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Abstract

Reptilian reovirus (RRV) is one of a limited number of non-enveloped viruses capable of
inducing cell-cell fusion. A small, hydrophobic, basic, 125 amino acid fusion protein
termed p14, is encoded by the first open reading frame (orf) of a bicistronic viral mRNA.
Sequence comparisons to previously characterized reovirus fusion proteins identified p14
as a new member of the reovirus fusion-associated small transmembrane (FAST) protein
family.

pl4 contains several key structural and functional motifs. A C-proximal proline-
rich motif and N-glycosylation consensus sequence are not required for fusion activity,
whereas N-terminal myristylation of pl4 is an essential component of the fusion
mechanism. p14 is a Type III (Nexo/Ceyt) integral membrane protein. This topology results
in the co-translational translocation of the essential myristylated N-terminal domain of
pl4 across the membrane. Site-directed mutagenesis, circular dichroism and an in vitro
liposome fusion assay identified an N-proximal hydrophobic patch (HP) as a fusion motif
integral to the pl4-fusion mechanism. Solution NMR spectroscopy identified a -
structured loop near the N terminus, with the C-terminal residues remaining unstructured.
Certain substitutions in the HP that resulted in a fusion-minus phenotype also exerted a
dominant negative effect on authentic pl4-induced syncytium formation, suggesting p14
may multimerize. A co-immune precipitation assay indicated that pl4 forms
homomultimers. In vitro chemical cross-linking confirmed the close association of pl4
monomers, and suggested p14 may form dimers. The mechanism of p14-mediated fusion
depends on the presence of cholesterol in the plasma membrane. pl4 localizes to two
types of detergent-resistant membrane microdomains; however, fluorescence microscopy
suggested that a greater population of the protein resided in cholesterol-dependent
Lubrol-resistant membranes. It is possible that p14 may utilize Lubrol-rafts to target cell
membrane protrusions as its preferred site of fusion initiation.

Based on these studies, the following model for p14-mediated membrane fusion is
proposed. RRV pl4 adopts a membrane topology that externalizes its myristylated N-
terminal domain, allowing the fatty acid to associate with the exoplasmic leaflet of the
membrane. A critical number of pl4 multimers localize to cholesterol-rich Lubrol-
resistant membrane microdomains in non-planar regions of the plasma membrane. The
hydrophobic patch dehydrates the intercellular space and/or interacts with one or both
membranes, mediating membrane perturbation. The membrane-embedded myristic acid
reversibly dissociates from the donor membrane and/or interacts with the target
membrane, to increase membrane perturbation. The membrane-interacting regions of a
critical number of pl4 multimers mediate sufficient alteration of lipid bilayer structure
that membrane merger is the result. This study accentuates the diversity and unusual
properties of pl14 and the FAST protein family as a third distinct class of viral membrane
fusion proteins.
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Chapter 1
Introduction

Overview

Membrane fusion involves the merging of two lipid bilayers and a redistribution of
aqueous contents and bilayer components (reviewed in Section 1.1). The fusion reaction
proceeds through intermediates in which phospholipids are not arranged in bilayers and
monolayers are highly curved. These lipid intermediates are energetically unfavorable, as
biological membranes are submitted to strong repulsive hydration and electrostatic
barriers. In biological membrane fusion, fusion proteins overcome these thermodynamic
barriers.

Biological membrane fusion is both an essential and a tightly regulated process,
involved in enveloped virus entry, intracellular vesicle trafficking, fertilization, muscle
cell differentiation, and placenta formation (Blumenthal et al., 2003; Jahn ef al., 2003).
Viral and cellular fusion proteins not only overcome the thermodynamic barrier to
membrane merger, but also regulate where it occurs in space and time. Numerous models
of protein-mediated fusion suggest that the fusion protein(s) acts as a catalyst to lower the
activation energy barrier of unfavorable lipidic intermediates. Other models propose that
the fusion protein(s) directly mediates fusion by creating intermediate structures that are
comprised of the fusion protein itself. These models (Section 1.2), and membrane fusion
proteins from both enveloped viruses (Section 1.3) and cellular systems (Section 1.4) will
be discussed.

Select members of the Reoviridae family induce cell-cell fusion and

multinucleated syncytium formation in infected cells — a very unusual feature for a



nonenveloped virus. These fusion-associated small transmembrane proteins (FAST) are
not required for reovirus entry into the cell, and are not essential for the life cycle of the
virus. Investigation of these small, unusual, non-essential FAST proteins promises to
further our understanding of the minimal structural features of a fusion protein necessary
to catalyze the thermodynamically unfavorable process of membrane fusion, In this
study, the newest member of the FAST protein family, p14, has been identified and

characterized, and a working model of pl4-mediated membrane fusion is proposed.



1.1 Membrane fusion in pure lipid bilayers

1.1.A Membrane lipids

Membrane lipids are amphipathic molecules (described in Mathews and van Holde,
1996). Each lipid is comprised of a hydrophilic polar head group and two hydrophobic
fatty acid tails. The lipid bilayer is stabilized predominantly by entropy-driven
hydrophobic forces that promote the association of the non-polar fatty acid tails (Smith
and Haymet, 1993). Van der Waals interactions between the hydrocarbon regions of the
molecule act to further promote bilayer formation. The polar head groups associate with
water, giving membrane lipids the propensity to form micellar and bilayer structures in an
aqueous environment. The acyl chains of lipids can be saturated or unsaturated
hydrocarbons; often membrane lipids will have one of each. There are three classes of
lipids interspersed with cholesterol in biological membranes: glycerophospholipids,
sphingolipids, and glycosphingolipids (Mathews and van Holde, 1996). The structural
properties of the different membrane lipids influence their ability to function in biological
processes such as membrane fusion.

Glycerophospholipids

The polar head group (R) of each glycerophospholipid contains a phosphorylated
glycerol molecule (glycerol-3-phosphate). Two acyl chains are attached to the gl}./cerol.
The R group varies, and confers different biochemical and functional properties to
different members of this lipid class. Phosphatidic acid is the simplest member of this
group; all others are derivatives of this basic phospholipid structure.

Sphingolipids and glycosphingolipids



Sphingolipids are built on the long-chain amino acid sphingosine rather than glycerol-3-
phosphate. Fatty acid linkage to the amino group creates ceramide; further modification
to the hydroxyl group of sphingosine creates other structurally different lipids: e.g.,
addition of a phosphocholine group gives sphingomyelin. Sphingosine lipids that contain
sugar moieties attached to the sphingosine hydroxyl are called glycosphingolipids.
Cholesterol:

Cholesterol is structurally different from most membrane lipids. It is weakly amphipathic
due to its one hydroxyl group on a planar structure of fused cyclohexane (three) and
cyclopropane (one) rings. This gives cholesterol a bulky rigid structure, and the addition
of cholesterol to membranes tends to add rigidity and disrupt the regularity of the

membrane structure.

1.1.B Factors that promote/prevent membrane fusion

The study of membrane fusion in artificial lipid bilayers has lead to the identification of
some chemical and physical properties of lipids that influence their inherent propensity to
fuse. These properties will be introduced below, and expanded on further during the
discussion of models of membrane fusion. As well, lipid bilayers in close apposition are
subject to a number of opposing forces (Zimmerberg et al., 1993) which will be
discussed.

Electrostatic repulsion

Electrostatic repulsion exists between like charges on the polar head groups of membrane
lipids. In the case of natural membranes this force is only weakly repulsive (Stegmann et

al., 1989).



Van der Waals attraction

When hydrophobic regions of a membrane bilayer are exposed as a result of stress on that
membrane, this creates a Van der Waals attractive force between the hydrophobic
moieties. This force will promote membrane fusion, but only occurs at interbilayer
distances of approximately 1 nm (Helm et al., 1989).

Hydpration repulsion

At the interbilayer distances that precede membrane merger (1-3 nm), the major force
preventing molecular contact of lipids is hydration repulsion (Rand and Parsegian, 1984).
This force arises from the work it takes to remove the shell of water molecules bound to
polar head groups. This force is significant at interbilayer distances of 2 nm or less and it
increases exponentially as the distance between two opposing membranes decreases
(Stegmann et al., 1989). Chemical agents that reduce the hydration repulsion force
promote membrane fusion. For example, the divalent cation Ca 2 dehydrates the space
between phosphatidylserine (PS) bilayers by forming a trans complex with the negatively
charged phospholipid head group (Zimmerberg et al., 1993). Because of the strong
binding affinity of Ca * for PS, structural water is removed from the membrane surface
(Ohki, 1982). Similarly, the polymer polyethylene glycol (discussed below) dehydrates
the interbilayer space and promotes close aggregation of lipid membranes (summarized
in Lentz and Lee, 1999).

Membrane tension

Strong adhesion between membranes of fixed volume, or cross-linking of vesicles with
divalent cations, can increase the surface tension of lipid monolayers and promote fusion

(Ohki, 1982; Chanturiya et al., 2000). Bridging the polar groups of adjacent PS together



with Ca %" not only reduces hydration repulsion, but creates stress on the membrane, and
causes more hydrocarbons to be revealed to water. The surface tension of the bilayer
increases proportionally with the increase in overall hydrophobicity of the membrane
surface. Monovalent cations do not cause fusion of PS bilayers as they do not bridge two
polar groups to create the requisite membrane surface tension. In vitro application of
osmotic stress to a liposome membrane to achieve high membrane tension also promotes
fusion (Zimmerberg et al., 1993).

Spontaneous/intrinsic curvature

The lipid rearrangements that are believed to occur during the intermediate stage(s) of
membrane fusion involve non-bilayer structures. The ability of membrane lipids to form
such non-bilayer structures can be predicted by their molecular shape (Cullis et al., 1986;
Zimmerberg et al., 1993). Each membrane lipid possesses a different inherent shape, and
this shape predicts the propensity of a lipid monolayer to bend. Spontaneous or intrinsic
curvature is defined from the perspective of the hydrophobic interior of a membrane
bilayer looking out toward the polar headgroups. From this perspective, intrinsic
curvature is considered positive when concave, and negative when convex (Blumenthal et
al., 2003). The inherent shape of each membrane lipid is based on the volume occupied
by its polar head group relative to that of its fatty acid tails (cartooned in Fig 1.1).
Cylindrical shaped lipids (phosphatidylcholine or PC) tend to form planar bilayers of
negligible curvature. Inverted cone-shaped lipids (lysophosphatidylcholine or LPC)
possess a large polar group relative to their hydrophobic base, and prefer to form micellar
structures with intrinsic positive curvature. Cone-shaped lipids

(phosphatidylethanolamine or PE) have small polar head groups and prefer to form non-



bilayer phases such an inverted micelles and the hexagonal II (Hy) phase with
spontaneous negative curvature. The process of membrane fusion, in both artificial lipid
bilayers and in a biological setting (discussed more below), is sensitive to modulations of
lipid composition in a manner that correlates with the spontaneous curvature of the
membrane lipids (Roos and Choppin, 1985; Zimmerberg et al., 1993; Epand, 1997). For
example, an increased proportion of unsaturated fatty acids, PE, or phosphatidic acid
(PA) promotes spontaneous negative curvature and increases fusion, while the addition of
LPC promotes positive curvature and inhibits fusion (Zimmerberg et al., 1993; Epand,

1997; Hague et al., 2001).

1.1.C Techniques used to study membrane fusion

The overwhelming problem with the study of the molecular details of the membrane
fusion reaction is that it proceeds extremely rapidly (micro-milliseconds; Mayer, 1999;
Jahn et al., 2003). To overcome this hurdle, many techniques have been developed for the
study of membrane merger in vitro using pure phospholipid bilayers as the simplest
possible model system. Such model membranes have allowed the identification of
individual components and events in the membrane fusion process. Often investigators
attempt to slow or stall the membrane fusion reaction to observe the intermediate stages
of fusion. As well, biophysicists have inferred the structures of the intermediates
predicted to be involved in membrane fusion by theoretical calculation of the energy cost

of their formation. Some techniques used to study membrane fusion are discussed below.



Liposomes

The use of artificial membrane vesicles termed liposomes has provided much information
regarding how the chemical and physical propertics of lipids influence the fusion reaction
(Hague et al., 2001). Bilayers in water tend to form spherical vesicular structures in
which each monolayer is curved; the amount of curvature depends on both the intrinsic
curvature of the constituent lipids and the method used to make the vesicle (sonication,
extrusion, vortexing; Epand, 1997, 2003; Lentz and Lee, 1999). Liposomes arc created to
have different diameters: small unilamellar vesicles (SUVs) are 20 - 100 nm in diameter
and are created by sonication that introduces energy into the liposome. SUVs possess a
high degree of positive curvature in the outer monolayer and negative curvature in the
inner monolayer. The high stress and high energy of these vesicles makes them very
fusogenic in rcsponse to small perturbations (peptides, cations, PEG; Blumenthal et al.,
2003). Large unilamellar vesicles (LUVs; 100-500 nm in diameter) are more stable and
more accurately estimate parameters that affect cell-cell fusion. One of the great
advantages of such artificial systems is that the composition of the liposome can be
varied, and the effect of lipid composition on membrane fusion assessed. Lipid vesicles
are often trcated with potential fusogens (chemical, proteinacious) to study the effect of
various conditions on the fusion process (Epand, 1997, 2003; Lentz and Lee, 1999).
Planar phospholipid bilayers

The deposition of a lipid bilayer onto a flat surface creates a way to study membrane
fusion in a morc stable bilayer system and gives a close approximation of a cell
membrane. Fusion of phospholipid vesicles to planar phospholipid membranes

(Chanturiya et al., 1997, and references therein) mimics the fusion of an exocytic vesicle




with the plasma membrane or an enveloped virus with the host cell membrane. This
technique has also been used to study the early steps in fusion pore formation using
electrophysiological measurements of ion conductance across the bilayer (Epand, 1997;
Chanturiya et al., 1997).

Cation (Ca’*)-induced fusion of anionic (PS) lipid vesicles and acid-induced fusion of PE
lipid vesicles

Three steps have been identified in the membrane fusion process: aggregation, membrane
destabilization, and fusion. When the above approaches are used to study the steps of
membrane fusion, the aggregation and destabilization steps cannot be distinguished. For
example, calcium induces interbilayer dehydration required for liposome aggregation and
the membrane tension that is needed for outer leaflet destabilization. Thus, though these
assays have in the past been very useful (Okhi, 1982; Ellens et al., 1985), they will not be
discussed further.

Polyethylene glycol (PEG)-induced liposome aggregation

PEG is a hydrophilic polymer that dehydrates membrane surfaces, forcing close contact
between membranes and causing aggregation of liposomes and cells (Amold et al.,
1983). PEG induces near molecular contact between opposing membranes, but does not
modify the bilayer sufficiently to induce fusion (Lentz and Lee, 1999). Aggregated
liposomes do not fuse unless the bilayer is disrupted (Lentz et al., 1992), similar to what
has been observed for cellular fusion (cells 2-3 nm apart do not fuse). However, PEG-
aggregated phospholipid vesicles do fuse if the lipid packing density of the outer leaflet is
altered (Lee and Lentz, 1997b). This can be achieved by high intrinsic negative curvature,

acyl chain unsaturation in fusion-prone SUVs, small amphipathic peptides, or other
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factors that promote imperfect outer leaflet packing (Lentz and Lee, 1999). Thus PEG has
been used extensively to help understand the factors that allow two opposing lipid

membranes to progress from close apposition to fusion.

Assays to detect membrane fusion

Membrane fusion is measured by assays that detect both the merging of lipid bilayers and
lumenal continuity that accompanies merger of opposing membranes (Blumenthal ef al.,
2003). The assays have the advantage of being quantitative as well as qualitative.

Lipid mixing

Lipid-mixing assays assess when two lipid bilayers have merged and the lipids within
those bilayers begin to intermix. These assays can be used in artificial lipid systems
(Struck et al., 1981) or to monitor fusion of biological membranes (Hoekstra et al.,
1984). Lipid-mixing assays are based on the following principle. One population of
cells/liposomes is labeled with either a self-quenching concentration of a fluorescent dye
conjugated to a saturated hydrocarbon chain (e.g., octadecyl Rhodamine B chloride
[R18]) or with two fluorophores, an energy donor and energy acceptor (e.g., N-[7-nitro-
2,1,3-benzoxadiazol-4-yl] and N-[lissamine Rhodamine B sulfonyl], respectively)
coupled to the free amino group of phosphatidylethanolamine for incorporation into the
lipid bilayer. In the latter scenario, the emission band of the energy donor overlaps with
the excitation band of the energy acceptor. At high concentrations, the energy from a
photon absorbed by the energy donor is transferred to the energy acceptor, which
fluoresces as a result. These labeled membranes are then mixed with a population of

unlabelled cells/liposomes. Upon dilution of the R18 probe during fusion between labeled
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and unlaibeled membranes, there is a time-dependent enhancement of fluorescence
intensity. For the resonance energy transfer system, the increase in fluorescence emission
for the energy donor is linearly proportional to the amount of membrane mixing.
Lipid-mixing assays are widely used to study fusion in many systems.
Disadvantages of this approach include high background fluorescence and the fact that
redistribution of lipid probes can signify either complete fusion or hemifusion, where
only two contacting monolayers have merged. Advantages of this system include
sensitivity and the fact that R18 will spontaneously insert into membranes, allowing
labeling of biological membranes (Blumenthal et al., 2003).
Content mixing
Content-mixing assays monitor the mixing of aqueous contents of liposomes/cells.
Liposome:liposome fusion assays often use the fluorophore 1-aminonaphthalene-3,6,8-
trisulfonic acid (ANTS) and its quencher N,N'-p-xylylenebis(pyridinium bromide)
(DPX). In the ANTS/DPX assay, ANTS is encapsulated in one population of liposomes
and DPX in the other; when fusion occurs and lumenal contents of the liposomes
intermix, this results in the quenching of ANTS fluorescence (Ellens et al., 1985). The
linkage of fluorophores such as fluorescein isothiocyanate or tetramethylrhodamine to a
high-molecular-weight dextran followed by entrapping dextrans at self-quenching
concentrations provides another popular marker (Stutzin, 1986; Epand et al, 1999).
Loaded liposomes can then be assessed for fusion with empty liposomes or cells by
measuring the dequenching of the fluorescence that occurs as the labeled-dextran is
diluted.

Electrophysiological approaches
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Electrophysiological measurements are able to detect the opening of fusion pores less
than 2 nm in diameter with millisecond resolution. Whole-cell capacitance measures the
change in the capacitance of a cell (normally constant) when it increases as a result of an
increase in surface area. These measurements depend upon ion gradients across the
membrane being measured, and thus slow fluctuating alterations in capacitance suggest
small pore opening and closing (Zimmerberg et al., 1993). The conductance of a fusion
pore can be calculated from such electrical measurements of cells or planar lipid bilayers.
The early stages of fusion pore formation can also be assayed by measuring the passage
of hydrogen ions through a fusion pore from an unlabelled population of liposomes
preparated at low pH into a population of liposomes that has entrapped the fluorophore 8-
hydroxy-pyrene-1,3,6-trisulfonic acid (HPTS). The fluorescent intensity of HPTS
decreases at low pH, and the decrease is proportional to the amount of hydrogen ion
movement between two vesicles and is thus an indicator of fusion-pore formation (Lee
and Lentz, 1998).

