moiety (Pearson r -0.678, p 0.011).
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Figure 3.5 Antiviral activities were independent of two functional groups

A. Antiviral activities of RAFIs with (a) or without (b) 2’ hydroxyl group for compounds with
hydrophobic moieties i (aUY 11 and dUY 11, open circles), iii (2, open triangles), vi (5, open
squares), vii (6, closed circles), or viii (7, closed squares). 2" hydroxyl did not affect antiviral
activity (paired t-test p 0.98).

B. Antiviral activities of RAFIs with (a) or without (b) the pivaloyloxymethyl group for
compounds with polar moieties f (8, open squares), g (9, open triangles), 4 (10, closed squares),
or h (11, open circles). The pivaloyloxymethyl did not affect antiviral activity (paired t-test p

0.68).
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Figure 3.6 RAFIs with distinct hydrophobic and polar moieties intercalate into lipid
bilayers

Left: Absorbance spectra of aUY 11, or representative RAFIs with pyrenebutadiynyl (1a), polar
linker (6b), or small polar (8a) or hydrophobic (Sb) moieties. Insets: structure of the
hydrophobic moieties: arabinose (a), deoxyribose (b), or acetyl (f) polar moieties.

Right: Emission spectra of aUY11, or representative RAFIs in aqueous (blue) or non-polar
environments (octanol, black), or in aqueous environments containing liposomes (orange). The
spectra of dUY11, 6b, and 8a is similar in aqueous environments containing liposomes or in
hydrophobic environments, indicating that they intercalate into the hydrophobic environment
of the lipid bilayers. The spectrum of 5b is more similar in liposomes or aqueous buffer than in
hydrophobic environments (black on the x-axis), indicating that it does not intercalate into lipid
bilayers.

Absorbance and emission spectra of all compounds are shown in Appendix 3.
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Figure 3.7 Antiviral and cytostatic activities are independent

CCs, plotted against ECs, on logarithmic scale. There is no correlation between the antiviral
and cellular activities of the five compounds with EC;, < 20 uM and 0.6 uM < CC,, < 20 uM
(Spearman coefficient, 0.54; p 0.30). Colors moieties as in Figure 3.2; circles, arabino;

triangles, deoxyribose; squares, other.
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Figure 3.8 Dimensions of the polar moiety did not correlate with activity

The activities of RAFIs are plotted against the dimensions (A-C), surface area (D), or partition
coefficient (ClogP; E) of the polar moiety. Antiviral activities do not correlate with the
dimensions or polarity of the polar moiety (Pearson’s r 0.54, length [dimension e]; 0.18, width

[dimension f]; 0.07, depth [dimension g]; 0.24, Connolly surface area; or 0.59, ClogP).
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CHAPTER 4: DISCUSSION

Antivirals that act on lipids to target viral fusion have the potential to have broad-spectrum
antiviral activities with a high barrier to selection for resistance. However, only one clinical
antiviral may target viral lipids, docosanol. Several approaches to target viral lipids have already
been proposed. Antiviral compounds that appear to induce peroxidative damage to viral
phospholipids such as LJ001 and hypericin have broad spectrum activity against otherwise
unrelated envelope viruses (Prince et al., 2000; Wolf et al., 2010). Modulators of membrane
fluidity also have broad spectrum antiviral activities. Curcumin, a non-steroidal diarylheptanoid
found in turmeric, for example, intercalates in the lipid envelopes of HCV virions decreasing
fluidity, and resulting in deficiency in binding and fusion (ECso 8.46 uM) (Anggakusuma et al.,
2013). Glycyrrhizin, a compound from licorice root, which also decreases the fluidity of lipid
bilayers (Harada, 2005), is active at high micromolar concentrations against several unrelated
enveloped viruses, including HIV, IAV, VSV (Harada, 2005), and SARS (Cinatl et al., 2003).
The mechanism of action of the possibly lipid-targeting docosanol (Abreva), a 22-C saturated
alcohol approved for the treatment of HSV-1 infections (Sacks et al., 2001), remains unclear
(Spruance, 2002).