Electron microscopy

Electron microscopy as a tool to study membrane fusion is limited due to the rapidity of
the reaction, but does remain an important tool to distinguish real fusion (indicated by

lipid mixing) from vesicle disintegration (Blumenthal et al., 2003).

1.1.D Membrane fusion of pure lipid bilayers
Despite extensive study of membrane fusion in vitro and in vivo, the lipid rearrangements

that need to occur in order to merge two bilayers, and the nature of the intermediate
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structures in the fusion reaction, remain a matter of debate. Several theories about the

nature of membrane fusion in pure lipid bilayers are discussed below.

The original stalk model of membrane fusion

Biological membrane fusion is believed to proceed through lipidic intermediate
structures; thus pure lipid bilayers have been used to estimate and investigate such
structures (Lentz and Lee, 1999). The most widely accepted model of the lipid
rearrangements that occur during the fusion reaction derives from the original theory
proposed by Kozlov and Markin (1983 [in Russian]; summarized in Kozlov et al., 1989;
Zimmerberg et al., 1993; Blumenthal et al., 2003; illustrated in Fig 1.2.A). This theory
suggests that if the hydration repulsion force is overcome, two bilayers in close
apposition fluctuate, and rather than remaining bilayer structures, the contacting outer
monolayers merge to form a stalk. The ‘stalk’ joins the lipid components of the outer
leaftlets of the two bilayers; the merger of these outer leaflets is termed hemifusion.
Hemifusion is defined as the merger of contacting monolayers without merger of inner
monolayers or fusion pore formation (Blumenthal et al., 2003). The net curvature of the
stalk structure (Fig 1.2.A) is negative, so the formation of this intermediate should be
favored by lipids with negative intrinsic monolayer curvature in the contacting leaflets
(Zimmerberg et al., 1993). In the stalk structure the inner monolayers are not merged, and
thus continuity between the two aqueous compartments is prevented. Subsequent to its
formation, the stalk is proposed to widen, forming a second intermediate called the
hemifusion diaphragm/septum or trans-monolayer (or trans-membrane) contact (TMC;

Siegel, 1999). Rather than form an extended septum, this intermediate ruptures into a
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fusion pore. In this environment, the formation of a fusion pore is promoted by lipids of
positive spontaneous curvature in the inner leaflet (Kozlov et al., 1989) and by factors
that increase membrane tension. Thus, membranes with outer leaflets comprised of
negative spontaneous curvature and inner leaflets with positive curvature are optimal for

fusion according to the stalk model (Zimmerberg et al., 1993).

Evidence from in vitro fusion systems that supports the stalk model

Lentz and co-workers have made significant contributions to the study of membrane
fusion in pure bilayer systems using PEG-aggregated small unilamellar phospholipid
vesicles (SUVs) (summarized in Lentz and Lee, 1999). In their experiments, PEG is used
to dehydrate the interbilayer space and bring SUVs into near molecular contact.
However, close contact between bilayers is not sufficient to induce fusion (Massenburg
and Lentz, 1993); fusion requires packing disruption of the outer leaflets of contacting
bilayers (Lee and Lentz, 1997b; Talbot e al., 1997). Perturbation of a vesicle with
phopholipase A2 (which hydrolyzes a small amount of lipid from outer leaflet of LUV)
or cardolipin (a diphosphatidylglycerol molecule which induces negative spontaneous
curvature due to its molecular shape) produces an imbalance in membrane lipid packing
and induces fusion of PEG-aggregated vesicles (Lee and Lentz, 1997b). LPC addition to
the outer leaflets of these vesicles reverses fusion, whereas the presence of LPC in the
inner leaflet has no effect (did not encourage or discourage fusion; Lee and Lentz,
1997b). Unsaturated fatty acid tails also promote fusion. These studies are consistent with

the stalk as a lipidic intermediate in the fusion reaction and hint that the stalk structure
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may be the high-energy intermediate, the formation of which requires large activation
energy.

A three-step mechanism for PEG-mediated phopholipid vesicle fusion was
proposed by Lee and Lentz (1997a): (1) the formation of a reversible intermediate that
consists of a dynamic mixture of two unstable forms, a hemi-fused stalk and a transient
small fusion pore (which at this stage both can still revert to the prefusion state); (2) the
stalk matures to a semi-stable hemifusion septum; and (3) irreversible formation of the
fusion pore occurs when the septum widens and becomes unstable. By measuring lipid
probe and proton redistribution between phospholipid vesicles, these authors determined
the time course, rate, and activation energy of each step (Lee and Lentz, 1997a; Lee and
Lentz, 1998). The activation energies for the first and last steps of the process are similar
to those observed in protein-mediated fusion systems (discussed below in Section 1.2),
suggesting that merger of the outer leaflets precedes merger of the inner leaflets,
consistent with the stalk model. The formation of a hemifusion intermediate prior to
complete fusion has also been observed experimentally in other protein-free systems
(Chernomordik et al., 1995a; Chanturiya et al., 1997). As well, other investigators used
proton transfer to show that fusion-pore flickering occurs in pure lipid bilayer systems,
suggesting that pore flicker does not result from the formation of a proteinacious channel
(discussed in Section 1.2). This observation further supports the assertion that membrane

fusion proceeds through a stalk-like hemi-fused lipidic structure.
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The energy cost of stalk formation

Both theoretical calculations and experimental evidence suggest that the stalk structure is
a high-energy intermediate of the membrane fusion reaction, likely to have a free energy
substantially larger than that of the pre-fusion state (stable lipid bilayers; Kozlovsky and
Kozlov, 2002; Epand, 2003). Theoretical estimates of this energy consider two major
contributions to the energy of the stalk: (1) the bending of planar monolayers into non-
planar structures; and (2), the formation of a void space in the stalk structure created by
the unequal bending of outer versus inner leaflets (Fig 1.2.A.; Siegel, 1993). The energy
cost of bending depends on the spontaneous curvature of the bilayer, while the energy
cost of the void space produced by this structure is based on the predicted surface area of
the void. Based on these theoretical calculations, the free energy of the stalk was
estimated to be so large (150-200 kT) that it was questioned whether this structure could

form during the fusion process (Siegel, 1993, 1999).

Resolution of the energy crisis of the stalk

Kozlovsky and Kozlov (2002) propose an alteration of the stalk structure that deals with
this energy crisis (Fig 1.2.B). Their new theoretical model is based on lipid tilt and
oblique packing of hydrocarbon chains with respect to the membrane. The free energy of
the stalk structure is estimated by theoretically calculating the energy needed to bend
planar monolayers so sharply that they accommodate the formation of a stalk structure
without creating any void space. This requires that individual lipid molecules that
comprise the stalk have to tilt relative to the plane of the bilayer, expose hydrophobic

regions to water, and elongate acyl chains. This tilting of lipids occurs at an energy cost,
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which is theoretically calculated from experimental data on the phase transition of lipids
from bilayer to non-bilayer structures. In this calculation, the energy of the stalk is
estimated without any assumption of void space, creating the new stalk structure shown
in Fig 1.2.B (Kozlovsky and Kozlov, 2002). This more realistically shaped stalk has
considerably lower energy relative to that of planar bilayers (45-50 kT for monolayers
with low spontaneous curvature) that can even become negative for bilayers of
substantial negative intrinsic curvature. In this new theoretical model, the overall area of
the stalk structure is reduced. As depicted, the modified stalk fulfills the definition of
both a stalk and a hemifusion diaphragm at the same time (Fig 1.2.B). With the very first
merger of the outer leaflets of two fusing bilayers, the inner monolayers are already
deformed so that they touch one another (as previously described for the hemifusion

diaphragm/TMC; Kozlovsky and Kozlov, 2002).

Experimental observation of a stalk-like structure

The unstable and highly transient nature of lipidic intermediates of membrane fusion has
made their direct observation difficult; thus, the lipid rearrangements have been inferred
from theoretical calculations. Yang and Huang (2002, 2003) present the first direct
observation of a stalk structure to validate these theoretical models. Diphytanoyl
phospatidylcholine (DPhPC; a lipid with negative spontancous curvature) bilayers were
spread on a flat substrate and exposed to high humidity; under these conditions the lipid
formed a stack of parallel bilayers (3.5 nm thick) intercalated with water layers (1 nm
thick). Direct dehydration was used to induce contact between two apposing bilayers.

When the relative humidity was reduced to 70-80%, point contacts occurred between
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bilayers, and the two contacting monolayers merged into a stalk-like structure in a regular
three-dimensional pattern. This regular array allowed the authors to use crystallographic
techniques to determine the three-dimensional structure of the stalk-like structure at low
resolution. Further reduction in humidity gave a diffraction pattern consistent with the
inverted hexagonal (Hy) phase of lipids, confirming speculation that the stalk was an
intermediate state between the lamellar and Hy phases. These studies provide the first
experimental confirmation of the stalk hypothesis of membrane fusion and suggest that
the stalk structure is the natural consequence of molecular contact of two bilayers with
sufficient spontaneous negative curvature. Further study by Yang ef al. (2003a)
determined that the stalk-like structure also exists in lipid mixtures of
dioleoylphosphatidylcholine (DOPC) and dioleoylphosphatidylethanolamine (DOPE),
but that this intermediate phase between lamellar and H; exists only for a certain range of
spontaneous negative curvature (ratio of DOPC:DOPE must not exceed 1:2). The
observation of a distorted hexagonal phase in the multi-component lipid bilayers also
implies that lipid components may adjust their local concentrations to alter local
spontaneous curvature in a manner that allows the minimal energy structure to form.
This suggests that perhaps the energy of membrane fusion intermediates may be lower
than calculated theoretically, as spontaneous curvature may not be a constant in a mixed
monolayer. In a biological situation, this implies that the local adjustment of membrane
lipid composition (by lipid diffusion or flip-flop) may have a significant fusion-

promoting effect.
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1.2 Biological membrane fusion

1.2.A Biological membranes

Biological membranes are inherently stable, composed of a complex mixture of lipids
that provide plasticity and adaptability to the environment (Stegmann et al., 1989;
Blumenthal et al., 2003). Different cell types contain different proportions of each lipid
molecule, giving function-specific roles to membranes for many cell types. This has
important implications for processes such as cell signaling, membrane permeability, and
membrane fusion. Biological membranes are also asymmetric. Generally, the
extracellular leaflet of a plasma membrane or the lumenal leaflet of an organelle
membrane is rich in lipids with zero intrinsic curvature (phosphatidylcholine,
spingomyelin), while the cytosolic leaflet is comprised of lipids with intrinsic negative
curvature  (phosphatidylethanolamine, ~phosphatidylserine). ~ Glycolipids such as
glycosphingolipids are found in the outer leaflet of the plasma membrane (Mathews and
van Holde, 1986). This distribution results in a cell membrane that is highly stable, and a
cytoplasmic vesicle that is fusion-prone. In addition, the cell surface is decorated not only
with glycolipids, but also with glycoproteins that together form a hydrated glycocalyx
estimated to be 30-40 nm thick, preventing the aggregation of two opposing cell
membranes (Springer, 1990). However, on the basis of electron microscopy we know that
cell membranes must come into close contact for fusion to occur (Knutton and Pasternak,
1979). Even upon dehydration, the large size of cell surface structures such as adhesion

molecules that project perpendicularly from the cell surface (ranging in size from 5-30
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nm; Springer, 1990) also prevents the close molecular contact that must precede fusion.
Despite this, intermembrane distances vary depending on the site of the cell surface, and
can decrease to approximately 3-7 nm for point contacts of microvilli and gap junctions

(Springer, 1990, and references therein).

1.2.B Biological membrane fusion

It is a generally accepted belief that biological membrane fusion is protein-mediated.
What, then, is the role of the fusion protein? Fusion proteins provide specificity to the
membrane fusion reaction, and limit its occurrence in time and space (Blumenthal et al.,
2003). Fusion proteins are often involved in mediating close apposition of two
membranes. Fusion proteins reduce the energy barrier that prevents membrane fusion, a
barrier that appears to be higher in a biological system than in a pure lipid bilayer. How
fusion proteins do this remains a mystery. Do these proteins lower the activation barrier
to fusion because they raise the energy of the reactants by destabilization of the prefusion
bilayers, or do they lower the energy cost of the intermediate state(s) in the fusion
reaction? For viral membrane fusion, it has been suggested that triggered conformational
alterations in fusion protein structure provide energy to drive the membrane fusion
reaction (Carr and Kim, 1993; Weissenhorn et al, 1999). If so, how is this
conformational energy captured, or if fusion proteins can lower the activation energy
barrier that prevents the membrane fusion reaction, is a direct input of energy even
required (Epand, 2003)? Finally, do fusion proteins act like catalysts, by promoting the
formation of lipid-based structures that precede membrane merger, or do they play a

direct role in forming the fusion pore structure? The discussion that follows attempts to
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answer some of these questions by illustrating current models of protein-mediated fusion.
Though the focus of this discussion is the catalytic role of fusion proteins and how they
mediate the lipid rearrangements that precede membrane merger, evidence that suggests
fusion proteins are directly required for the formation of a proteinaceious fusion pore will
also be discussed. In sections 1.3 and 1.4, the fusion proteins that mediate this reaction
will be examined in more detail. This discussion is intended to provide sufficient
backgroud information regarding protein-mediated membrane fusion to allow the reader

to appreciate the unique nature of the reoviral FAST protein family member named p14.

1.2.C The fusion pore is a fluctuating lipid junction between two lipid bilayers held

in place by a protein scaffold

Fusion of pure lipid bilayers is similar to biological fusion

Lee and Lentz (1998) used PEG-mediated fusion of pure lipid bilayers to study the
kinetic steps of the membrane fusion process and determine the activation energy
associated with each step. They determined the activation energy for the creation of the
stalk intermediate to be 37 kcal/mol; this value is very similar to that calculated for the
process of fusion between vesicular stomatitis virus (VSV) and erthyrocyte ghosts (42
kcal/mol; Clague et al., 1990). The series of kinetic steps of fusion in a pure bilayer
system are the same as those for biological fusion: the formation of an initial, transient
fusion pore, redistribution of lipid indicating hemifusion, and redistribution of small, then
large, aqueous compartment markers (Zimmerberg et al., 1994, Blumenthal et al., 1996;

Lee and Lentz, 1997a, 1998; Chanturiya ef al., 1997; Leikina and Chernomordik, 2000,
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Frolov et al., 2000). In PEG-aggregated model membranes, fusion will not proceed until
the activation energy barrier that prevents merger is lowered, often by raising the energy
of the prefusion state through altered bilayer curvature (Lee and Lentz, 1997b). As with
fusion of pure lipid bilayers, membrane curvature also affects protein-mediated fusion; it
is inhibited by the addition of lysophosphatidylcholine to the outer leaflet and promoted
by oleic acid (a cis-unsaturated fatty acid with negative intrinsic  curvature;
Chernomordik ef al., 1999). The activation energy of the third step in membrane fusion
of model membranes, fusion pore formation, was calculated by Lee and Lentz (1998) to
be 22 kcal/mol, whereas Oberhauser et al. (1992) calculated the energy of this process for
secretory granule release as 23 kcal/mol. This correspondance again argues that fusion

pore formation proceeds by the same lipidic rearrangement in both systems.

Influenza hemagglutinin is a prototype fusion protein
Since the determination of the influenza virus membrane fusion protein, hemagglutinin
(HA) structure to a resolution of 3 A in 1981 (Wilson et al., 1981), many of the detailed
models of protein-mediated membrane fusion are based on the study of HA. Though this
protein and its components that contribute to membrane fusion activity are discussed in
greater detail in Section 1.3, along with other examples of viral fusion proteins, it is
introduced here to discuss HA-mediated membrane fusion models.

The HA protein is a trimeric Type I integral membrane glycoprotein embedded in
the influenza virus lipid envelope. Each trimer consists of three copies of two disulfide-
linked subunits: HA1, the receptor-binding domain, and HA2, the fusion domain. HA at

neutral pH (Wilson et al., 1981; shown in Fig 1.3.A, C) was crystallized without its
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transmembrane and cytoplastic domains. The HA trimer extends 130 A perpendicularly
from the virus envelope. The stalk of the structure is comprised of a triple-stranded o.-
helical coiled coil that stabilizes the trimer (HA2), while the HA1 domain forms a
globular B-structured head (pictured in Fig 1.3.C). In its neutral pH form, the three N-
terminal fusion peptides of HA2 are buried in the trimer interface 35 A from the viral
membrane. In the acid-exposed HA (lacking the transmembrane and cytoplasmic
domains and the N-terminal HA2 hydrophobic fusion peptide), the coiled-coil stalk has
extended and the fusion peptide is extruded from its buried location; it is believed to
interact with either the target cell membrane or the viral envelope (Bullough et al., 1994;
shown in Fig 1.3.B, C). The refolding reaction of HA, as inferred from crystallographic
structures, occurs as follows (Bullough et al., 1994; Chen ef al., 1999; Tamm, 2003). The
anti-parallel helices that lie on the outside of the native structure are connected by long
loops to the N-terminal end of the central coiled coil dissociate and extend the central
coiled coil. The N-terminal half of the central coiled coil remains intact while the C-
terminal region (proximal to the viral envelope) is reorganized and turns 180° to pack in
anti-parallel fashion against the central coiled coil. These two conformational changes
result in a redirection of the N- and C-termini of HA2 from the bottom to the top of the
coiled coil, where they interact to form a cap structure (Chen et al., 1999; compare Figs

1.3.A and B).