The RAFIs inhibit the infectivity of otherwise unrelated envelope viruses. They increase
the energy required for membranes to adopt negative curvatures and directly inhibit virion-to-
cell-fusion (Colpitts et al., 2013; St Vincent et al., 2010). Whereas cells also depend on fusions
through the hemifusion stalk, the RAFIs are not overtly cytotoxic and have no apparent effects

on intracellular fusions or mitosis (Colpitts et al., 2013; St Vincent et al., 2010).
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We propose that the RAFIs act by a mechanism that depends on their inverted cone
physical molecular shape. If this model is correct, then the activity would not depend on the
presence of specific chemical groups. In an alternative model, the perylene moiety of the RAFIs
may induce lipid peroxidation upon excitation by visible light, thus decreasing the fluidity of
viral envelopes, in turn resulting in impaired fusion (Vigant et al., 2014).

In this thesis, I describe the evaluation of twenty-five chemically distinct compounds with
overall similar shapes and physical characteristics to the lead RAFIs aUY11 and dUY11. While
this SAR study identified the critical requirements for activity and cytotoxicity, it also indirectly
tested the hypothesis that the RAFIs increase the activation energy by biophysical, rather than by
biochemical, mechanisms. The activity of the RAFI was found to be independent of most
chemical moieties, the perylene moiety in particular, but to correlate with the biophysical
characteristics in the moieties. In contrast, cytotoxicity was found to be determined by the
chemical groups in the polar moiety. Activity and cytotoxicity were thus found to be independent
of each other.

My hypothesis was that the RAFIs increase the activation energy required for fusion by
mechanisms depending on their inverted cone physical molecular shape, rigidity and
amphipathicity. If the mechanism of the RAFIs depends on these physical characteristics, then
other, chemically distinct compounds with similar biophysical characteristics would be expected
to have similar activities as aUY 11 or dUY11.

Consistently with the inverted cone shape model, I found that the RAFIs act independently
of most chemical moieties, including the perylene, ethynyl, and arabinose moieties. Nonetheless,
the carbonyl group on the 3-position of the uracil base could not be replaced by an amine.

Carbonyl groups have 8" polarity and accepts two hydrogen bonds, whereas amine groups have &
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polarity and donate two hydrogen bonds. Negative polarity or the ability to accept hydrogen
bonds may thus be requirements for the mechanism of action of the RAFIs. Activity was found
to depend on the length of the hydrophobic moiety. It was already known that RAFIs with a
smaller ethynyl pyrene moiety (6.1 A long) had lower potency than aUY 11 (ECso, 51 uM
[dUY2]; 40 uM [dUY3] (Orlov et al., 2016; St Vincent et al., 2010). I now show that activity
was recovered by extension of the linker, increasing the total length of the hydrophobic moiety to
10.3 A (ECso 73 nM, 1a). Intercalation of the hydrophobic moiety of the RAFIs to a depth of ~10
A may thus be required for their mechanism of action. Ten Angstroms would position the rigid
poly aryl group approximately two thirds into the hydrophobic core of the bilayer leaflet.
Inverted cone shape phospholipids with longer hydrophobic acyl chains inhibit virus-to-
cell fusion with lower potencies than those with shorter chains (Chernomordik et al., 1995b,
1997; Szule et al., 2002). For example, palmitoyl LPC (16:0), the acyl chains of which extend to
approximately 20 A into the lipid bilayer (Binder and Gawrisch, 2001), is more active than
stearoyl LPC (18:0), which reaches deeper in the bilayer (22 A) (Binder and Gawrisch, 2001).
Shorter hydrophobic moieties give such phospholipids a more pronounced inverted cone shape
(Chernomordik et al., 1995b, 1997; Szule et al., 2002). The RAFIs described here have even
shorter hydrophobic moieties. The optimal length of their hydrophobic moieties is at least 10.3
A, and activity does not decrease much with hydrophobic moieties of up to 12.3 A long, still
much shorter than that of palmytoyl LPC. It would be interesting to test in the future longer
hydrophobic moieties, such as compounds with ethynylpentacene (13.1 A, Figure 4.2)

hydrophobic moieties.
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The dimensions of the polar moieties of the compounds described in this study are within
the range of the dimensions of the polar head groups and backbones of common phospho- or
sphingolipids (Table 4.1, Figure 4.1).

Lipid bilayers adopt spontaneous curvatures according to the relative geometries of the
polar head groups and hydrophobic acyl chains. Any bending away from this spontaneous
curvature could result in disruption of the polar-hydrophobic interface, which is opposed by the
hydrophobic effect (Helfrich, 1973). When lipid leaflets deviate from the spontaneous curvature,
the radius of the acyl chains changes. To accommodate these differences in acyl chain radius,
lipid acyl chains splay (the two acyl chains of one lipid move away or towards each other) or tilt
(acyl chains bent away from the plane of the lipid leaflet) (Chernomordik and Kozlov, 2003;
Cohen and Melikyan, 2004). The requirement for rigid hydrophobic moieties of 10 A long (and
7.3 A wide) of the RAFIs may suggest an additional role to the inverted cone shape requirement,
in which the RAFIs act by posing a physical barrier to the acyl chain splay or tilt needed in the
negative curvatures.

Although compounds with hydrophobic moieties shorter than 10.3 A have decreased
potency, they still intercalate in lipid bilayers, (9.2 A, ECs0 2.3 uM [6a], 0.89 uM [6b]; 7.3 A:
12.4 uM [7a], 4.38 uM [7b]; 8.6 A: 1.06 uM [13]). These compounds may partition in lipid
bilayers less than compounds with longer hydrophobic moiety, resulting in lower membrane
concentrations. Alternatively, length of the hydrophobic moiety could be required for the

mechanism of action, as would be expected under the inverted cone shape model.

4.1.1 Requirement of rigidity and conjugation
The activity of the RAFIs depends on the rigidity of their hydrophobic moieties, as shown in

previous SAR studies (St Vincent et al., 2010) (Figure 1.3). Rigidity in the arabinose moiety did
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not increase activity, but it remains unclear if rigidity of the aromatic base is required for
activity. To test any requirement for rigidity in the base, RAFIs with flexible polar scaffolds
would be evaluated, such as cyclic diazine, or pyrroles, or non-cyclic amide moieties could be
synthesized and tested (Figure 4.2).

The base scaffold, ethynyl linker, and perylene moiety are part of a conjugated system,
which contributes to the rigidity of these moieties. Conjugation may thus also be required. Most
compounds in this study, including those with triazole linkers (5a-7b), have hydrophobic
moieties conjugated with the scaffold base. 12b, which has an oxygen in the linker, breaking the
conjugation, is not active, but neither does it intercalate into the lipid bilayers. Further SAR
studies should thus test the relative contributions of rigidity and conjugation. For example,
RAFIs with rigid, non-aromatic steroid scaffolds such as cholane replacing the ethynyl perylene
hydrophobic moiety (Figure 4.2), would test the relative contributions of rigidity and
conjugation. Similar RAFIs with cholesterol hydrophobic moieties have been tested (dUY 1,
dUY9, Figure 1.3) (St Vincent et al., 2010), but these compounds had polar carbonyl groups in
the hydrophobic moiety, however, which not surprisingly, led to lower potency (ECso 60 uM,

aUY1; >200 M, dUY1).

4.1.2 Bilayer intercalation

Intercalation in the lipid bilayer was required for activity. Compounds that did not intercalate in
lipid bilayers, had no antiviral, cytostatic or cytotoxic activities (Sa, Sb, and 12b). 12a
intercalates in lipid bilayers and is cytostatic but only weakly antiviral, indicating that bilayer
intercalation not sufficient. Polar additions to the hydrophobic moiety of 12a, resulting in

decreased amphipathicity and lower affinity with lipid bilayers, decreased cytostatic and
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disrupted antiviral activities (12b, Figure 3.1). Lipid bilayer intercalation is thus also required
for cytotoxicity.