Cast-and-retrieve model
This model suggests that the HA protein uses membrane anchors in both the viral

envelope (the transmembrane domain) and the target cell membrane (the fusion peptide)
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to bend the two opposing membranes (Zimmerberg et al., 1993). Membrane tension
becomes so large that it is more energetically favorable for these two opposing
membranes to merge into a stalk structure than to remain as closely opposed highly
curved bilayers. In the prefusion state, the two membranes are at a minimum of 130 A
apart (the height of the HA molecule). Upon exposure to low pH, the fusion peptides are
released from their buried position. The fusion peptide region (to be discussed further in
Section 1.3.D) is 20 amino acids in length; however, the 15 amino acids C-terminal to the
hydrophobic peptide are believed to form a B-structured tethering sequence. Taken
together, these 35 amino acids can extend, at maximum, a distance of 119 A (axial length
of 3.4 A per residue) from its original location in the native structure (35 A above the
surface of the viral membrane; Wilson et al., 1981) (summarized in Zimmerberg et al.,
1993). The fusion peptide (100 A away) is within reach of the target membrane, where it
is proposed to insert. The interaction of the fusion peptide with the membrane is
thermodynamically favorable, releases energy, and causes secondary structural alteration
of the N-terminal 21 amino acids into an a-helix. The discrete structural alteration of
these 21 amino acids from an extended form to an o-helix causes a contraction of 40 A,
and exerts a bending force on the target membrane. If the fusion peptides of several HA
trimers act in concert, the force generated could pull the target membrane 30-40 A closer
to the viral envelope. The tension of the fusion peptide as a result of this contraction
could force the HA molecules to tilt outward, in turn bending the viral envelope outward
toward the target membrane. According to this model, the curvature of both membranes

(in the area encircled by the HA proteins) becomes so great that it is more favorable for
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the two membranes to interact, thereby relieving the membrane tension that results from

such extreme bending of bilayers (Zimmerberg et al., 1993).

Spring-loaded model

Since the determination of the acid-exposed HA structure, extensive study on the role of
the conformational rearrangement of HA has attempted to couple protein structural
remodeling with the lipid rearrangements that occur during membrane fusion. The spring-
loaded model has become widely accepted; it suggests that the native form of HA is a
kinetically trapped metastable structure (Carr and Kim, 1993; Weissenhorn et al., 1999;
discussed further in Section 1.3.B). This model is based on a spring-loaded mechanism
because the prefusion structure of HA is primed for a conformational rearrangement that
leads to membrane fusion (Eckert and Kim, 1997). When exposed to acidic pH,
metastable HA undergoes triggered structural alteration to the low energy form
crystallized by Bullough et al. (1994) and Chen ez al. (1999) (sometimes referred to as
the six-helix bundle). In this model, structural rearrangement of HA achieves the
following: (1) the previously buried fusion peptide is repositioned 100 A by extension of
the central coiled coil at the N terminus and is believed to interact with the target
membrane; (2) the C-terminal o-helical region refolds and makes a 180° turn that
reorients the remaining C-terminal helices antiparallel to the central coiled coil (Fig
1.3.A-C). These two changes generate the low energy form of HA and place the fusion
peptide and transmembrane anchor at the same end of the molecule. The energy provided
by the 2™ conformational alteration of the HA trimer (reorientation of the C-terminal

helix-hinge) is believed to mechanically pull the two membranes close enough together
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that the stressed bilayers will first form a stalk, followed by a fusion pore. Due to the
high-energy barrier that prevents membrane fusion, this model suggests that the
cooperation of several HA trimers recruited to the fusion site will be required. If these
conformational rearrangements pull the two membranes together, the interbilayer
distance would be reduced from 130 A to 15 A (the diameter of a triple-stranded coiled
coil), overcoming much of the hydration repulsion force and creating surface membrane
tension to promote lipid rearrangement (Weissenhorn et al., 1999). The central dogma of
this model, that the acid-induced conformational change of HA, through the formation of
extensive coiled coils, can release adequate free energy to overcome the barriers to

membrane fusion (Blumenthal et al., 2003), is discussed further in Section 1.3.B.

Dimple model

Kozlov and Chernomordik (1998) suggest a mechanism by which the acid-induced
conformational change of the HA trimer mediates the release of the fusion peptide, which
then inserts into the viral envelope, not the target cell membrane. Thus, the conformation
of HA that is usually considered to be inactive is of primary importance in this model.
Extension of the HA coiled coil pulls on the inserted fusion peptide (similar to that
proposed in the ‘cast-and-retrieve’ model, except that the fusion peptide is embedded in a
different membrane) and causes the membrane surrounding each HA trimer to bend in a
saddle-like shape. To minimize membrane tension, the HA-containing membrane
elements cluster into a ring. The cooperative effect of a ring of HA molecules provides
sufficient pull to the HA-containing membrane that the protein-free membrane central to

the protein ring responds to the membrane bending stresses by inducing outward
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dimpling of the viral envelope or the HA-expressing membrane. The growth of this
membrane dimple toward the target membrane provides close contact between opposing
membranes. The top of the dimple is a region of highly stressed membrane with
considerable curvature; bending stresses at the top of the dimple facilitate stalk formation
as the dimple reaches the opposing membrane. This model provides the link missing in
other models of protein-mediated fusion by directly coupling protein structural
remodeling with the rearrangement of lipid bilayers. Because the HA molecules are
excluded from the top of the dimple, the fusion reaction proceeds by the same lipid

rearrangements observed in protein-free bilayers (Chernomordik ez al., 1999).

Hydrophobic defect

In a variation on the theme of the dimple model, Bentz (2000a) suggests that the
conformational change of HA is coupled with the formation of a hydrophobic defect in
the viral or HA-expressing membrane. Thus, fusion peptides that insert in the viral
envelope are considered in this model. After insertion, extension of the central coiled coil
extracts the fusion peptide from the outer monolayer of the viral envelope and redirects it
100 A towards the target membrane, where it embeds. For an isolated HA molecule, the
hydrophobic defect created in the outer leaflet of the viral envelope will be quickly filled
by lipid diffusion. For those fusion peptides in a group of HA molecules, the aggregated
transmembrane domains will restrict lipid flow (restricted hemifusion; Chernomordik et
al., 1998; Leikina and Chernomordik, 2000), creating a hydrophobic defect that exposes
both lipid acyl chains and non-polar residues of HA transmembrane anchors to water

(Bentz, 2000a). As the defect cannot be relieved by recruitment of lipid from the viral
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membrane, lipid from the outer monolayer of the opposing target membrane is recruited,
creating the first fusion intermediate, a stalk. The fusion peptides embedded in the target
membrane may facilitate this process. This model proposes that fusion will not progress
without a sufficiently large aggregate of HA molecules at the site of initiation because the
transmembrane domains of HA are required to restrict lipid flow into the hydrophobic
defect.

The hydrophobic defect model shares some similarities with the dimple model
proposed by Kozlov and Chernomordik (1998; also described in Chernomordik et al.,
1999). However, the dimple model does not describe a role for the state of restricted
hemifusion, deemed as the necessary precursor to fusion pore formation, while
unrestricted hemifusion represents a dead-end pathway (Chernomordik et al., 1998;
Leikina and Chernomordik, 2000). Nonetheless, the two models are not mutually
exclusive and can be combined as follows. Insertion of the HA fusion peptide into the
viral membrane, and subsequent coiled-coil rearrangements of HA cause the central
membrane to dimple outward (Kozlov and Chernomordik, 1998), after which the ring of
HA molecules at the site of dimpling will tighten and restrict lipid flow to the central
membrane. At this point, the dimple can no longer grow outward, and the tension of the
coiled coils pulling on the fusion peptides will extract a proportion of the hydrophobic
peptides from the viral membrane, resulting in their insertion into the target membrane
(Bentz, 2000a). A stalk could then form from the combination of the incomplete
membrane dimple and the hydrophobic void that recruits lipids from the target membrane

to heal the defect (Bentz, 2000a).
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1.2.D A transient protein fusion pore is followed by a lipidic pore
HA- or influenza virus-mediated fusion is preceded by the formation of small transient
pores in the target membrane (less than 26 A in diameter, not large enough to allow
passage of 3-kDa dextran; Bonnafous and Stegmann, 2000). These small pores persist
after pH neutralization (designed to stop the acid-induced conformational rearrangement
of HA) and stay open for minutes to hours, suggesting that they arc proteinaceous
(Stegmann, 2000). In the model, Bonnafous and Stegmann (2000) propose that these
initial fusion pores form anywhere in the target membrane and are comprised of a cluster
of HA fusion peptides. Upon further aggregation of HA molecules and complex
formation, a larger pore forms that allows leakage of dextran molecules out of the target
liposome. When ‘leakage pores’ come into contact with the viral/HA-containing
membrane, fusion is initiated. It is suggested that the edge of the expanding pore in the
target membrane contains exposed hydrophobic regions that are thermodynamically
unfavorable, and thus the leakage pore recruits lipid from the outer leaflet of the viral
membrane. From here, membrane fusion proceeds according to the stalk model,
beginning with the formation of a hemifusion diaphragm (Bonnafous and Stegmann,
2000).

The evidence in support of the formation of a transient proteinacous pore also
supports the suggestion that fusion proceeds through lipidic rearrangements that are
restricted by a ring of HA molecules. This state has been termed restricted hemifusion,

and is defined as an absence of lipid mixing or fusion-pore formation that can be revealed
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by transformation into complete fusion when treated with certain amphipathic molecules
or hypotonic shock (Chernomordik et al., 1998; Chernomordik ef al., 1999; Leikina and
Chernomordik, 2000). Restricted hemifusion, and hemifusion in general, is not expected
to result in the leakage of target liposomal contents that was observed (Stegmann, 2000;
Bonnafous and Stegmann, 2000), supporting the assertion that early pores may be
proteinaceous. Conversely, the kinetic steps of membrane fusion described for pure lipid
bilayers also include the occurrence of small transient pores before lipid mixing or
content mixing are observed (Lee and Lentz, 1997a), indicating that early pores may be

lipidic in nature.

1.2.E The fusion pore is proteinaceous until lipid is recruited to break the protein
ring

Most theories relating to the intermediates in membrane fusion propose that such
intermediates are mediated, either exclusively or predominantly, by lipidic structures.
However, a recent study using a candidate cellular fusion protein implicated in yeast
vacuolar fusion has revitalized debate over whether the central intermediates in the fusion
reaction are lipidic or proteinaceous. This candidate fusion protein is VO, the hydrophobic
subunit of the vacuolar ATPase (Peters et al., 2001). VO is a proteolipid, a protein that
can be extracted along with membrane lipids into chloroform-methanol (Zimmerberg,
2001). The model proposes that dimerization of two trans VO complexes in opposing
vacuolar membranes forms a gap-junction-like structure, which then opens radially to
allow the inclusion of lipid molecules into the pore. Models of fusion based on HA and

other viral proteins do not support this new model. It is difficult to imagine how the
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transmembrane domains of HA and other fusion proteins would form a pore/channel; not
only do these sequences lack any channel-forming motif, but the amino acid sequences of
the transmembrane domains of viral fusion proteins (both within and between viral
families) are variable. GPI-linked HA that lacks a transmembrane anchor is unable to
mediate complete fusion (see Section 1.3.C), yet still causes the formation of small
transient pores that are experimentally similar to those formed by authentic HA.
Furthermore, the conductance of the initial fusion pores in both protein-mediated fusion
and pure lipid bilayers varies greatly. In contrast, proteinaceous pores would be expected

to have more fixed conductance levels due to uniform pore size.

1.2.F Summary of models

From the preceding discussion of various models of protein-mediated fusion in biological
systems, the predominant role of a fusion protein emerges as a membrane-merger
catalyst, unlikely to be a direct component of the membrane fusion intermediate state
(e.g. fusion pore). Membrane fusion proteins are clearly believed to alter the activation
energy barrier that prevents spontaneous membrane merger, but how this is accomplished
(by altering the energy of the lipidic intermediates of fusion or by direct input of energy)
is still a matter of debate. As the majority of the models discussed here were based on the
viral fusion protein, HA, (with the exception of the protein pore model, based on V0), a
comparative evaluation of other fusion proteins is warranted. The following two sections
therefore discuss important components of both viral (Section 1.3) and candidate cellular

(Section 1.4) membrane fusion proteins to broaden a prespective of how membrane
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fusion proceeds in all biological systems. This study will then contrast the features of

these membrane fusion proteins with those of the FAST protein pl4.
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1.3 Fusion proteins encoded by enveloped viruses

1.3.A An introduction to viral fusion proteins
All enveloped viruses encode a membrane fusion protein(s) that is embedded in the viral
envelope. These proteins are essential for the virus life cycle, as they are responsible for
mediating effective entry of the virus particle into the host cell. Penetration of the host
cell membrane occurs by membrane fusion of the viral envelope with the plasma or
endosomal membrane. The membrane fusion activity of these proteins must be tightly
controlled to ensure that the fusion process occurs at the right time and in the right place
(White, 1990). Thus, fusion proteins are activated by triggers such as receptor binding,
co-receptor binding, and/or endosomal acidification. For the remainder of this review,
the precise regulation of these proteins and their importance in the virus life cycle will be
ignored. Instead, the discussion will focus on the properties of these proteins that play
important roles in the ability to facilitate membrane merger.

Viral fusion proteins have been classified into different groups predominantly on
the basis of their structure. Those fusion proteins for which detailed structural
information is lacking are classified on the basis of similar strucutral motifs or

biochemical characterization.

Class I fusion proteins:
Class I viral fusion proteins form rod-like structures that extend perpendicularly outward

from the viral membrane as visualized by electron microscopy (Dutch et al., 1999;
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Weissenhorn ef al., 1999). In the case of HA, immunoelectron microscopy with domain-
specific monoclonal antibodies showed that the transmembrane anchor and N-terminal
fusion peptide are at the same end of the molecule (Skehel et al., 1982; Weissenhorn et
al., 1999, and references therein). These rods are a-helical and very stable. Using x-ray
crystallography and NMR techniques, partial structures of many Class I viral fusion
proteins have been solved (references in Table 1.1; Fig 1.4.A). These stuctures are based
on synthetic peptides of the heptad-repeat regions of the protein or the bacterially
expressed fusion-protein ectodomain (membrane-interacting regions, and in some cases
with hinge regions removed). In all the Class I proteins, a central coiled coil comprised of
the N-terminal heptad repeat is observed, and the three C-terminal o-helices often pack
antiparallel to the central coiled coil (Skehel and Wiley, 1998; Fig 1.4.A). This structure
is termed the six-helix bundle and results in the localization of the N-terminal fusion
peptide and the C-terminal transmembrane anchor at the same end of the molecule. For
mouse hepatitis virus (MHV), the crystal structure has not been solved; however,
synthetic peptides of the heptad repeats form an a-helical rod-like structure 14.5 nm in
length as determined by electron microscopy (Bosch et al., 2003).

Influenza HA is the only viral fusion protein for which there is structural
information available for both pre- (neutral pH) and post- (acidic pH) fusion states (Fig
1.3.A-C). This has led to the structure-based proposed conformational changes described
in Section 1.2 (Wilson et al., 1981; Bullough et al., 1994; Chen et al., 1999). For other
Class 1 proteins, the structural details of the triggered conformational change are not
known. However, human immunodeficiency virus Type 1 (HIV-1) gp4l, simian

immunodeficiency virus (SIV) gp41, Moloney murine leukemia virus (MMLV) TM, and
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Ebola virus GP2 all adopt a low-energy structure similar to the low-pH form of HA,
leading to speculation that similar conformational remodeling occurs for all Class I fusion
proteins (Skehel and Wiley, 1998; Weissenhorn et al., 1999; Fig 1.4.A). This structural
information is supported by biochemical studies that use synthetic peptides of the heptad
repeat regions to inhibit the conformational change (to be discussed in Section 1.3.B). By
analogy with HA, all Class I fusion proteins are thought to exist in two conformations: a
metastable form complexed with the receptor-binding domain and a low-energy six-helix

bundle.

Table 1.1 Class I viral fusion proteins

Virus Virus Protein | Reference(s) for structural characterization
Family

Influenza | orthomyxo | HA2 Wilson et al., 1981; Bullough et a/.1994; Chen et al., 1999

HTLV retro gp21 Kobe et al., 1999

MMLV retro gp21 Fass et al., 1996

Visna retro ™ Malashkevich et al., 2001

HIV-1 retro gp4l Chan et al., 1997; Tan et al., 1997; Weissenhorn et al., 1997

SIV retro gp4l Caffrey et al., 1998; Malashkevich ef al., 1998; Yang et al., 1999

Ebola filo gp2 Weissenhorn et al., 1998a,b; Malashkevich et al., 1999

MHV corona S2 Bosch et al., 2003 **proteomic and biochemical approach

SV5 paramyxo | F1 Baker et al., 1999

HRSV paramyxo | F1 Zhao et al., 2000

NDV paramyxo | F Chen et al., 2001

Class Il viral fusion proteins

Class II fusion proteins do not extend perpendicularly to the viral membrane in rod-like
stem structures, are not rich in a-helix, and do not form coiled coils. These proteins are
completely different in structure from the Class I proteins. From electron microscopy and

X-ray crystallographic studies on both isolated fusion protein (soluble ectodomain




36

portion) and the whole virus, the structure of many of these proteins has been solved
(references in Table 1.2; example in Fig 1.4.B). Class II proteins lie flat against the viral
envelope to create an icosahedral scaffold (often in combination with another
glycoprotein) that covers most of the viral surface. Each monomer is composed of three
predominantly B-structured domains. These proteins do not possess N-terminal fusion
peptides; instead, the sequences that are predicted to be fusion peptides are contained
within a loop structure at the distal end of domain II. In the native structure of the tick-
borne encephalitis virus (TBEV) E homodimer, the fusion-peptide loop of one monomer
is constrained by a disulfide bridge and buried by the carbohydrate chain of the other
monomer (summarized in Heinz and Allison, 2001; Fig 1.4.B).