Bilayer intercalation was not sufficient for activity, however. 1b, 2b, 8b, 11b and
13 intercalated in bilayers, but had >100-fold lower potency compared to aUY 11. The pyrene-
containing compounds 1a and 1b are very similar in structure and dimensions (Figure 3.1, Table
3.4), although their emission spectra differ. 1b has two distinct emission peaks in hydrophobic
environments, characteristic of pyrene moieties, which were not observed for 1a. Similarly, 2b
(deoxyribose; ECso 0.608 uM) has lower potency compared to its counterpart 2a (arabinose;
ECs0 0.031 uM). Whereas these compounds are highly similar in structure and dimensions, their
absorbance spectra differ. 2b is blue-shifted compared to 2a and does not absorb light at
wavelengths > 450 nm, whereas 2a does. This spectral shift was not observed for other
deoxyribose/arabinose counterparts 3a/3b, or for deoxyribose/ribose counterparts 6a/6b or
7a/7b. The peaks observed in the spectrum of 2b are instead more similar to those of 12b and 13,

both of which have polar oxygen atoms in the linker region.

4.1.3 Specificity for virus-to-cell fusion

Whereas viral and cellular fusions proceed through similar lipid rearrangements, the favorable
therapeutic indexes of the RAFIs indicate that viral fusion can be targeted in a manner that is
specific for virus-to-cell fusion. Cells tolerate RAFIs with different hydrophobic moieties,
including 2-ethynylperylene, 3-butadiynylperylene, butadynylpyrene and triazole perylene
moieties. In contrast, chemical modifications to the polar moiety were less well tolerated. For
example, RAFIs that had butylamide groups replacing the arabino moiety all reached CCso < 20
uM. A compound with a cytidine replacing the uracil moiety was also cytostatic (Table 3.4,

Appendix 2).
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If the RAFIs inhibited virus-to-cell and cellular fusions by the same mechanism, then the
antiviral and cytostatic activities would be correlated. However, there was no correlation
between antiviral and cytostatic activities between the six compounds with ECso <20 uM and
0.6 < CCso <20 uM (Spearman coefficient, 0.54; p 0.30, Figure 3.7). Compounds with ECso
from 30 nM to > 20 uM are equally non-cytostatic, whereas cytostatic compounds have ECso> 1
uM.

The mechanisms for specificity for virus-to-cell fusion but not for cellular fusions is not
yet fully understood, but two models have been proposed. In one, specificity is determined by the
differences in energy availability, vesicle diameter, or lipid composition between viruses and
cells, as described in section 1.4.7 (Colpitts and Schang, 2014; St Vincent et al., 2010). In the
other, it is determined by the capacity of cells to repair damaged membranes, another energy-
consuming process that extracellular virions cannot perform (Vigant et al., 2013).

Viral and cellular fusions differ in various ways. The energy for cellular fusion comes from
metabolism. SNARESs store energy from ATP to bring the fusing membranes in close proximity
and to destabilize them (Bombardier and Munson, 2015; McMahon et al., 2010). Cells also have
the ability to actively regulate and remodel membrane curvatures (Salzer et al., 2017). The
composition of the outer and inner leaflets of cellular membranes are tightly regulated by ATP-
driven lipases and flippases (Montigny et al., 2016). The prevalence of non-cylindrical, curvature
altering lipids are typically low in membranes, but is upregulated upon lipase stimulation
(Ivanova et al., 2001). Lysolipids have been found to be upregulated in cells with significant
exocytotic fusion events (Blaschko et al., 1967). SNAREs may actively recruit fusogenic lipids
to the fusion sites (Fratti et al., 2004; Wickner et al., 2017). Cells also use proteins to actively

modulate membrane curvatures. Some proteins stabilize curved membrane structures by the
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insertion of amphipathic domains in one leaflet of the bilayer (e.g. COPII), or by interacting with
membrane with curved protein surfaces (e.g. BAR-domains). Clathrin cages modulate the
curvature of cellular membranes by binding to membrane lipids (Zimmerberg and Kozlov,
2006). In contrast, viruses are metabolically inert. The energy available for viral fusion is
released solely by attachment, binding and rearrangement of their glycoproteins (Chernomordik
et al., 1998; Epand, 2003; Harrison, 2008; Mittal et al., 2003; White and Whittaker, 2016;
Zaitseva et al., 2005), and they cannot actively remodel membrane curvatures.