The Semliki Forest virus (SFV) particle icosahedral shell comprised of viral
glycoproteins rearranges upon exposure to low pH (Haag er al, 2002). The
rearrangement facilitates the alteration of the EI1:E2 heterodimer into the EI
homotrimeric form involved in mediating membrane fusion (Gibbons et al., 2003), and
tilts the E1 protein outward from the viral envelope. Recently, the structure of the soluble
El homotrimer was described using both electron microscopy and crystallographic
techniques (Gibbons et al., 2003). The implications of the triggered structural remodeling
of the Class II fusion proteins for the fusion mechanism, analogous to the coiled-coil

rearrangements of Class I fusion proteins, will be discussed in Section 1.3.B.
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Table 1.2 Class II viral fusion proteins

Virus Virus Protein Reference(s) for structural characterization
Family

SFV toga E1 Lescar et al., 2001; Haag et al., 2002; Gibbons et al., 2003

Dengue flavi E Kuhn et al., 2002

CSFV flavi E2 Garry and Dash, 2003 **proteomics approach

TBEV flavi E Rey et al., 1995

Hepatitis C | flavi E2 Garry and Dash, 2003 **proteomics approach

Unclassified fusion proteins from enveloped viruses

The fusion mechanism of many enveloped viruses remains undetermined. For members
of the herpesvirus family, four glycoproteins (gB, gD, gH, gL) are required for virus-cell
and cell-cell fusion; thus, dissecting the role of each protein in the fusion pathway is
complex (Muggeridge, 2000). The mechanism of fusion requires that gD bind one of a
number of possible receptors (Pertel et al., 2001), and is regulated by the anti-fusion
activity of another glycoprotein, gK (Avitabile et al., 2003). The fusion mechanism of
vaccinia virus involves a 14-kDa protein that is present on the surface of intracellular
mature virions (Gong et al., 1990). This protein is a trimer and contains a central coiled
coil, but lacks a membrane-spanning domain and an obvious fusion peptide (Vazquez et
al., 1998; Vazquez and Esteban, 1999) The vaccinia virus pl4 protein is anchored to the
membrane by protein-protein interactions with a 21-kDa membrane-spanning protein
(Rodriguez et al., 1993). Hepadnaviruses (hepatitis B virus, duck hepatitis B virus)
encode three or two versions of the surface glycoprotein, respectively. The smallest
glycoprotein, small surface antigen (SsAg), is believed to mediate the membrane fusion
event required for entry. A fusion peptide has been defined at the N terminus of this

protein. Though there is no structural information available for this protein, it is a
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polytopic membrane-spanning protein and thus is unlikely to adopt a structure that is
similar to that of either Class I or Class II proteins (summarized in Cooper et al., 2003).
There is no x-ray crystallographic or NMR spectroscopic information for the G
protein of the rhabdoviruses, vesicular stomatitis virus (VSV) and rabies virus (RV)
(Gaudin et al., 1995). Like Class I fusion proteins, G is a trimer, but the oligomeric
stucture of G is not stable and at neutral pH the protein exists in equilibrium between
monomeric and trimeric states (Zagouras and Rose, 1993). Like Class II fusion proteins,
the fusion peptide of G is internal to the amino acid sequence of the protein (Whitt ez al.,
1990, Zhang and Ghosh, 1994). Upon exposure to low pH, the G protein undergoes a
conformational rearrangement that stabilizes the trimer; however, unlike Class I and
Class II protein remodeling, these structural changes are reversible (Gaudin et al., 1991;
Gaudin, 2000). This feature alone sets this protein apart from other viral fusion proteins,
and has prompted investigators to suggest that the rhabdoviruses encode a third distinct

class of fusion proteins.

Table 1.3 Unclassified viral fusion proteins (no structural information)

Virus Virus Protein Reference(s) — descriptive no structure
Family

Vaccinia pox 14 kDa Gong et al., 1990; Vazquez and Esteban, 1999

HSV-2 herpes gD, gB, gH, gl | Muggeridge, 2000

Rabies rhabdo G reviewed in Gaudin et al., 1995

VSV rhabdo G reviewed in Gaudin et al., 1995

HBV hepadna SsAg Cooper et al., 2003

1.3.B Viral fusion proteins are metastable
Many investigators believe that viral membrane fusion proteins are metastable structures

that are poised to undergo fusion-mediating structural rearrangement in response to an
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appropriate trigger (Carr and Kim, 1993; Weissenhorn et al., 1999). As described in
section 1.2, the spring-loaded mechanism of HA-mediated fusion suggests that
conformational alteration from the kinetically trapped high-energy structure to the low
energy form drives the thermodynamically unfavorable process of membrane fusion. The

evidence that supports and contradicts this model will be discussed.

Support for the role of metastability

Many viral fusion proteins are synthesized as precursor proteins (e.g. HAO) that fold and
oligomerize in the endoplasmic reticulum, and are subsequently proteolytically cleaved
(e.g. to HA1 and HA2) during trafficking to the cell surface. For members of Class I
(influenza HA, Ebola gp, paramyxovirus F, and HIV-1 env), proteolytic cleavage
produces two domains, a gobular receptor-binding domain and a membrane-anchored
rod-like fusion domain, that remain covalently or non-covalently associated
(Hallenberger et al., 1992; Volchkov et al., 1998; Weissenhorn et al., 1999, and
references therein). This cleavage event is essential for the infectivity of these viruses. It
places the fusion peptide at or near the N terminus of the fusion domain, and is believed
to generate a fusion protein that is trapped in a metastable folding state by virtue of
interactions with the receptor-binding domain (summarized in Weissenhorn et al., 1999).
Class II fusion proteins are not proteolytically cleaved from a precursor form, but are
synthesized in association with a second glycoprotein, the cleavage of which is required
for fusion. During synthesis in the endoplasmic reticulum, the El spike protein of
Semliki Forest virus (SFV) associates with the transmembrane precursor protein p62 to

form a heterodimer; the two proteins traffic together to the plasma membrane. P62 is
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processed by proteolytic cleavage into the E2 and E3 subunits (the mature spike protein is
a trimer of E1/E2 heterodimers), and this cleavage is required to activate the E1 subunit
for fusion (Zhang et al., 2003). For the alphavirus termed Sindbis virus, proteolytic
cleavage of the precursor PE2 is required for fusion-protein E1 activation and infectivity
(Smit et al., 2001). Proper folding of the flavivirus Tick-borne encephalitis virus (TBEV)
E protein can only be achieved when it is coexpressed with the envelope glycoprotein
prM (precursor of M) as a heterodimer. Co-synthesis with prM promotes the correct
folding of E (Lorenz et al., 2002). The subsequent proteolytic cleavage of prM is required
to activate membrane fusion (Stadler et al., 1997).

Not only is proteolytic cleavage required to generate the active form of both the
Class I and Class II fusion proteins, but many investigators believe the cleavage event is
essential to generate a native form of the protein that is metastable, and that then
remodels in response to a fusion trigger. Does the conformational rearrangement that
occurs when these proteins are triggered drive the fusion reaction, or does the trigger
simply generate a ‘fusion-active’ conformation of the protein that can mediate membrane
merger independently of the refolding reaction itself? Synthetic peptides that interact
with different regions of the coiled coil, differential binding of monoclonal antibodies,
and altered sensitivity to proteinase K, were used to map the structural remodeling of
Class I proteins that occurs with fusion (Doms et al., 1985; White and Wilson, 1987; Puri
et al., 1990). Studies on the energetics of refolding suggest that the six-helix bundle is at
a lower energy than the native structure and that the refolding reaction is thus irreversible
(Carr and Kim, 1993). Intrinsic fluoresence demonstrates a remarkable alteration in trp-

fluoresence melting profile of influenza HA at neutral and acid pH (Rugroik et al., 1986;
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Remeta et al., 2002). Raising the temperature or adding denaturants has been shown to
induce an HA structure that is indistinguishable from the low pH form (Ruigrok et al.,
1986; Carr et al., 1997). Elevated temperature was also associated with activation of
fusion for paramyxoviruses (Wharton et al., 2000). Mutations that disrupt formation of
the coiled coil, or weaken interactions that are involved in six-helix bundle formation,
abolish fusion (Wild et al., 1994; Weng and Weiss, 1998; Qiao et al., 1999; Gruenke et
al., 2002). Synthetic peptides that bind to the heptad-repeat regions of Class I fusion
proteins also prevent the formation of the six-helix bundle and abolish fusion (Joshi et al.,
1998). All this evidence points to the importance of the structural transition that occurs in
response to the fusion trigger, but does not answer whether it is the transition itself or the
final conformation of the protein that is required for fusion.

Peptide-inhibition studies indicated that six-helix bundle formation is directly
coupled to the merging of membranes. These results support a structural transition of
HIV-1 gp41 and SV5 F1, and not the end product of this transition, that is required to
facilitate fusion (Melikyan et al., 2000; Russell et al., 2001). In an investigation of the
temporal order of HIV-1 gp41 six-helix bundle formation relative to the formation of the
fusion pore, Melikyan et al. (2000) discovered that formation of the six-helix bundle is
coincident with fusion and cannot be detected before fusion-pore formation. Russell ez al.
(2001) used N- and C-terminal heptad-repeat synthetic peptides and LPC-mediated fusion
arrest to show that, for the SV5 F1 protein, the formation of the six-helix bundle structure
and fusion are concurrent events. These studies support the role of structural remodeling
of a metastable protein to a low-energy form as an integral component of the fusion

mechanism.
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The presence of heat or urea did not induce fusion at neutral pH for the Class II
fusion proteins of SFV (E1) and TBEV (E), though both proteins demonstrated a
remarkable change in intrinsic fluorescence melting profile at different pHs (Gibbons ez
al., 2000; Stiasny et al., 2001). The El protein structure was altered after this treatment
and subsequent virus infectivity was abolished (Gibbons et al., 2000). The post-fusion
structure, the E1/E homotrimer, was highly resistant to the same treatment, suggesting its
increased stability relative to native dimer. These authors suggest that, like Class I fusion
proteins, the Class II proteins E1 and E adopt a native folding state that is metastable;
however, the conformational alterations required to mediate fusion by Class II viruses are
more complex than for Class I (Gibbons et al, 2000; Stiasny et al., 2001). The
unclassified fusion protein, duck hepatitis B virus SsAg, contains a sequence that
connects the first two transmembrane domains of the polytopic protein. This domain can
also traverse the membrane, suggesting an alternative mechanism of fusion peptide
exposure (the fusion peptide is at the N terminus, and extends into the first membrane-
spanning domain). This structural alteration may create a spring-loaded structure in the
native state, similar to that described for Class I and II fusion proteins (Grgacic ef al.,

2000).

Evidence against the role of metastability

A construct of the murine coronavirus JHMV with a mutated protease-cleavage site
(prevents proteolytic processing of the S protein into functional S1 and S2 subunits) was
expressed using vaccinia virus and transient transfection. The cleavage-minus S protein

caused a delayed onset of fusion, yet fusion still occurred despite the fact that no S1/52
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cleavage products were detected (Taguchi, 1993). That proteolytic cleavage of a
precursor fusion protein is not required to prime the fusion domain suggests that the
native state of the S protein may not be metastable, or that metastability is not essential
for fusion ability. Similarly, a recombinant Ebola virus was engineered to lack the
proteolytic cleavage site that generates gpl and 2. This recombinant virus was viable,
suggesting that the cleavage event is not essential (Neumann et al., 2002). The
glycoprotein G, encoded by the rhabdoviruses VSV and rabies virus, is not synthesized as
a precursor; thus, no activating proteolytic cleavage event occurs to prime these proteins,
again contradicting the essential role of a metastable protein in the fusion process.

The rhabdovirus G protein also lacks distinguishing structural features (e.g. coiled
coils) to place it in one of the defined classes of fusion proteins. The VSV G glycoprotein
clearly undergoes conformational rearrangements when exposed to acidic pH, as
demonstrated by intrinsic fluorescence and binding of a fluorescent probe (Crimmins et
al., 1983; Carneiro et al., 2001). The conformational change increases exposure of a
hydrophobic region. However, the fusion process of G protein has been shown to be
reversible; that is, the low-pH-triggered conformational changes that do occur
concomitant with fusion are not irreversible end products. This suggests that the
rhabdoviral G protein is not metastable in its native state (Crimmins et al., 1983; Clague
et al., 1990; Gaudin, 2000). The thermal stability of the native and low-pH form of VSV
G as determined by Trp—ﬂuorescence melting profiles at neutral and acidic pH do not
differ (Yao et al., 2003). Furthermore, the membrane fusion activity of G is not induced
by heat or denaturant, further suggesting that the native G protein is not in a metastable

state (Yao et al., 2003).
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Recent investigations have used differential scanning calorimetry (DSC) to re-
evaluate the proposed metastability of native HA, as an isolated protein or in intact virus
particles (Epand and Epand, 2002, 2003; Remeta et al., 2002). The unfolding of a protein
that is in a kinetically trapped high-energy state is an exothermic process and should
result in the release of energy that can be measured by DSC. However, neither isolated
HA nor whole influenza virus particles exhibited an exothermic unfolding process. This
result contradicts a central dogma of the spring-loaded model of membrane fusion, that
the native fusion-protein structure alters in a manner that provides energy to the fusion
reaction. Epand and Epand (2002, 2003) suggest an alternative role for the
conformational rearrangements of HA that do occur and are required for the fusion
mechanism. Exposure of HA to acidic pH correlates with a change in tertiary structure, a
greater susceptibility to proteinase K digestion, and a loss of trimer stability in SDS
(Epand and Epand, 2002). Thus, perhaps the ‘fusion-active’ HA is a dissociated trimer.
Though the HA molecule rearranges in response to low pH, the native form of this
protein is not in a metastable state as a consequence of the HA1 subunit constraining the
HA2 from adopting an extended coiled-coil and six-helix bundle structure (Epand and
Epand, 2003).

In summary, numerous lines of evidence are beginning to contradict the belief
that the native state of fusion proteins such as HA exists in a metastable conformation,
and that the structural remodeling of this protein provides energy to drive the fusion
reaction. As will be discussed further, the reovirus FAST proteins also do not appear to
have the size or structural capability to undergo energy-producting alterations in

structure.
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1.3.C Membrane-interacting region I: the transmembrane anchor

Though many of the studies on viral membrane fusion proteins focus on the role of
structural remodeling of the ectodomain, the role of the membrane-interacting regions of
these proteins is equally important to the fusion process. Current research on the
importance of the transmembrane anchor supports two different theories: (1) this region
serves an anchoring role, and/or (2) this domain is involved in the fusion process,
specifically fusion-pore formation.

Pioneering studies that substituted the transmembrane domain (TMD) of
influenza HA and HIV-1 gp4l with a glycophosphoinositol (GPI) anchor (to create
constructs GPI-HA and GPI-gp41, respectively) pointed to the essential nature of this
domain (Salzwedel et al., 1993; Kemble ef al., 1994). GPI-HA and GPI-gp41 mediate
hemifusion, not complete fusion, as fusion pores do not form. Armstrong et al. (2000)
show that the TMD must completely span the lipid bilayer for complete fusion to occur
(minimum length 17 residues); if not, only hemifusion takes place. It is possible that the
TMD must be tightly anchored into the viral membrane to provide the requisite
membrane tension for the hemifusion diaphragm to proceed to a fusion pore. Leikina and
Chernomordik (2000) speculate that HA-GPI may not be able to cause the restricted
hemifusion required for the fusion process. As a result, the lipid-anchored HA protein
progresses down the alternative, dead-end pathway of unrestricted hemifusion.

As viral fusion proteins possess distinct TMD with different motifs, it is difficult
to pinpoint the properties within this domain that may be essential for fusion-pore

formation (Schroth-Diez et al., 2000). To test whether a precise amino acid sequence was
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required, Melikyan et al. (1999) constructed chimeric proteins comprised of the intact
HA ectodomain and different combinations of TMD and cytoplasmic tail (CT). These
combinations included the TMD and/or CT of HA itself, or that of an unrelated integral
membrane protein (polyimmunoglobulin receptor; PIRG). The chimeric HA protein with
a foreign TMD supported fusion, suggesting that one role of this region is to provide a
stable anchor. However, the ability of the chimeric HA to mediate fusion was dependent
on the combination of TMD and CT in the molecule, suggesting a more complex role.
Though fusion-competent chimeric molecules indicate there is wide latitude in the nature
of the TMD that can support fusion, certain constructs of HA that contained amino acid
substitutions within the TMD abolished fusion (Melikyan et al., 1999). The VSV G
protein TMD requires two glycine residues for fusion-pore formation (Cleverley and
Lenard, 1998). Individual alteration of each glycine residue reduced fusion activity, while
constructs containing two altered glycine residues demonstrated a hemifusion phenotype.
This suggests that at least one TMD gly residue is necessary for late events in the fusion
process. Interestingly, gly residues are more than twice as abundant in the TM domains of
viral fusion proteins than in those of non-fusion proteins (Table 1.4). Cleverley and
Lenard (1998) propose that a glycine hinge increases compression and negative curvature
of the viral envelope and expansion of the hemifusion diaphragm until the perturbed
lipids form a fusion pore. Substitution of a proline (with gly, ala, or val) in the TMD of
the Moloney murine leukemia virus (MMLYV) env protein dramatically impaired fusion
(Taylor and Sanders, 1999), also supporting this model. On the other hand, when the
TMD of a fusion protein (VSV G) was replaced with a TMD from any of four different

unrelated proteins, fusion activity was retained (Odell et al., 1997). However, each of the
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substituted transmembrane-domain sequences was glycine-rich, making it difficult to
interpret these results. Mutagenesis of the transmembrane domain of gH, one of the four
glycoproteins that is required for herpesvirus-mediated cell-cell fusion, abolished
syncytium formation when expressed along with gB, gD, and gL. Specific substitution of
conserved glycines within this TMD also impaired cell-cell fusion (Harman ef al., 2002).
Thus, the debate regarding the role of the transmembrane anchor in the fusion process
remains. Although it is clear that a variety of membrane-anchoring sequences can
substitute for the TMD of fusion proteins and mediate function, it is possible that this
domain requires a particular amino acid character (rich in glycines and other small amino
acids; Odell et al., 1997).

The effect of a synthetic peptide of the VSV G TMD on PEG-mediated fusion of
SUVs was assessed (Dennison et al., 2002). The TMD peptide enhanced the rate but not
the extent of lipid mixing, while a mutant peptide (essential di-glycine motif altered to di-
alanine) significantly inhibited the extent of fusion-pore formation. These authors suggest
that the authentic TMD peptide stabilizes non-lamellar structures to promote fusion-pore
formation (Dennison et al., 2002), which underscores the important role of the TMD in

the fusion process.
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Fusion Protein Transmembrane anchor sequence Reference

(glycine residues in bold)
Influenza A HA2 | QILAIYSTVASSLVLLVSLGAISFWMCS | Veitetal, 1991
HIV-1 gp4l IFIMIVGGLVGLRIVFAVLSIVN Willey ez al., 1986
Sendai F1 TVITIIVVMVVILVVIIVIVIVLY McGinnes and Morrison, 1986
RSV F1 IMITTIIIVIIVILLSLIAVGLLLYC McGinnes and Morrison, 1986
NDV F1 ALITYIVLTIISLVFGILSLVLACYLMI | Chambers et al., 1986
Measles F1 IVYILTAVCLGGLIGIPALICCC Buckland et al., 1987
SV5 VLSIIAICLGSLGLILIILLLLSVVVW McGinnes and Morrison, 1986
MMLV TM SPWFTTLISTIMGPLIVLLMILLFGPCI | Ragheb and Anderson, 1994
Dengue E EI;SLSVSLVLVGVVTLYLGAMVQA Deubel et al., 1986
SFV El ISGGLGAFAIGAILVLVVVTCIGL Garoff et al., 1980
Sindbis E1 LFGGASSLLIIGLMIFACSMMLTST Dalgarno et al., 1983
Rabies G YVLMTAGAMIGLVLIFSLMTWC Seif et al., 1985
VSV G SSIASFFFIIGLIIGLFLVL Brun et al., 1995

1.3.D Membrane-interacting region II: the fusion peptide

There are a number of criteria that define a fusion peptide. These segments are often rich

in glycine residues and, for the Class 1 fusion proteins, are found at or near the N

terminus of the fusion protein domain (Durell e al., 1997; Skehel et al, 2001). In

contrast, Class II fusion proteins and the rhabdoviral fusion proteins locate fusion

peptides internally, within the amino acid sequence of the fusion protein (Whitt et al.,

1990; Shome and Kielian, 2001). These internal fusion peptides are often less

hydrophobic than those located at the N terminus (Whitt e al., 1990; Zhang and Ghosh,

1994). Mutation of the fusion-peptide region often leads to loss of fusion activity of the

protein (Zhang and Ghosh, 1994; Frederickson and Whitt, 1995; Delos and White, 2000;

Delos et al., 2000; Allison ef al., 2001; Cross et al., 2001; Epand et al., 2001a). Synthetic
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peptide analogues of the fusion peptide motif possess membrane destabilizing activity
and the ability to mediate lipid mixing in vitro (Epand, 2003). Finally, these regions are
usually highly conserved within fusion proteins encoded by different virus strains within
the same family, though they have little homology with fusion peptide motifs from
disparate families (Nieva and Agirre, 2003).