The lipid rearrangements during viral and cellular fusions are similar and both are inhibited
by inverted cone shape lipids. While the fusion proteins are different, as described above and in
section 1.4.1, they have functional and structural similarities. Like class I viral fusion proteins,
SNARESs bring membranes in close contact through the formation of coiled coils (Wesolowski
and Paumet, 2010). The SNARE TMDs also contribute to membrane destabilization, similarly to
the TMDs and fusion peptides of viral fusion peptides. Class II viral fusion proteins are structural
and functional homologs to the C. elegans fusion protein EEF-1, which is involved in embryonic
development (Pérez-Vargas et al., 2014). It is therefore surprising to find a small molecule that
inhibits virus-to-cell fusion with such discrimination against cellular fusions. The RAFIs could
be used as small molecule probes to study the critical difference between virion-to-cell and

cellular fusion, and in the process finding the mechanisms for the unexpected specificity.

4.1.4 Lipid peroxidation model

An alternative model for the mechanism of action of the RAFIs has also been proposed, in which
the RAFIs insert in the viral envelopes where they produce light-induced peroxidative damage,
resulting in virions that cannot fuse with cellular membranes (Vigant et al., 2014). In this model

absorption of visible light and the perylene moiety are required (Orlov et al., 2016; Vigant et al.,
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2013, 2014). The RAFIs would then damage lipids upon excitation by visible light, decreasing

the fluidity of viral envelopes, thus resulting in impaired fusion (Vigant et al., 2013, 2014). The
RAFIs do not overtly decrease membrane fluidity, however (Colpitts et al., 2013), and typically
neither do phospholipids (Jurkiewicz et al., 2012; Megli et al., 2009; Van der Paal et al., 2016).

Other antiviral compounds that damage virion envelopes upon exposure to light have been
identified. For example, LJ001, a rhodamine derivative, inserts in lipid bilayers where it
produces singlet oxygen species that peroxidize unsaturated fatty acid chains in the envelope
when exposed to light (Vigant et al., 2013; Wolf et al., 2010). Hypericin also produces singlet
oxygen (type II) and superoxide anion (type I) when exposed to light and has light-dependent
broad-spectrum activity against fusion of VSV, IAV, HIV, and Sendai virus, among others
(Lenard et al., 1993). Other such molecules are the porphyrins, which disrupt virion structure
through the generation of singlet oxygen (Guo et al., 2011). Porphoryns were are active against
HBV, HCV, and HIV, among others (Guo et al., 2011).

The activity of antiviral molecules proposed to act by peroxidative mechanisms increases
when their absorption shifts into the visible light (Vigant et al., 2015). Previous analysis of the
absorption spectra of four RAFIs led to the conclusion that absorption at visible spectra was
required for antiviral activity (Orlov et al., 2016). In that study, a RAFI with an ethynylpyrene
moiety which absorbed mostly in the UV spectrum and little at wavelengths > 400 nm, had
reduced activity (ECso, 980 nM [dUY?2] (Orlov et al., 2016)). I now reach the conclusion that
neither light absorption at visible spectra nor the perylene moiety are required. 1a, which lacks
the perylene moiety and absorbs little light at > 425 nm, retains good potency (ECso, 73 nM [1a],

Figure 3.6).
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4.2 Future directions

4.2.1 Explore the requirement for inverted cone shape

The current study evaluates the antiviral activities of chemically distinct compounds but with
overall similar physical features (i.e. inverted-cone shape, rigidity and amphipathicity) as aUY 11
or dUY11. Consequently, all RAFIs in this study are inverted-cone shaped. To test the
requirement for inverted cone shapes, future SAR studies may include compounds that have
either cylindrical or conical shapes. Under my hypothesis, such RAFIs would not be expected to
have antiviral activity. For example, compounds without arabinose moieties, have cylindrical
geometries. If the inverted cone molecular geometry is required for antiviral activity, cylindrical
compounds would not be expected to be active. Alternatively, if cylindrical compounds are
found to be active, then the intercalation of a rigid, planar hydrophobic moiety may be required,
either to generate lipid peroxidation (as proposed by Vigant, ef al., 2013), or to restrict acyl chain
rearrangements (as discussed in section 4.1.2)