The hydrophobic nature of N-terminal fusion peptides precludes the use of x-ray
crystallography and solution NMR spectroscopy for the resolution of the structure of this
region (Yang et al., 2001), To prevent fusion-protein aggregation in aqueous solution, the
Class I fusion proteins used for crystallization lacks this N-terminal hydrophobic region
(Table 1.1). In contrast, internal fusion peptides were not removed from the native
structures of Class II fusion proteins, and localize to looped regions in their high-
resolution structures (Rey et al., 1995; Lescar et al., 2001; Kuhn et al., 2002).
Spectroscopic techniques such as circular dichroism (CD) have been used to assess the
secondary structure of fusion-peptide analogues, and for the influenza HA this region
appears to be uniformly a-helical when inserted into the membrane at an oblique angle
(summarized in Wharton er al., 1988; Liineberg et al., 1995; Epand, 2003). CD
techniques have been less informative for the HIV-1 gp41 fusion peptide, as different
experiments have shown different secondary-structure propensity (Martin ef al., 1993;
Martin et al., 1996; Yang et al., 2001). However, the recent use of solution NMR
spectroscopic techniques on a soluble version of the HA fusion peptide indicates that the
membrane-inserted fusion peptide undergoes conformational rearrangement when acid-
exposed. The first 10 amino acids form an o-helix at both neutral and acidic pH and

residues 11-13 form a turn, and redirect the peptide so that it forms a wide V. The C-
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terminal region is disordered at neutral pH and adopts a short (residues 14-18) 3¢-helix at
low pH (Han et al, 2001). This inverted-V structure places the bulky hydrophobic
residues into a pocket within the V, and a ridge of glycine residues on the surface-
exposed edge of the N-terminal o-helix (Tamm, 2003). This helix-hinge-helix motif has
also been predicted for the HIV-1 gp41 fusion peptide (derived from FITR spectroscopy
of a 1*C-labeled fusion peptide; Gordon et al., 2002).

A major role of the conformational alteration in structure of both Class I and
Class I fusion proteins in response to the fusion-activating trigger is to release the
previously buried fusion peptide to allow it to interact with either the target or viral
membrane. With acid-exposure, the fusion peptide of HA moves approximately 100 A
relative to the rest of the molecule (Carr and Kim, 1993). The fusion-mediating structural
rearrangement of the Class II fusion proteins involves a redistribution from dimer to
trimer of the proteins that comprise the icosahedral scaffold (Haag et al., 2002). This is
believed to facilitate the subsequent interaction of the internal fusion peptide (located in a
small loop at one end of each monomer, buried in the dimer and exposed upon
trimerization) with the membrane (Heinz and Allison, 2001; Gibbons et al., 2003). That
fusion peptides interact with membranes is clear, but how do these amphipathic motifs
modulate lipid bilayers to drive the membrane fusion reaction forward?

Recent development of a host-guest system that renders the HA fusion peptide
water-soluble (Han and Tamm, 2000a) allowed an investigation of the thermodynamics
of fusion-peptide insertion into a lipid bilayer. As with other amphipathic peptides,
membrane insertion is coupled with refolding of the peptide, a process that is

energetically favorable (Tamm, 2003). Li et al. (2003) demonstrated that for the HA N-
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terminal fusion peptide, membrane insertion is a thermodynamically favorable event
driven by enthalpy and opposed by entropy (Li et al., 2003). This result suggests that the
thermodynamic event is not driven by the hydrophobic effect. As the peptide inserts more
deeply into the bilayer, more energy is released. The authors also estimate that about half
the enthalpy of binding is due to folding and half due to membrane insertion. The folding
of the HA fusion-peptide V-structure and its ability to deeply insert into the lipid bilayer
are important components of the thermodynamic impetus that drives fusion (Li ef al,
2003).

Amphipathic fusion peptides are also believed to mediate dehydration of the
intercellular water layer (Han et al., 1999), one of the predominant thermodynamic
barriers that prevents biological-membrane fusion (Rand, 1981; Zimmerberg et al.,
1993). Synthetic fusion peptides possess the ability to modulate membrane curvature and
perturb the bilayer state, as evidenced by assays that measure their ability to induce non-
bilayer lipid phases in pure bilayer systems (Epand and Epand, 2000; Peisajovich et al.,
2000a). The curvature-modulating ability of synthetic peptides correlates with the
conditions required for fusion-protein function; for example, HA fusion peptide only
modulates curvature at acidic pH (Epand and Epand, 1994). Fusion-protein
multimerization may promote the self-association of fusion peptides in a manner that
promotes enhanced fusogenicity (Yang et al., 2003b). Fusion peptide motifs also possess
structural plasticity, likely as a result of their glycine/alanine-rich nature (Davies et al.,
1998; Pécheur et al., 2000; Wong, 2003). Synthetic constructs of fusion peptides can

readily interconvert between o-helical and B-structured conformations (Epand, 1998). It

is possible that the interconversion between a-helix and B-strand facilitates the



52

membrane insertion/disruption necessary for fusion (Peisajovich et al., 2000a; Tamm,
2003). This conformational flexibility in response to pH is illustrated by the structure of

the HA fusion peptide (Han et al., 2001).

Table 1.5 Fusion-peptide sequences

Type | Fusion Fusion Peptide Sequence Reference
Protein
Influenza GLFGAIAGFIENGWEG Skehel et al., 2001
HA2
HIV gp4l GVFVLGFLGFLATAGS Skehel et al., 2001
= Sendai F1 FFGAVIGTIALGVATSA Skehel et al., 2001
S RSV Fl FLGFLLGVGSATASGY Skehel et al., 2001
g Ebola GP2 EGAAIGLAWIPYFGPAA Suarez et al., 2003
Z Measles F1 FAGVVLAGAALGVATA Samuel and Shai, 2001
_g HIV gp4l AVGIGALFLGFLGAAGSTMGARS Skehel et al., 2001
S FeLV env EPISLTVALMLGGLTVGGIAAGVGTGTK | Davies ef al., 1998
Z' HBV MENITSGFLGPLLVLOAGFFLLTR Rodriguez-Crespo et al., 1996
SHBsAg
SIV gp4l GVFVLGFLGFLA Cladera et al., 1999
AS/LV env | RIFASILAPGVAAAQALREIERL Delos et al., 2000
VSV G QGTWLNPGFPPQSCGYATV Delos et al., 2000
Té TBEE DRGWGNHCGLFGKGSSIVACVKAAR Allison et al., 2001
S_é SFV El DYQCKVYTGVYPFMWGGAYCFCD Shome and Kielian, 2001
~ HCV El DLLVGSATLCSALYVGDLCGSVFE Garry and Dash, 2003

Boomerang model of HA-mediated fusion

Tamm has studied the HA fusion peptide extensively, and combined his studies on the
fusion peptide region with the classical spring-loaded model of HA-mediated fusion to
generate the boomerang theory (Fig 1.5.A-C; Tamm, 2003). In this model, low pH
extrudes the buried fusion peptide, and extension of the central coiled-coil region of HA

orients the fusion peptide toward the target membrane, where it inserts. Insertion of the
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fusion peptide, its concomitant refolding, and the extension of the coiled coil are
exothermic processes, releasing energy that can be utilized to pull the two opposing
membranes together. Aggregation of several HA trimers at the fusion site is likely
required for this event. As the C-terminal coiled-coil region refolds, the HA ectodomain
tilts, and the fusion and transmembrane domains are brought within close proximity,
though still embedded in two separate, closely apposed and highly curved and stressed
membranes. This step is referred to as boomerang retrieval (Tamm, 2003). At this stage,
outer membrane leaflets begin to mix, and likely the membrane perturbing actions of the
fusion peptide and TMD facilitate hemifusion. However, in Tamm’s model, a direct
interaction between the fusion peptide and the TMD is required to open the fusion pore,
as follows. The conserved glycine ridge in the N-terminal arm of the fusion peptide is a
candidate region for médiating helix-helix interactions with the TMD o-helix. The fusion
peptide can then slide along the TMD, thereby opening the V-shaped conformation of
the fusion peptide into a more extended o-helix. This action is proposed to open the
fusion pore (Tamm, 2003). The fusion peptide and TMD of several HA trimers are likely

required for this process.

1.3.E Other membrane-interacting regions

The spring-loaded model of membrane fusion proposes that each viral fusion protein
contains a single fusion peptide that is solely responsible for destabilization of the target
membrane during the fusion process. More recently, the role of the transmembrane
anchor in the donor membrane has been realized. However, in addition to these two

membrane-interacting regions, other regions of viral membrane protein have recently
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been proposed to interact with membranes, promoting their merger (Peisajovich and Shai,
2003).

Class I fusion peptides contain two regions of heptad repeats integral to coiled-
coil formation. More recent studies have proposed an additional role for the N-terminal
heptad repeat in the fusion mechanism of influenza HA, HIV-1 gp41, and paramyxovirus
F1. Epand et al. (1999) used a 127-amino-acid segment of HA, comprised of the N-
terminal fusion peptide, the N-terminal heptad repeat and the loop region, to demonstrate
that this construct mediates lipid mixing of liposomes in a pH-dependent and more
efficient manner than does the N-terminal fusion peptide alone. This suggests that the
extra amino acid residues may contribute to and/or modulate the membrane interactions
of the N-terminal fusion peptide. This 127-amino-acid HA construct was subsequently
shown to induce cell-cell hemifusion between two cells that expressed adhesion
molecules (Leikina et al., 2001). In a similar study, Ghosh and Shai (1999) compared the
ability of various constructs of the paramyxovirus F protein to mediate liposome fusion.
These included a 33-amino-acid construct of the N-terminal fusion peptide and a 70-
amino-acid construct of the fusion peptide plus the N-terminal heptad repeat. Only the
70-amino-acid construct was able to mediate lipid mixing, whereas the shorter peptide, a
mutant fusion peptide and a mutant heptad repeat did not. Similarly, extension of the
HIV-1 gp41 N-terminal fusion peptide by the 17 predominantly polar amino acids that
follow the hydrophobic peptide significantly increased lipid mixing (Peisajovich et al.,
2000a). These authors speculate that the addition of the polar region facilitates the correct

oligomerization of the peptide to enhance its fusion ability.
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That the transmembrane anchor of fusion proteins provides more than just an
anchoring role in the membrane has been discussed. However, the pre-transmembrane
region (that for some fusion proteins spans the C-terminal heptad-repeat sequence) has
been shown to play an important and direct role in fusion. Suérez et al. (2000)
investigated the membrane-interacting potential of the pre-transmembrane region of the
gp41 ectodomain that showed a tendency to partition into the membrane interface, using
the hydrophobicity scale developed by Wimley and White (described in Nieva and
Sudrez, 2000). A synthetic peptide of this region partitions into membranes
(demonstrated by intrinsic fluorescence) and induced lipid mixing and leakage of
liposome contents (Suarez et al., 2000). Furthermore, lipid mixing and leakage assays
using equimolar amounts of the membrane-proximal peptide and the N-terminal fusion
peptide suggested that these two regions co-operated to potentiate the membrane
destabilizing effects. These authors were the first to propose the importance of the
membrane-proximal domain to the fusion mechanism, and note that many fusion proteins
also contain a pre-transmembrane fusion that is rich in aromatic residues (Table 1.6;
Suarez et al., 2000). Epand and Epand (2001) investigated the role of the pre-
transmembrane region in the TM protein of a spumaretrovirus, human foamy virus. A
synthetic peptide to this region induced lipid mixing in vitro; when added in conjunction
with the N-terminal fusion peptide of foamy virus TM, a synergistic effect occurred.
Site-directed mutagenesis of the aromatic residues within the pre-transmembrane region
of HIV-1 gp41 and HPIV-2 F1 abolished fusion (Munoz-Barroso et al., 1999; Salzwedel
et al., 1999; Tong et al., 2001). Kliger et al. (2000) propose the following amended

model of HIV-1 gp4l-mediated membrane fusion. This model suggests that the
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interaction of the N-terminal fusion peptide with the target membrane and formation of
the six-helix bundle is followed by the dissociation of the six-helix bundle to allow other
membrane-interacting segments (e.g., the pre-transmembrane domain) to interact with the
membrane in a manner that further promotes membrane merger. While the
transmembrane anchor and fusion peptide are believed to penetrate into the hydrophobic
core of the membrane, the pre-transmembrane region is proposed to bind to the surface of
the membrane (Kliger et al., 2000).

The membrane-proximal region of the VSV G protein possesses the unique ability
to potentiate the membrane fusion activity of other viral glycoproteins (VSV New Jersey
G protein, SV5 F1, HIV-1 gp41; Jeetendra et al., 2002). This feature requires a minimum
of 14 amino acids within the pre-transmembrane region to potentiate SV5-mediated
syncytium formation. When analyzed alone, a truncated VSV G protein comprised of the
membrane-proximal stem, the transmembrane anchor, and the cytoplasmic domain (G-
stem) was able to induce cell-cell hemifusion (Jeetendra et al., 2002). Rupture of the
hemifusion diaphragm with chlorpromazine indicated that G-stem-induced hemifusion
was a functional precursor to complete fusion. The authors suggest that the pre-
transmembrane region of the G protein has the ability to alter membrane curvature,
facilitating the lipid rearrangement and membrane destabilization required to form the
stalk intermediate (Jeetendra et al., 2002).

The ectodomain of the fusion protein of paramyxoviruses is larger than that of
influenza HA or HIV-1 gp41. At approximately 500 amino acids, there is a long stretch
of protein (more than 280 amino acids) between the N-terminal and C-terminal heptad-

repeat regions implicated in coiled-coil formation (Russell et al., 2001). It has been
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proposed that C-terminal to the heptad repeat, the F1 protein of Sendai virus contains a
second fusion peptide that is similar in nature to the N-terminal fusion peptide of HIV-1
gp41 (Peisajovich et al., 2000b). A synthetic peptide of this region induced lipid mixing
at a concentration that was less than that required for the N-terminal fusion peptide. The
authors suggest that this internal fusion peptide also interacts with the target membrane
during the fusion process and may in fact mediate the initial interaction of the F1
ectodomain with the opposing membrane, as it is located in the loop region at the top of
the native structure (Peisajovich et al., 2000b). A synthetic peptide that corresponds to
this internal fusion peptide also inhibits Sendai virus fusion (Ghosh et al., 2000). Measles
virus F1 has also been shown to contain an internal fusion peptide, suggesting that this is
an integral feature of the fusion mechanism of all paramyxoviruses (Samuel and Shai,

2001).

Table 1.6 Sequences of other membrane-interacting regions

Type Viral protein Membrane-interacting sequence
(aromatic residues in bold)
Pre- HIV-1 gp4l ELLELDKWASLWNWEFNITNWLWYIKLF
transmembrane Foamy virus gp47 | GNFLSGTAQGIFGTAFSLLGYLKPILIG
region Ebola gp2 PHDFVDKTLPDQGDNDNWWIGWROWI P
Influenza A HA AESLONRIQIDPVKLSSGYKDIILWESF
Sendai F SKAELEKARKILSEVGRWYNSRETVIT
Sindbis E1 PHKNDQEFQAAT SKTSWSWLFALFGGA
Hepatitis C E2 VVDVQYLYGIGSAVVSFAIKWEYVLLL
VSV G TGLSKNPIELVEGWFSSWKSSIASFFF
Internal fusion | Sendai F1 YFGLLTAFGSNEG
peptide Measles F1 YTEILSLFGPSLR

Samuel and Shai (2001) and Suarez et al. (2000).
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Epand (2003) has analyzed the membrane-interacting regions of many viral fusion
proteins. He proposes a mechanism of protein-mediated fusion that differs from the
common paradigm. Epand used differential scanning calorimetry to show that the HA
fusion protein does not exist in a metastable native state (Epand and Epand, 2002, 2003).
Indeed, a truncated 127-amino-acid HA ectodomain that has already adopted the post-
fusion conformation is able to mediate cell-cell hemifusion (Leikina et al., 2001). There
are several possible explanations for how membrane fusion proteins can lower the
activation energy barrier that prevents membrane merger (even though the reactants and
products of the fusion process are energetically similar; Epand, 2003). The triggered
conformational change is essential to expose the fusion peptide; subsequent insertion of
the fusion peptide into the target membrane is a thermodynamically favorable process (Li
et al., 2003). Membrane-interacting regions of the fusion proteins, including the fusion
peptide, transmembrane anchor, pre-transmembrane region, heptad repeats, and internal
fusion peptides, may function in concert to dehydrate the interbilayer space and disrupt
the membrane bilayer to lower this activation energy barrier. The concerted action of a
critical number of fusion proteins, and their membrane-interacting segments, may cause
sufficient perturbation of the pre-fusion bilayer state that membrane fusion occurs,
without the requirement of a metastable fusion protein. This alternate view may provide a
framework for how pl4 and the other FAST proteins function as membrane fusion

proteins.
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1.4 Cellular fusion proteins

The complex cellular machinery that regulates and mediates essential intra- and
intercellular membrane fusion events is beginning to come into focus (Brunger, 2001).
Despite this, a detailed molecular view of how cellular fusion proteins modulate
membrane lipid bilayers is still lacking. The extensive regulatory machinery is not
described here; instead, this review focuses on candidate fusion proteins that may play a

direct role in membrane merger.

1.4.A Intracellular fusion

Intracellular fusion between vesicles and their target membranes is a highly regulated,
specific, and efficient process (e.g., synaptic-vesicle / plasma-membrane fusion occurs
within milliseconds) that requires complex interactions of a host of regulatory factors in
addition to the presence of membrane fusion proteins. The mahy regulatory players that
tether the two opposing membranes together (long coiled-coil proteins), regulate the
length of time of the tethering process (Rabs), and proofread the actual fusion event (SM
proteins) is not discussed here. For recent reviews on the regulation of intracellular
fusion, see Gerst (2003) and Jahn et al. (2003).

The SNARE hypothesis was proposed in 1993; it states that the specificity of
intracellular fusion events and the core of the fusion machinery is controlled and
comprised of the SNARE (soluble N-ethylmaleimide-sensitive factor attachment
receptor) proteins (Sollner et al., 1993). It proposes that SNARE proteins localize to each

individual subcellular compartment, tagging that membrane with a molecular
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identification. At its simplest level, a SNARE localized to a vesicular membrane (v-
SNARE) must pair with its cognate partner(s), two target-membrane-localized (t-)
SNAREs. Only cognate partners can form the SNARE complex that drives fusion
(Sollner et al., 1993). The human genome contains 35 SNARE proteins and yeast contain
21; this degree of variety does not provide enough molecular tags, and thus the theory is
clearly an oversimplification (Bock et al., 2001). In addition, SNARE pairing is not based
on the simple v-SNARE:t-SNARE ratio of of 1:2, but rather on the conservation of
residues that mediate interaction between the partners (3 glutamines, 1 arginine). This has
lead to a revised nomenclature that describes the individual components of the SNARE
complex as a Q- or R-SNARE (each complex requires two Q-SNAREs and one R-
SNARE; Bock ef al., 2001). That said, the SNARE proteins do play an integral role in the
fusion mechanism itself.

The structure of a well-characterized recombinant synaptic fusion complex (v-
SNARE is synaptobrevin; t-SNAREs are syntaxin and SNAP-25) was described by
Sutton et al. (1998). In this crystal structure, the three SNARE proteins complex to form
an o-helical rod-like structure similar to that found in the Class I fusion proteins (Skehel
and Wiley, 1998). The transmembrane anchors of synaptobrevin and syntaxin are both
oriented at the same end of the four-helix rod (with two helices supplied by SNAP-25).
The four-helical bundle and the orientation of the membrane-anchoring components of
the structure suggested that SNARE complex may mediate intracellular vesicle fusion in
a manner similar to that of the Class I viral fusion proteins (Skehel and Wiley, 1998). A
mechanism was suggested whereby cognate SNARES in two opposing membranes would

interact at first using their N-terminal regions, and subsequently assemble into the rod-
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like structure by a mechanism that ‘zippered’ the a-helices together from N to C
terminus. Based on the spring-loaded model of HA-fusion, the ‘zippering’ of the SNARE
complex and the thermodynamic favorability of complex formation was proposed to pull
the two apposing membranes together (Skehel and Wiley, 1998).

There exists much evidence to support the important role of cognate SNARE
assembly into frans complexes that dock two opposing membranes together and provide
a level of specificity to the reaction (summarized in Jahn et al., 2003). However, the
assertion that this protein complex is the minimal machinery required for the fusion event
remains a controversial claim. Weber et al. (1998) used a liposome fusion assay to
demonstrate that SNAREs were the minimal fusion machinery. Critics of this study
question whether the liposome fusion system represents a physiological situation, and
posit that the SUVs used in the experiments were fusion-prone. Indeed, PEG-mediated
aggregation can fuse SUVs (20-100 nm in diameter) that are highly curved and fusion-
prone (Lentz ef al., 1992). The mean diameter of liposomes used by Weber et al. (1998)
was 45 nm; perhaps these membranes contained the outer-leaflet packing defects that
allow fusion of closely apposed membranes (Lentz et al., 1992; Lentz and Lee, 1999).
Furthermore, the rate of fusion observed in vitro (minutes to hours) was slow relative to
the rapid (micro to millisecond) fusion events that occur in synaptic-vesicle exocytosis
(Mayer, 1999). Evidence to support these studies showed that when the transmembrane
anchors of syntaxin and synaptobrevin were replaced with a phospholipid, close
apposition of vesicles but no membrane fusion occurred (McNew et al., 2000). However,

an isoprenoid-anchored v-SNARE was sufficient to mediate fusion when the anchor



62

spanned the entire bilayer, suggesting that for the SNARE proteins, the role of
transmembrane domain is that of stable membrane-anchor.

Biological membranes are more complex than the synthetic phospholipid
membranes of liposomes, and their membrane composition makes them unlikely to fuse.
Further, biological membranes have a protein content of 30-70%, making their propensity
to fuse significantly different from that of liposomes (Mayer, 1999). To address this
criticism, Rothman and co-workers recently demonstrated cell-cell fusion using flipped
SNAREs. In this study, the cognate SNAREs were expressed in cells in a flipped
orientation so that rather than face the cytoplasm, the bulk of the protein resided on the
cell surface. Surface biotinylation demonstrated that a proportion of the flipped SNAREs
were expressed on the cell surface and a cell-cell fusion assay demonstrated that flipped
SNARESs did indeed mediate cell fusion (Hu et al., 2003). The v-SNARE-expressing cells
were fluorescently labeled with a cytoplasmically localized red fluorescent protein; the t-
SNARE-expressing cells were labeled with a nuclear-localized cyan-fluorescent protein;
fused cells demonstrated a red cytoplasm surrounding blue nuclei. That the SNARE
complex can mediate cell-cell fusion suggests that the nature of the fusing membrane or
size of the vesicle may not have artificially improved the in vitro results. As well, other
candidate ‘fusion’ factors normally found in the cytoplasm are not present in the
extracellular milieu, a feature of this paper that addresses critics of the SNARE
hypothesis who believe that the actual fusion event is mediated by as yet undefined
cytoplasmic molecules (to be discussed).

Bentz (2000a) considers that the SNAREpins may function similar to HA in a

model of membrane fusion based on the hydrophobic defect. This model (described in
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section 1.2) necessitates that the candidate fusion protein contain a fusion peptide. Such a
putative fusion peptide is proposed to exist in the v-SNARE synaptobrevin2 (Table 1.7,
Jahn and Siidhof, 1994), in the center of the coiled-coil domain of the SNARE-complex
structure (Sutton et al., 1998). As SNAREs are believed to be unstructured before
complex formation, Bentz proposes that in the pre-fusion v-SNARE, the putative fusion
peptide embeds in the vesicle membrane. After docking and four-helical bundle
formation, the structural remodeling pulls the fusion peptide out of the vesicle membrane.
If lipid flow is restricted by the presence of other vesicular membrane proteins, a
hydrophobic defect is created and membrane fusion proceeds as described in Section 1.2.
The data of McNew et al. (2000) supports this model, as it predicts that the v-SNARE,
but not the t-SNARE, would require a membrane-spanning domain that spans the entire
bilayer to restrict lipid flow from the vesicle membrane to the defect (Bentz, 2000a).
Studies of homotypic vacuolar fusion in yeast suggest that other fusion protein
factors are required downstream of SNAREpin docking (Ungermann ez al., 1998). By
dissecting the steps that precede the actual fusion event (tethering, docking) the authors
show that SNAREpins can be dissociated prior to the fusion event. When the fusion
block is removed, membrane merger proceeds despite the fact that the SNARE complex
is dissociated. Ungermann et al. (1998) suggest that though SNAREs are integral to the
vacuole fusion event to mediate docking and close apposition of membranes, an unknown
downstream molecule(s) that is activated by calcium and the calcium-dependent enzyme
calmodulin is responsible for the actual merger of membranes. Peters et al. (2001)
identify this unknown factor as the VO subunit of the vacuolar ATPase pump. The VO

subunit is a complex of six proteolipids that form a ring in the vacuolar membrane. When
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signaled by the V1 subunit, VO subunits form the proton pump used to acidify the
vacuole. However, Peters et al. (2001) suggest that VO has a second, V1-independent,
role. In response to the dual trigger of calcium and calmodulin, trans-V0 complexes in
opposing membranes dimerize to form a proteinacous fusion pore. This event is
presumed to happen downstream of SNARE-mediated docking of two vacuolar
membranes together. After pore formation, calmodulin is proposed to promote pore
widening and, as the proteolipid subunits disperse, lipids of the bilayer invade the
proteolipid complex and eventually replace the VO subunits. This discovery has led to a
re-evaluation of current models that suggest fusion proceeds through lipidic subunits and
has generated the protein-pore theory discussed in Section 1.2. However, there is as yet
no evidence whether the VO proteolipid fusion pore exists in any other fusion system
(Almers, 2001). In addition, VO mutants are not lethal, and yeast cells lacking this protein
can survive on acidic rich media. This observation has prompted investigators to

question the universality of the VO fusion mechanism (Jahn et al., 2003).

. 1.4.B Intercellular fusion

Intercellular membrane fusion events are essential for such cellular processes as gamete
fertilization, muscle fiber formation, and the formation of the maternal-fetal interface
layer in the placenta (Blumenthal et al., 2003). In each case, the membrane fusion

machinery is not defined; the candidate fusion proteins are discussed below.

Fertilization
The final steps of sperm-egg interaction (following the acrosome reaction and dissolution

of the egg’s protective coating) involve the adhesion of the sperm plasma membrane to



65

the egg plasma membrane, and their subsequent membrane merger (Talbot et al., 2003).
The sperm glycoprotein, fertilin, was the first protein identified as important in these final
fertilization events. Fertilin is a heterodimer of a- and B-subunits, and is a member of the
ADAM (a disintegrin and metalloprotease) transmembrane protein family (Schlondorff
and Blobel, 1999). Monoclonal antibodies directed against B-fertilin implicate this
subunit as important for membrane adhesion, while the o subunit has been suggested to
be the fusion effector (Talbot ef al., 2003). A region in a-fertilin has been modeled as an
amphipathic a-helix and is proposed to act in a manner similar to that of a viral fusion
peptide in the fusion reaction (Table 1.7; Blobel et al., 1992). A model for the activity of
o-fertilin suggests that after adhesion of the sperm and egg membrane (mediated by B-
fertilin), o-fertilin undergoes structural alteration that permits its fusion peptide to
interact with the egg plasma membrane (Bigler ef al., 1997). However, sperm from o.-
fertilin knockout mice are still capable of gamete fusion (Cho et al., 2000), and some
mammalian species have been shown to lack the gene for a-fertilin (Waters and White,
1997), making it unlikely that fertilin is the sole protein responsible for sperm-egg
membrane fusion.

If fertilin is important in sperm-egg fusion, this sperm ADAM must be redundant
with other proteins (Talbot et al., 2003). New candidate fusion proteins have arisen from
studies of the egg plasma membrane. Removal of egg GPI-linked proteins using
phosphatidylinositol-specific phospholipase C results in a marked decrease in egg-sperm
fusion but little effect on binding of sperm to egg (Coonrod et al., 1999). Mice lacking
the tetraspanin protein CD9 display complete loss of membrane fusion activity; the

addition of antibodies against CD9 has the same inhibitory effect (Kaji et al., 2000;
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Miyado et al., 2000). Identification of the potential role(s) of these new candidate fusion
proteins in membrane merger remains.

Interestingly, CD9 and other tetraspanin proteins have been identified as players
in other cell-cell fusion systems. Antibodies directed against CD9 have no effect on
canine distemper virus-cell fusion, but prevent cell-cell fusion of infected cells (Schmid
et al., 2000). Similarly, infection of cells with feline immunodeficiency virus (FIV) at a
step after virus entry is inhibited by antibodies to CD9 (Willett et al., 1997), while the
CD82 tetraspanin protein modulates the characteristics of infection with human T-cell
leukemia virus type 1 (Pique et al., 2000). Finally, a genetic screen has identified a
candidate fusion protein involved in cell membrane merger of yeast gametes, encoded by
the PRMI gene (Heiman and Walter, 2000). This gene encodes a multi-spanning
transmembrane protein that localizes to sites of cell-cell contact when it is deleted, yeast
mating is severely impaired. In these mating-impaired cells, electron microscopy
indicates that cells are closely apposed but their membranes remain unmerged (Heiman

and Walter, 2000).

Table 1.7 Candidate cellular fusion peptide sequences

Candidate fusion protein Fusion Peptide Sequence Reference
synaptobrevin (v-SNARE) | QVDEVVDIMRVNVDKVLE Jahn and Siidhof, 1994
mouse fertilin-o KLVCTDVRYLPKVKPLHSLLQVPY Huovila ez al., 1996
guinea pig fertilin-o KLICTGISSIPPIRALFAAIQIP Huovila ef al., 1996
meltrin-o GGASRPVIGTNAVSIETNIPQQEGGRI | Huovila ef al., 1996
C. elegans EFF-1 I;MIIPLPAIVGQGARAICL Mobher ef al., 2002




67

Mpyoblast and developmental fusion

Skeletal muscles are multinucleated cells that form during development by the
aggregation and fusion of precursor myoblasts. Much investigation of myoblast and
developmental cell-cell fusion has utilized genetically manipulated organisms such as
Drosophilia or Caenorhabditis elegans (these topics are reviewed in Shemer and
Podbilewicz, 2003; Taylor, 2000). Though many of these studies have identified
important genes in the regulatory process of developmental fusion, Mohler et al. (2002)
recently identified a candidate fusion gene from C. elegans, named eff-1 (epithelial fusion
failure-1). Several lines of evidence suggest that the EFF-1 protein may be directly
involved in membrane fusion. (1) EFF-1 is a Type 1 integral membrane glycoprotein with
a large N-terminal ectodomain and lacks coiled coils, but does contain a putative internal
fusion peptide (Table 1.7). (2) eff-/ mutants fail to promote epithelial cell fusion in vivo.
(3) Sites of cell-fusion initiation in epithelial cells (adherens junctions; Mohler et al.,
1998) remain intact in eff~/ mutants, suggesting that it is the fusion process itself and not
the close apposition of cells that is blocked. (4) The ectodomain of EFF-1 contains the
predicted consensus sequence for a phopholipase A2 active site, raising the interesting
possibility that EFF-1 could alter the lipid packing density of its own or the target
membrane during fusion (Shemer and Podbilewicz, 2003).

In mammalian cells, the study of myotube formation in cell culture has indicated
some interesting parallels with gamete fertilization. A homolog of fertilin, meltrin-o., has
been linked with myotube formation (Yagami-Hiromasa et al., 1995; Huovila et al.,
1996). In addition, antibodies against the tetraspanin protein CD9, as well as antibodies

against other multi-spanning proteins, delay myotube formation, while overexpression of
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CD?9 is associated with an increase in fusion activity (Tachibana and Helmer, 1999). The
formation of multinucleated myotubes from precursor myoblasts has shown that the early
stages of fusion of these differentiating cells requires the transient cell-suface
externalization of phosphatidylserine (PS) at sites of cell-cell contact (van den Eijnde et
al., 2001). Addition of annexin V (which binds PS) to cells in culture blocks myotube
formation, whereas a mutant form of annexin V that is unable to bind PS does not. These
authors show that differentiating myoblasts require PS externalization for myotube
formation. Though PS externalization is often associated with an early stage of apoptosis,
in this case, this observation is not related to apoptosis and is not inhibited by compounds
that block the apoptotic cascade (van den Eijnde et al., 2001). These results suggest that
PS externalization may modulate the cell-membrane character to create a plasma
membrane that is receptive to the cell-cell fusion events that occur early in
differentiation. Consistent with this hypothesis is the observation that proliferating
myoblast cells were resistant to Sendai virus-mediated cell-cell fusion; however, after
differentiation these cells became susceptible to fusion (Hirayama et al., 1999). The
timing of myoblast suseptibility to Sendai viurs‘suggests that it may be related to the PS

externalization that occurs with myoblast differentiation.

Syncytiotrophoblast fusion

Successful formation of the syncytiotrophoblast layer is essential for embryo
implantation and for the formation and function of the maternal-fetal barrier in the
placenta (Potgens et al., 2003). Attempts to discern the factors that promote the initial

cell-cell and cell-syncytium fusion events critical for maintenance determined that early
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steps of the apoptotic cascade precede syncytial fusion in trophoblasts (Huppertz ef al.,
1999). Specifically, PS is translocated from the inner to the outer leaflet of the plasma
membrane and this event is essential for fusion. Addition of mouse monoclonal
antibodies against PS blocks syncytium formation in more than one i vitro model system
(Lynden et al., 1993; Adler et al., 1995). This feature is similar to what is seen for
myoblast fusion, and indeed some investigators have suggested that the candidate
myoblast fusion protein meltrin is also involved in synctial trophoblast fusion, as meltrin-
o mRNA was detected in mononuclear blood cells of the placenta (Gilpin ez al., 1998).

A more recent discovery suggests that the protein that mediates the essential cell-
cell fusion between trophoblasts is the env protein of human endogenous retrovirus
(HERV-W), re-named syncytin (Mi et al., 2000). Syncytin is expressed at high levels in
the placenta and at low levels in the testis, but is not expressed in other tissues. The
provirus that expresses syncytin also contains inactivating mutations in the other viral
genes, suggesting selective preservation of the env gene (Stoye and Coffin, 2000).
Transient transfection of syncytin into cells in culture induced syncytium formation that
could be inhibited by the addition of antibodies against syncytin (Mi et al., 2000).
However, the promiscous nature of the fusion ability of syncytin makes it unclear how it
can mediate and regulate the precisely timed fusion events that it has been deemed
responsible for. Additional regulatory mechanisms are assumed to exist (Potgens et al.,

2003).
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The family Reoviridae is a large group of nonenveloped viruses with a genome of 10-12

segments of double-stranded RNA (Nibert and Schiff, 2001). The ten genera within this

family display disparate biochemical, structural, and biological properties and illustrate

diversity within the family. Highly unusual for a nonenveloped virus, members of four

genera of the Reoviridae family induce multinucleated syncytium formation in vivo and

in vitro (Table 1.8, and references therein).