Under the inverted cone shape model, RAFIs that have more pronounced inverted cone
shapes than that of aUY 11, such as compounds with hydrophobic moieties of smaller cross
sections than that of perylene would be expected to have higher potencies than aUY'11. For
example, anthracenes (length hydrophobic moiety, 11.1 A), tetracenes (12.1 A), or pentacenes
(13.1 A) instead of perylene could be synthesized and tested (Figure 4.2). While SAR studies of
RAFIs with these moieties can help determine the physical and chemical requirements of the
RAFTs, these moieties are not suitable in antivirals, as these moieties are carcinogenic.

Inhibition of fusion by inverted cone shaped lipids is reversed by the addition of cone

shaped lipids (Chernomordik et al., 1995b; Pécheur, 2007). If the inverted cone shape of the
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RAFTIs is required for activity, then co-treatment of the RAFIs with amphipathic molecules of
cone shaped molecular geometries would be expected to reverse inhibition. To test this model,
cone shaped lipids such as oleic acid at concentrations below toxic concentrations could be

mixed with RAFI treatments in lipid mixing fusion assays, as described previously (Colpitts et

al., 2013).

4.2.2 Further SAR studies to test the base scaffold

The SAR studies described in this thesis indicate that most of the chemical moieties of the RAFIs
are not essential. The nucleobase scaffold could not be replaced, however. Various factors may
contribute to the requirement of this moiety, such as the chemical composition, polarity, or
geometry. Further SAR studies are required to evaluate each of these properties.

One compound with a cytosine moiety replacing the uracil moiety had lower potency than
aUY11. Cytosine differs from uracil in that it has an amine group instead of the carbonyl uracil
group, which alters the polarity from 0~ to 6*. Future directions may include testing whether the
carbonyl group on the 3-position of the uracil moiety is required or whether it can be replaced by
other groups with similar polarity, such as alcohols or fluoride atoms (Figure 4.2). Other
chemical modifications could include small non-polar additions (e.g. methyl groups, Figure 4.2),

which were tolerated in the arabino moiety.

4.2.3 Explore the lipid peroxidation model

If the RAFIs acted by a photochemically activated mechanism, then they would not be active
when not exposed to light. Infectivity assays without any light exposure during or after RAFI
treatment are currently underway in our lab. Moreover, under the photochemical activation

model, lipid peroxidation would depend on the presence of unsaturated lipids. The RAFIs would
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thus not inhibit fusion between liposomes composed of exclusively saturated lipids. This model
can be tested in in vitro lipid mixing assays between liposomes composed of saturated lipids,
such as dipalmitoylphosphatidylcholine (DPPC). A similar assay, using unsaturated DOPC
liposomes fusing to each other, has already been established in our lab (Colpitts et al., 2013).
The mechanism of specificity of lipid peroxidants for viruses over cells is not known, or
even whether viruses are more sensitive to such antivirals than cells. Experiments that test the
relative sensitivities of viruses and cells to lipid peroxidation by radical peroxyl generators

AMVN and AAPH inactivates virions are currently underway in our lab.

4.3 Conclusion

Although lipid bilayer fusion is required for entry of all enveloped viruses, it is also required for
various cellular processes. It is generally accepted that virus-to-cell fusion and cellular lipid
bilayer fusion proceed through the same hemifusion state by the same core biophysical
principles.

Using a structure-activity relationship approach, I show in this thesis that chemically
distinct compounds that are amphipathic, rigid, and have inverted cone-shapes have similar
potencies against the infectivity of one enveloped virus, HSV-1. The mechanism of action of the
RAFTIs is therefore more consistent with biophysical rather than biochemical properties
determining their antiviral activities.