Table 1.8 Fusogenic reovirus species

Genus Fusion | Fusogenic members Reference(s)

Cypovirus N -

Fijivirus N -

Oryzavirus N -

Coltivirus N -

Phytoreovirus N -

Seadornavirus N -

Rotavirus Y | Porcine rotavirus (A) Gelberg et al., 1990
Porcine-like (non-A) rotavirus | Theil and Saif, 1985
Rat rotavirus (non-A) Vonderfecht et al., 1984

Orbivirus Y Rabbit syncytium virus Theil and McCloskey, 1991

Aquareovirus Y Species groups A-F, including | Winton ez al., 1987; Attoui et al.,
Salmon virus 2002

Orthoreovirus Y Avian reovirus Kawamura e al., 1965

Muscovy duck reovirus

Kuntz-Simon et al., 2002

Nelson Bay virus

Gard and Compans, 1970

Baboon reovirus

Duncan et al., 1995

Reptilian reovirus

Ahne et al., 1987; Vieler et al.,
1994; Lamirande et al., 1999,
Duncan et al., 2003

For enveloped viruses, syncytium formation is a direct result of the mechanisms

used by these viruses to enter and exit cells (White, 1990). These viruses use a membrane
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fusion protein embedded in their lipid envelope to effect virus entry; progeny virus must
re-acquire the fusion glycoprotein(s) during budding and egress from an infected cell.
Thus, the presence of membrane-embedded virally-encoded fusion proteins on the cell
surface often results in the formation of multinucleated cells during the course of
infection, and may facilitate cell-cell spread of the virus, promoting pathogenicity. Of the
syncytium-inducing members of the family Reoviridae, the avian reoviruses (ARV;
genus orthoreovirus) have been studied most extensively. For ARV, cell-cell fusion is not
an essential component of the virus life cycle, but syncytium formation does promote
rapid egress from infected cells (Duncan ef al., 1996). The characterization of two avian
reovirus strains with different syncytium-inducing abilities indicates that the cell-fusion
property is likely associated with increased pathogenicity in the host. However, it is not a
requirement for virus replication, as a weaky fusogenic strain of ARV replicated equally
well or better than a highly fusogenic strain in cell culture (Duncan and Sullivan, 1998).
Inclusion of potential species into the orthoreovirus genus requires four
characteristics: ten segments of dSRNA (grouped into three large, three medium, and four
small size classes based on electrophoretic mobility), one polycistronic S-class genome
segment, a double-shelled nucleocapsid approximately 85 nm in diameter, and isolation
from a vertebrate host (Nibert and Schiff, 2001). The protoype species of the genus
orthoreovirus, mammalian reovirus (MRV; 4 serotypes; Nibert and Schiff, 2001; Attoui
et al., 2001), like most nonenveloped viruses, is non-fusogenic. However, a subgroup of
orthoreoviruses is fusogenic (Duncan, 1999; Fig 1.6). These include the avian reoviruses
(77 isolates, all fusogenic), two atypical mammalian reoviruses (Nelson Bay virus

[NBV]; Baboon reovirus [BRV]), and a recently described species, a reptilian reovirus
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(RRV) isolated from a python (Fig 1.6; Table 1.8, and references therein). Syncytium-
inducing reptilian reoviruses have also been isolated from other snakes (rattlesnake, tree
boa, ratsnake, viper), iguanas, and lizards (Blahak et al., 1995; Lamirande et al., 1999;
Vieler et al., 1994, and references therein) and preliminary descriptive analyses suggest
that these as-yet-unclassified agents may also be the same species (Blahak et al., 1995;
Duncan et al., 2003).

The polycistronic S-class segment common to all orthoreoviruses has been shown
to influence the pathogenic properties of the virus. For the non-fusogenic MRV, ols (a
non-structural protein encoded by the MRV bicistronic S1 genome segment) is
implicated in G2/M cell-cycle arrest (Poggioli et al, 2001); for the fusogenic
orthoreoviruses, the first open reading frame of the polycistron encodes the fusion protein
of ARV, NBV, and BRV (pl0, pl0, and pl5, respectively; Shmulevtiz and Duncan,
2000; Dawe and Duncan, 2002). For RRYV, this first open-reading frame is also predicted
to encode a cell-fusion protein (p14), though no direct sequence similarity exists between
this putative fusion protein and those previously characterized (Duncan et al., 2003). The
study described in this thesis was undertaken to confirm and characterize the cell-cell
fusion ability of the reptilian reovirus putative fusion protein, p14.

A novel member of the reovirus fusion-associated small transmembrane (FAST)
protein family, p14, was identified and characterized. Structural features/motifs that are
essential for the mechanim of pl4-mediated membrane fusion include the following:
Type III (Nexo/Ceyt) integral membrane association, N-terminal modification by myristate,

and an internal fusion peptide motif. The role of these structural features, of pl4-
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homomultimerization, and of cell surface localization to distinct microdomains provide a

framework for an hypothesis of how p14 facilitates membrane merger.



74

1.6 Figures

Membrane Lipid Molecular Shape Structure in Water
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Fig 1.1 The molecular shape of a membrane lipid influences the structure it forms in an
aqueous environment. (A) Lysophosphatidylcholine and other inverted cone lipids prefer
micellar structures. (B) Phosphatidylcholine and other cylindrical lipids prefer the planar
bilayer phase. (C) Phosphatidylethanolamine and other cone lipids prefer the non-bilayer
hexagonal II phase.
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Fig 1.2 The stalk-pore model of membrane fusion. (A) This model, originally proposed
by Kozlov and Markin (1983), suggests that close apposition of two bilayers leads to the
formation of a stalk intermediate where the two outer leaflets of the membrane have
merged. Contact, but not merger, of the inner leaflets, results in a second intermediate
that is referred to as the hemi-fusion diaphragm or trans-monolayer contact. As this
diaphragm widens, a fusion pore is formed that allows intermixing of lipid and aqueous
compartments. (B) The new stalk structure proposed by Kozlovsky and Kozlov (2002)
does not have any void space in the structure and is more energetically favorable.
Reprinted with permission from Chemical Reviews, Vol 103, Blumenthal et al. (2003).
©2003 American Chemical Society.
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Fig 1.3 Influenza hemagglutinin (HA) undergoes conformational rearrangement in
response to acid pH. For clarity, only one monomer is shown in A and B, and the HA1
domain is depicted as a sphere (A and B) or not at all (C). (A) The native form of HA
(Wilson et al., 1981). (B) The low-pH structure of HA (Chen et al., 1999). The structural
remodeling reaction was inferred from these static structures. HA1 dissociates from the
HA2 subunit. HA2 rearranges as follows. (1) The green loop adopts a helical
conformation, while the N-terminal region of the cyan a-helix converts to a loop, shifting
the coiled coil. (2) The C-terminal region of the cyan a-helix reorients anti-parallel to the
new coiled coil. (3) The connecting region between the cyan a-helix and the
transmembrane domain is extended. (4) Residues from both the N-terminal and C-
terminal regions combine to form a stabilizing cap-structure. (C) The trimeric form of
HA at neutral and acid pH. Reprinted with permission from Chemical Reviews, Vol 103,
Blumenthal et al. (2003). ©2003 American Chemical Society.
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Fig 1.4 The structure(s) of representative Class I and Class II viral fusion proteins. (A)
The protein cores of Class I viral and intracellular membrane fusion proteins are shown.
The N-terminal heptad repeat (blue), the C-terminal heptad repeat (yellow), the fusion
peptide (red), and the transmembrane domain (black) are indicated in the primary
structure. The tertiary structures (side view and end view both pictured) are comprised of
the heptad-repeat regions that form the central coiled coil; however, both the fusion
peptide and transmembrane domains would be expected to reside at the same end of the
structure (right side as pictured in side view of coiled coil). Reprinted, with permission,
from the Annual Review of Biochemistry, Vol 70, Eckert and Kim, ©2001, by Annual
Reviews www.annualreviews.org. (B) The native structure of a Class II fusion protein
(tick-borne encephalitis virus E protein). The three domains, location of the fusion
peptide (within the cd loop, buried by the carbohydrate chain on Asn 154 of the opposite
monomer), and point of stem anchor (transmembrane domain) attachment are indicated.
Reprinted from Current Opinion in Microbiology, Vol 4, Heinz and Allison, “The
machinery for flavivirus fusion with host cell membranes”, pp450-455, ©2001, with
permission from Elsevier.
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Fig 1.5 The boomerang model. (A) Exposure to low pH induces a conformational
rearrangement in HA that reorients the V-shaped fusion peptide towards the target
membrane, where it inserts. Membrane insertion triggers discrete secondary-structural
alteration of the fusion peptide and is thermodynamically favorable. (B) Refolding at the
C-terminal hinge of the HA ectodomain tilts the molecule and pulls the two membranes
into close apposition. Hemifusion is predicted to occur at this stage. (C) The V-shaped
fusion peptide is proposed to interact with the transmembrane domain using the glycine
ridge. This interaction facilitates opening of the fusion pore. Reprinted from Biochimica
et Biophysica Acta — Biomembranes, Vol 1614, Issue 1, Tamm, “Hypothesis: spring-
loaded boomerang mechanism of influenza hemagglutinin-mediated membrane fusion”,
ppl4-23, ©2003, with permission from Elsevier.
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Fig 1.6 Members of the genus orthoreovirus. The genus is subdivided into the fusogenic
and non-fusogenic subgroups. Of the fusogenic orthoreoviruses, there are four species:
avian reovirus (ARV),-Nelson Bay virus (NBV), Baboon reovirus (BRV), and Reptilian
reovirus (RRV). The non-fusogenic orthoreoviruses include the prototype species,
mammalian reovirus (MRV). Reprinted from Virology, Vol 260, Duncan, “Extensive
sequence divergence and phylogenetic relationships between the fusogenic and
nonfusogenic orthoreoviruses: a species proposal”, pp316-328, ©1999, with permission
from Elsevier.



Chapter 2
Materials and Methods
2.1 Cells and Virus
Vero and QMS cells (Antin and Ordahl, 1991) were maintained at 37°C in a 5% CO,
atmosphere in medium 199 with Earle's salts containing 100 U of penicillin and
streptomycin per ml and 5% or 10% heat-inactivated fetal bovine serum (FBS). Sf21
(Spodoptera frugiperda) cells used for expression of pl4 protein from recombinant
baculoviruses were obtained from Lois Murray (Dalhousie University) and maintained in
suspension at 27°C in a shaker incubator in SF900II medium (Life Technologies)
supplemented with 3% heat-inactivated fetal bovine serum. N-BP-2 cells (CHO cells with
a defect in the site-2 protease needed to activate the SREBP-responsive genes, and which
cannot synthesize cholesterol de novo unless the transfected site-2 gene is induced [Pai ez
al., 1998]) were maintained in DMEM supplemented with 5% FBS, oleate, mevalonate,
and cholesterol. N-BP-2 cells were obtained from Neale Ridgway (Dalhousie University).
12CAS anti-HA mouse hybridoma cells (obtained from Mark Naghtigal, Dalhousic
University) were grown in RPMI 1640 medium containing 10% heat-inactivated fetal
bovine serum and 100 U of penicillin and streptomycin per ml.

Reptilian reovirus isolated from the kidney of a python (Python regius) (Ahne et
al., 1987), was obtained from W. Ahne (University of Munich, Munich, Germany). The

virus was passaged at low multiplicity of infection (MOI) in Vero cells at 27°C.

80
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2.2 Materials

The p14 peptide was synthesized by Dalton Chemical Laboratories (Toronto, Ontario) in
two forms: myristyl-GSGPSNFVHAPGEAIVTGLEKGADKVAGT-amide and acetyl-
GSGPSNFVHAPGEAIVTGLEKGADKVAGT-amide. Both were purified to >95%
purity by high-performance liquid chromatography. All lipids were purchased from
Avanti Polar Lipids. Lubrol was purchased from Serva; all other detergents and
cholesterol-depleting reagents (methyl-B-cyclodextrin, lovastatin and U18666A) were

from Sigma-Aldrich.

2.3 Cloning and Sequencing

The procedure for cDNA synthesis and cloning of reoviral genome segments is described
in detail elsewhere (Duncan, 1999). Briefly, reptiliaﬁ reoviral genomic dsRNA was
isolated from concentrated virus (Duncan et al., 1995). After polyA-tail addition to the
RNA, ¢cDNA was created using an oligo(dT)-Not/ primer and Superscript RT (Life
Technologies Inc.). Amplified cDNA was isolated, Notl-digested, gel-purified, cloned
into the Not/ site of pBlueScriptlISK (pBSK) (Stratagene), and transformed into E. coli
DHS5a cells made competent by CaCl, treatment. Clones containing cDNA inserts the
approximate size of the full-length S-class genomic dsRNA were sequenced completely
in both directions (Robarts Research Institute DNA Sequencing Facility, London,
Ontario). In this manner, full-length cDNA corresponding to the S1 genome segment of
RRYV was cloned into pBSK. The S1 genome segment clone was then subcloned into the

mammalian expression vector pcDNA3 (Invitrogen) for further analysis.
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The full-length S1 genome segment, and each of the two open reading frames on
this genome segment (p14 and oC), were subcloned into pcDNA3 (Invitrogen) using the
restriction sites Hindlll and EcoRI (primers in Table I). The pcDNA3-pl4 clone was
then used as a template to generate the following tagged and site-specific substituted p14
constructs. Two HA-epitope tags were added in tandem (separated by a single glycine
linker) to either the C terminus of p14 (p14-2HAC) or to the N-terminal domain (pl4-
2HAN) following amino acid 7 (to avoid alteration of the myristylation consensus
sequence). Each 2HA-tagged construct was generated in two steps, by first generating a
singly-tagged clone (pl4HAN or pl4HAC), and then using the singly-tagged clone as the
template for addition of the second tag. P14-HAN, p14-HAC and pl14-2HAC were
created using 50 ng of template, 2 U of Vent DNA polymerase (NEB), and 100 ng of
each primer; pl4-2HAN was created using 50 ng of templatc, 2.5 U of Cloned Pfit DNA
polymerase (Stratagene), and 125 ng of each primer, both according to the instructions of
the respective manufacturers (primers in Table II). To creaté pl4-GFP, the pl4 ORF was
amplified by PCR using primers in Table I and inserted into the HindIIl/BamHI
restriction sites of the restriction enzyme-digested pEGFP-N1 vector (Clonetech).

pl4 constructs containing site-specific amino acid substitutions were created
using the Quick Change Site-Directed Mutagenesis Kit (Stratagene). Each reaction used
50 ng of template DNA, 2.5 U of Pfu Turbo DNA polymerase, and 125 ng of each primer
(see Table III). After amplification, PCR products were digested with 10 U Dpnl to
remove thc methylated template DNA. The unmethylated product was transformed into

E. coli DH5a. cells made competent by CaCl, treatment.
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A recombinant baculovirus expressing the p14 fusion protein under the control of
the polyhedrin promoter was created using the Bac-To-Bac Baculovirus Cloning and
Expression System (Life Technologies). The p14 ORF was subcloned into the pFastBacl
transfer vector by PCR amplification using primers that incorporated an in-frame
enterokinase-cleavable C-terminal 6xhistidine tag and restriction sites for Sall and Notl
into the PCR product (primers in Table I). pFastBacl-p14-6His was transformed into E.
coli DH10BAC competent cells (Life Technologies). DHI10BAC cells contain a
baculovirus shuttle vector (bacmid). Site-specific transposition of the pFastBacl-p14-
6His expression cassette into the bacmid creates a recombinant baculovirus. The bacmid
DNA was isolated from E. coli using alkaline lysis, and subjected to agarose (0.5%) gel
electrophoresis for 12 hours at 23 volts. PCR analysis of the transposition region of the
recombinant bacmid using M13/pUC forward and reverse primers (Life Technologies)
was used to confirm insertion of the p14-6His ORF. Five ul of p14-6His bacmid DNA
and 6 ul CellFECTIN (Life Technologies) in SF900II medium (Life Technologies) were
used to transfect subconfluent Sf21 cells for 5 hours at 27 °C. The transfection medium
was removed and replaced with SF900II medium supplemented with 3% fetal bovine
serum. After 3 days at 27°C, the recombinant baculovirus-containing supernatant was
harvested and passaged 3 times in Sf21 cells using an MOI of 0.01 — 0.1. pl4-6xHis
recombinant baculovirus titer was determined by plaque assay.

All pcDNA3 and pFastBacl clones were confirmed by dideoxy sequencing
(Thermo Sequenase Radiolabeled Terminator Cycle Sequencing Kit (USB)) according to
the manufacturer’s instructions. pEGFP clones were confirmed by sequencing at Robarts

Research Institute, DNA Sequencing Facility (London, Ontario). A mammalian
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expression vector containing the ¢cDNA for placental alkaline phosphatase (PLAP)
(Berger et al., 1987) was generously donated by D. Brown (State University of New
York). The ARV pl0-2HAN clone (Shmulevitz and Duncan, 2000) was generously

donated by M. Shmulevitz (this lab).

2.4 p14 protein and antiserum production

Sf21 cells were grown to a cell density of approximately 3.25 x 10%ml and then infected
with p14 recombinant baculovirus at a MOI of 0.05 to 0.08. At 48 hours post-infection,
infected cells were harvested and centrifuged at 1000 x g for 10 minutes.

The resulting cell pellet was lysed with extraction buffer (50 mM sodium phosphate,
300mM NaCl, 1.6% Igepal [NP-40], pH 7.0). Insoluble debris was pelleted and the
supernatant, containing pl4, was then added to TALON® Metal Affinity Resin
(Clonetech) and shaken gently for 3 hours at 4° C to begin initial purification. The resin
was then washed with extraction buffer twice to remove unbound protein and p14 eluted
from the resin with elution buffer (50 mM sodium phosphate, 300 mM NaCl, 150 mM
imidazole, 1.6% Igepal [NP-40], pH 7.0). The eluate was dialyzed against 50 mM
HEPES, 150 mM NaCl, 1.6% Igepal [NP-40], pH 7.0 at 4°C for 12 hours and further
purified using HiTrap SP HP ion-exchange columns (Amersham Pharmacia Biotech).
pl4 was eluted from the column using 50 mM HEPES, 300 mM NaCl, 1.6%
octylglucoside (OG). The p14 concentration was determined by the Bio-Rad DC protein
assay and routinely adjusted to approximately 1 mg/ml. The purity of the protein, which
ranged from 90 to 95%, was estimated by sodium-dodecyl-sulfate polyacrylamide-gel

electrophoresis (SDS-PAGE, 15% acrylamide) and silver-staining (Blum ez al., 1987).
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For pl14 antiserum production, 500 pg of the pl4 protein was used for injection
into New Zealand White rabbits. For the initial injection, 500 pl of p14 protein (1
mg/ml) in elution buffer was mixed with 500 pl of Freund Complete Adjuvant (Sigma)
30 minutes before being administered at three sites (two intramuscular and one
subcutaneous). For the remaining 5 injections, protein was mixed with Freund
Incomplete Adjuvant (Sigma). Injections were administered every 6 weeks to boost the
antibody response against pl4. Rabbit polyclonal antiserum raised against avian
reovirus-176 was previously described (Duncan et al., 1996).

For the production of 12CAS anti-HA (IgG2bx), the cell supernatant from 12CAS
mouse hybridoma cells was concentrated by precipitation with 35% ammonium sulfate
(approximate concentration of anti-HA, 1.6 pg/ul). IgG2b isotype control was purchased
from Cedarlane Laboratories. A mouse monoclonal anti-placental alkaline phosphatase

(PLAP; Clone A89) was purchased from Dako.