I identified the properties of the RAFIs required for antiviral activity and cytotoxicity,
including amphipathicity, chemical groups and sizes of the hydrophobic and polar moieties. The

perylene group or absorbance in the visible spectra are not required or sufficient. The favorable
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therapeutic indexes of these compounds indicate that lipid bilayer fusions can be targeted in a
manner that is specific for virus-to-cell fusions. The distinction between antiviral and cytostatic
activities of the RAFIs opens the possibility to the rational design of therapeutics that specifically

inhibit virus-to-cell fusions.
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Length, A Width, A Depth, A Connolly accessible surface area, A2

Arabinose-uracil 6.9 9.2 4.6 421
Sphingomyelin 9.2 8.6 4.8 552
Phosphatidic serine 7.2 10.7 2.6 513
Phosphatidic choline 6.6 9.8 4.8 453
Phosphatidic ethanolamine 7.4 10.1 5.5 416

Table 4.1 Dimensions and Connolly surface area of arabinose-uracil or the polar portions
(head groups and backbones) of common membrane lipids

Colors dimensions; same as in Table 3.4.
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Figure 4.1 Polar moieties of common membrane lipids and aUY11

Chemical and space filling structures of the aUY 11 polar moieties arabinose-uracil or the polar

lipid head group and backbone in three orthogonal orientations. Gray, carbon; red, oxygen;

blue, nitrogen; pink, phosphorus; white, hydrogen.
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Figure 4.2 Future SAR studies
Chemical and space filling structures in three orthogonal orientations. Gray, carbon; red,

oxygen; blue, nitrogen; yellow; fluoride; white, hydrogen.
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Appendix 1 Dose-response curves against HSV-1 infectivity

Cell monolayers were inoculated with virions pre-exposed to semi-logarithmic concentrations
of test compound. Average + SD (n = 3). Curves fitted by a symmetrical sigmoidal regression
Y =1/ (1 + 10%-1020C50) for which Y, relative infectivity; X, log [test compound]. Insets ECs,. 12

> (0.9 for all compounds with ECs, < 20 uM, except 1b, 2a, 7b, and 12a 0.8 <1< 0.9; and 11b
r2=0.53.
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Appendix 2  Cytotoxicity dose-response curves

Left: Absorption of formazan produced by cells exposed to semi-logarithmic concentrations of
test compound (20 #M, pink; 6 uM, orange; 2 uM, green; 0.6 uM, blue; DMSO, black).
Individual data points (compounds aUY11,dUY 11, 1a — 3b, 4b, 12a, 12b, and 13, n=3;
compounds 4a, 5a —11b, n=2); curves fitted by the non-linear regression Y = Y,**, where Y,
initial cell number (set to 1); k, growth constant in reciprocal hours; x, time in hours. r> > 0.9
and k < 0 for all curves except: 2a (0.59, 20 uM); 13 (0.55, 2 uM); 12a (0.13,20 uM; 0.52, 6
uM; 0.34,2 uM; 0.55,0.6 uM) and all k < 0.

Right: Doubling times in hours. In(2)/k and plotted relative to DMSO vehicle (set to 1); fitted
by linear regressions. The half cytostatic concentration (CCsy,) is defined as the concentration at
which doubling time doubles that of cells treated with DMSO vehicle (intercept with relative
doubling time = 2; CCy,). Toxic concentrations (k < 0) indicated with a red asterisk. r>>=0.9
[8a,8b,9a,9b, 10a, 11a]; 0. 8 <r>< 0.9 [aUY11, 5a,7b]; 0.7 <r*< 0.8 [dUY11, 2a, 3a, 10b];

0.6 <r*<0.7 [7a, 12a, 12b]; r>< 0.6 [1a, 1b, 2b, 3b, 4b, 5b, 11b, 13].
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Appendix3  Absorbance and fluorescence spectra of RAFIs

Left: Absorbance spectra of aUY 11, or representative RAFIs.

Right: Emission spectra of aUY 11, or representative RAFIs in aqueous (blue) or non-
polar environments (octanol, black), or in aqueous environments containing liposomes
(orange). * Graphs of representative RAFIs presented in Figure 3.6 presented here

again for comparison.
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