2.5 pl4 proteoliposome production (for chemical cross-linking)

The molar ratio of lipids in the liposome formulations used here was 60:30:10 of
dioleoylphosphatidylcholine (DOPC) : dioleoylphosphatidylethanolamine (DOPE) :
cholesterol. All lipids were dissolved in chloroform, mixed in a 100-ml pear flask
containing glass beads and dried under vacuum for 2 hours. The resulting lipid film was
hydrated by vigorous vortexing in 10 mM HEPES (pH 7.4) and 150 mM NacCl at room
temperature to generate 20 mM multilamellar vesicles. The liposomes were passed 20
times through a 400-nm polycarbonate filter (Nucleopore) using a small-volume

extrusion apparatus (Avestin). pl4 was incorporated into liposomes based on the
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detergent depletion method (Rigaud et al., 1988). Briefly, solubilization of liposomes
(4.86 mg/ml) by octylgluocoside (OG) was monitored by turbidimetry (optical density at
600 nm) and 1.2 % OG was used for the procedure. It has been demonstrated that optimal
proteoliposome formation rapidly occurs at the onset of liposome solubilization by OG
(Rigaud et al.,1995). p14 protein and liposome suspensions (in 10 mM HEPES [pH 7.4],
150 mM NaCl, 1.2 % OG) were vigorously mixed (at a final lipid concentration of 6.66
mM, a final pl4 protein concentration of 0.1 mg/ml, and a final lipid:protein ratio of
48.6:1) and incubated at room temperature for 30 minutes. The detergent was removed by
a multi-step dialysis at 4 °C against 500 mL buffer containing 2 g of Bio-Beads-SM-2
adsorbent (Bio-Rad). P14-proteoliposomes were isolated using sucrose density gradient

ultracentrifugation.

2.6 Transfection and Cell Staining

Vero cells or QMS cells (60 - 70% confluency) were transfected with 1 pg of DNA and 2

ul of Lipofectamine (Invitrogen) per well of a 12-well cluster plate, according to
manufacturer’s instructions. Co-transfections used the same total amount of DNA and
lipofectamine, and a 1:1 ratio of the two clones unless otherwise indicated. Cell
monolayers were fixed with methanol and stained at various times post transfection with
Wright-Giemsa. Alternatively, fixed cell monolayers were immunostained as follows:
cells were blocked with whole goat IgG (1:1000) in Hank’s buffered saline solution
(HBSS) for 30 minutes at room temperature, then primary antibody (1:800 rabbit
polyclonal anti-p14) was adsorbed to cells for 45-60 minutes at room temperature. After

primary antibody binding, cell monolayers were washed six times in HBSS and
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secondary antibody (1:800 alkaline phosphatase-conjugated goat anti-rabbit [Jackson
Immunochemicals] in blocking buffer) was adsorbed to cells, washed as described above,
and substrate BCIP/NBT was added to allow colour development. Stained cells were
visualized on a Nikon Diaphot inverted microscope at a magnification of 200x. Image-

Pro Plus software (v.4.0) was used to capture images of stained cells.

2.7 Syncytial Indexing

The relative ability of various pl4 mutants to mediate syncytium formation was
quantified by a syncytial index assay. Giemsa-stained cell monolayers were visualized
on a Nikon Diaphot inverted microscope at a magnification of 100x. The numbers of
syncytial foci and syncytial nuclei present in 5 random fields of view were determined by
microscopic examination of Giemsa-stained transfected or co-transfected cell monolayers
at 100x magnification. Results were reported as the mean +/- the standard error (SE) from
three separate experiments. The relative fusion ability of each compared to authentic p14

was then graphed using Slide Writer 4.0.

2.8 Antibody Inhibition

For antibody inhibition, two-fold serial dilutions of complement-fixed polyclonal anti-
pl14 antiserum or normal rabbit serum were added to the medium of p14-transfected cells
at 4 hours post transfection. At 14-18 hours post transfection, the cell monolayers were
fixed with methanol, stained with Wright-Giemsa, and examined for the presence of

multinucleated syncytia.
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2.9 In vitro transcription and translation

The full-length S1 genome segment, pl4 ORF, cC ORF, and pl14 constructs containing
site-specific substitutions were transcribed from 1 pg of each EcoR!-linearized pcDNA3
clone using bacteriophage T7 RNA polymerase (Life Technologies). Each uncapped
transcription reaction was incubated for 2 hours at 37°C. 250 ng of each RNA transcript
was then translated in the presence of [3 H]-leucine (1 pCi per reaction) using nuclease-
treated rabbit reticulocyte lysates (Promega) according to the manufacturer’s instructions.
In vitro translation reactions were then subjected to SDS-PAGE (15%), and proteins

visualized by DMSO-PPO fluorography (Bonner, 1984).

2.10 Radiolabeling

pl4-transfected Vero or QM5 cells in 60 mm tissue-culture dishes were labeled for 1
hour with 50 pCi [*H]-leucine (Amersham Pharmacia Biotech) per ml of leucine-free
medium (Sigma) at 18-24 or 12-16 hours post transfection. Alternatively, Vero cells were
labeled at 18 hours post transfection for 3 hours with 20 pCi [*H]-myristic acid
(Amersham Pharmacia Biotech) per ml of Earle's MEM (Life Technologies).
Radiolabeled cell monolayers were washed with HBSS and lysed in cold
radioimmunoprecipitation assay (RIPA) buffer (50 mM Tris-HCI pH 8, 150 mM NaCl, 1
mM EDTA, 1% [v/v] Igepal [Sigma] 0.5% [w/v] sodium deoxycholate, 0.1% [w/v] SDS)
containing protease inhibitors (200nM aprotinin, 1 pM leupeptin, and 1 uM pepstatin
[Sigma]). The nuclei from radiolabeled cell lysates were pelleted for 2 minutes at 13,000
X g in a benchtop microcentrifuge, and the supernatant reserved for immunoprecipitation

or direct gel analysis.
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2.11 Pulse-labeling

For pulse-chase analysis of pl14, transfected cells were radiolabeled for 15 minutes at 18-
24 (Vero cells) or 12-16 (QMS cells) hours post transfection, and chased for the indicated
times with Earles’ medium containing unlabeled leucine at 3000 times the concentration
of [*H]-leucine. Pulse-labeling of p10-2HAN-transfected QMS5 cells was performed at 24
hours post transfection. Cell monolayers were washed with HBSS and lysed at 4°C in
radioimmunoprecipitation assay (RIPA) buffer. For co-immunoprecipitation experiments,
radiolabeled cells were removed from the tissue-culture dish by treatment with 50 mM
EDTA (in phosphate-buffered saline [PBS]) for 15 minutes at room temperature,
pelleted at 500 x g for 5 minutes, and lysed in 500 ul of either RIPA buffer, TXTNE
buffer (50 mM Tris-HCI pH 8, 150 mM NaCl, ImM EDTA, 1% [v/v] Triton X-100), or
NpTNE buffer (50 mM Tris-HCI pH 8, 150 mM NaCl, ImM EDTA, 1% [v/v] Igepal
[NP-40]) containing protease inhibitors. In a preliminary experiment, the total cell protein
in each 10-cm dish (0.5 ml lysate) was calculated using a modified Lowry assay
according to the instructions of the manufacturer (BioRad DC), and the detergent:protein

ratio calculated to be at minimum 25:1 (Ostermeyer et al., 1999).

2.12 Membrane fractionation

QMS cells transfected at 60-70 % confluence were labeled at 14 hours post transfection
for 1 hour with 50 pCi [*H]-leucine as above. After labeling, cells were washed with
PBS and lifted off the tissue culture dish by treatment with 50 mM EDTA for 10 minutes.

Cells were pelleted at 500 x g, and resuspended in 1 ml PBS. Cells were disrupted by 20
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passes through a 30-gauge needle, and unbroken cells and debris were removed by
centrifugation at 700 x g for 2 minutes. The supernatant was used to recover the
membrane fraction of transfected cells by ultracentrifugation at 100,000 x g for 1 hour.
The soluble fraction was removed and mixed 1:1 with 2x RIPA buffer, the membrane
pellet was resuspended by vortexing in 1 ml 1x RIPA buffer, and both were
immunoprecipitated as described below. For removal of peripherally associated
membrane proteins, the membrane pellet was treated with either a salt concentration of
salt (500 mM NacCl) or high pH (100 mM Na,COs, pH 11.4)4 (Fujiki et al., 1982) on ice
for 30 minutes, followed by a second centrifugation at 100,000 x g for 1 hour to recover
integrally associated membrane protein. All soluble and membrane fractions were then

immunoprecipitated.

2.13 Immune precipitation

[*H]-leucine- or [° H]-myristate-labeled samples were diluted to a 1-ml volume in RIPA
buffer. After clearing the lysate using a 1:100 dilution of normal rabbit serum and
IgGSORB (The Enzyme Center), pl4 was immune precipitated for 1 hour on ice using a
1:100 dilution of rabbit polyclonal anti-pl4, normal rabbit serum, mouse monoclonal
(IgG2b) anti-HA, or a mouse IgG2b isotype control. oC was immune precipitated using
a 1:200 dilution of rabbit polyclonal anti-avian reovirus-176. Antibody-antigen
complexes were recovered using fixed Staphylococcus aureus cells (Harlow and Lane,
1988) (used in the experiments shown in Chapters 2 and 3) or using [gGSORB (The
Enzyme Center) (used in the experiments shown in Chapters 4 and 5). Pellets were

washed three times with RIPA buffer, and immune complexes released by boiling in SDS
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protein-sample buffer for 5 minutes. Immune precipitated protein and labeled lysates
were subjected to SDS-PAGE (15% acrylamide) and visualized by DMSO-PPO

fluorography.

2.14 Co-immune precipitation

[3H]-leucine-labeled transfected-cell lysates were diluted to a 0.5-ml volume in RIPA,
TxTNE, or NpTNE buffer. After clearing the lysate using a 1:100 dilution of normal
rabbit serum or an IgG2b isotype control, immune precipitations were performed for 1
hour on ice using a 1:100 dilution of rabbit polyclonal anti-p14, normal rabbit sera,
monoclonal anti-HA, or an IgG2b control. Antibody-antigen complexes were recovered
using IgGSORB (The Enzyme Center), pellets were washed three times with RIPA,
TxTNE, or NpTNE buffer, and immune complexes released by boiling in SDS protein-
sample buffer for 5 minutes. Immune precipitated proteins were subjected to SDS-PAGE

(15% acrylamide) and visualized by DMSO-PPO fluorography.

2.15 Cell Staining with fluorescent dyes

QM5 cells were seeded in 6-well tissue-culture plates containing 18-mm square
coverslips (No. 1 thickness), and transfected 20-24 hours after seeding as described
above. Six hours post transfection, cell monolayers were washed twice with HBSS and
either fixed with ice-cold methanol for staining of intracellular p14, or surface-stained.
Permeabilized cells were blocked with either whole goat or rat IgG (1:1000) in HBSS for

30 minutes at room temperature, then primary antibody (1:800 rabbit polyclonal anti-p14
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or 1:200 mouse monoclonal [IgG2b] anti-HA in blocking buffer) was adsorbed to cells
for 45-60 minutes at room temperature. After primary antibody binding, cell monolayers
were washed six times in HBSS and secondary antibody (1:400 FITC-conjugated goat
anti-rabbit or 1:200 FITC-conjugated rat anti-mouse [Jackson Immunochemicals] in
blocking buffer) was adsorbed to cells and washed as described above. Non-
permeabilized cells were stained as above with the following exceptions: dilutions of
1:200 rabbit anti-p14, 1:100 mouse anti-HA, 1:100 FITC goat anti-rabbit, or 1:50 FITC
rat anti-mouse (all in blocking buffer) were used and all staining was performed at 4°C;
after primary antibody addition and washing, cells were fixed with ice-cold methanol and
washed before secondary antibody addition. After the final HBSS wash, stained cells on
coverslips were mounted on glass slides using fluorescence mounting medium (Dako).
Stained cells were visualized and photographed using the 100x objective of a Zeiss

LSM510 scanning argon-laser confocal microscope.

2.16 Co-fluorescence using p14-GFP

QM5 cells were seeded in 6-well tissue-culture plates containing 18-mm square
coverslips (No. 1 thickness), and transfected with p14-GFP 20-24 hours after seeding as
described above. At 15 hours post transfection, Brefeldin A (1 pg/ml in DMSO;
Epicentre Technologies) or DMSO alone was added to cells. At 16-20 hours post
transfection, cell monolayers were washed twice with HBSS and fixed with ice-cold
methanol. Permeabilized cells were blocked with whole rat IgG (1:1000, Jackson
Immunochemicals) in HBSS for 30 minutes at room temperature, following which an

organelle-specific mouse monoclonal IgG1 antibody (1:1000 of either anti-calnexin [BD
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Transduction Laboratories], anti-B-COP [Sigma], or anti-TGN38 [BD Transduction
Laboratories] in blocking buffer) was adsorbed to cells for 45-60 minutes at room
temperature. After primary antibody binding, cell monolayers were washed six times in
HBSS and secondary antibody (1:1000 rat anti-mouse IgG1:biotin [Serotec] in blocking
buffer) was adsorbed to cells and washed as described above. Streptavidin:phycoerythrin-
Texas Red (1:2000) (Serotec) was adsorbed to cells and washed as described above. After
the final HBSS wash, stained cells on coverslips were mounted on glass slides using
fluorescence mounting medium (Dako), and visualized and photographed using the 100x
objective of a Zeiss LSM510 scanning argon/neon-laser confocal microscope.
Alternatively, pl4-GFP-transfected cells (some pretreated with 20 mM methyl-f3-
cyclodextrin [MBCD] in serum-free medium at 37°C for 20 minutes) were analyzed for
detergent resistance before fixation. Individual coverslips were washed at 14 hours post
transfection, and treated with either 0.5% (w/v) Lubrol or 0.5% (v/v) Triton X-100 (in
HBSS buffer) by rapid immersion of the coverslip into the detergent-containing buffer 3
times for 5 seconds each. Coverslips were washed twice with HBSS and fixed with
methanol at —20°C for 5 minutes. Cells on coverslips were mounted on glass slides using
fluorescence mounting medium (Dako), and visualized and photographed using the 40x
or 100x objective of a Zeiss LSM510 scanning argon-laser confocal microscope. Each
image was recorded using the same capture parameters to best represent the amount of

p14-GFP fluorescence remaining after the treatment.
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2.17 Chemical Cross-linking

All cross-linking reagents were purchased from Pierce. 10-cm dishes of p14-transfected
QMS cells were radiolabeled at 13 hours post transfection. Cells were washed in PBS,
removed from the tissue-culture dish by treatment with 50 mM EDTA (in PBS) for 15
minutes at room temperature, pelleted at 500 g for 5 rﬁinutes, and resuspended in 200 pl
PBS. When membrane-impermeable reagents were used, 1% NP40 was added. When an
amine-reactive reagent was used (DTSSP, EGS, DST, described in Table 4.1), each cell
suspension was treated with the indicated cross-linker for 2 hours at 4°C. Following
incubation, each reaction was quenched with 50 mM Tris (pH 7.4) for 15 minutes at 4°C.
For APG (described in Table 4.1), the first step of the cross-linking reaction (slow,
arginine-reactive) was performed for 2 hours at room temperature; after UV
photoactivation the fast non-specific second step was performed on ice for 15 minutes.
All samples were lysed in RIPA buffer and immune precipitated with anti-p14. Each
reaction was boiled in SDS protein-sample buffer (+/- B-mercaptoethanol for DTSSP
reactions) for 5 minutes, and subjected to gel analysis as described above.

Duplicate samples of purified p14 (1.2 mg/ml in 50 mM HEPES, 300 mM NaCl,
and 1.6% OG) were treated with the indicated amount of DTSSP for either 30 minutes at
room temperature or 2 hours at 4°C. To avoid hydrolysis, powdered DTSSP was added to
the reaction directly. Following incubation, the reaction was quenched with 50 mM
glycine for 20 minutes at room temperature. Alternatively, pl4-proteoliposomes
(approximately 0.25 mg/ml pl4), purified by sucrose density gradient analysis, were
treated with the indicated amount of DTSSP, and the reaction incubated and quenched as

described above. Each reaction was boiled in SDS protein-sample buffer (without B-
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mercaptoethanol unless indicated) for 5 minutes, subjected to SDS-PAGE (15%

acrylamide) and visualized by silver staining.

2.18 Cholesterol Depletion

Vero cells were treated with 2 mM methyl-B-cyclodextrin (MBCD extracts cholesterol
from membranes and entraps it within its hydrophobic ring structure) approximately one
hour before pl4-mediated syncytium formation is first observed after transfection with
pl4. Cell monolayers were fixed with methanol and stained at 12 hours post transfection

with Wright-Giemsa.

2.19 Detergent-Resistant Membrane Fractionation

Ten-cm dishes of QMS cells at 60-70% confluence were transfected with p14 and labeled
for 1 hour with [*H]-leucine (50 pCi/ml) at 13-15 hours post transfection. After labeling,
cells were washed with PBS and lifted off the tissue culture dish by treatment with 50
mM EDTA for 15 minutes. Cells were pelleted at 500 x g, and resuspended in 0.5 ml
PBS, RIPA buffer, 0.5% (v/v) Triton X-100, 0.5% (w/v) Lubrol, 60 mM octylglucoside,
0.5% (v/v) Brij 56, or 0.5 % (v/v) Brij 58 (all detergents in TNE [50 mM Tris-HCI pH 8,
150 mM NaCl, 1 mM EDTA] buffer), or 0.5% (w/v) Lubrol in TNE with 1 M NaCl. All
lysis buffers contained protease inhibitors (200 nM aprotinin, 1 pM leupeptin, and 1 uM
pepstatin). When no detergent was used, cells were disrupted by 20 passes through a 30
gauge needle, and unbroken cells and debris removed by centrifugation at 700 x g for 2
minutes; when detergent-containing buffer was used, cells were lysed at 4 °C for 30-45

minutes. The cell lysate was used to recover the detergent-resistant membrane fraction
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by ultracentrifugation at 100 000 x g for 1 hour. The detergent-soluble fraction was
removed and mixed 1:1 with 2x RIPA buffer, the membrane pellet was resuspended by

vortexing in 1 ml RIPA buffer, and both fractions were immune precipitated.

2.20 Sucrose Density Gradient Centrifugation

10-cm dishes of pl4-transfected QMS cells were labeled and removed from the tissue-
culture dish using EDTA as described above. After low-speed centrifugation, the
resulting cell pellets were lysed in 250 ul of either 0.5% (w/v) Lubrol or 0.5% (v/v)
TritonX-100 (in TNE buffer plus protease inhibitors) at 4 °C for 30-45 minutes. The cell

lysate was then mixed with 250 pl of 2.4 M (82.4%) sucrose, and overlaid with 1 ml of
0.9 M (30.8%), 0.5 ml of 0.8M (27.2%), 1 ml of 0.7 M (24%), and 1 ml of 0.1 M (3.4%)
sucrose. When indicated, 0.1% (w/v) Lubrol was included in all sucrose fractions.
Sucrose density gradients were subjected to ultracentrifugation at 332 000 x g for 16-18
hours. Fractions (0.5 ml) were carefully harvested from the top of the gradient so as not
to disturb lower fractions. Each fraction was mixed 1:1 with 2x RIPA buffer and immune
precipitated. PLAP-transfected QMS5 cells were harvested at 24-28 hours post
transfection, lysed in 0.5% (v/v) Triton X-100, and prepared for sucrose gradient analysis

as described above.

2.21 Western Blotting

After sucrose density gradient ultracentrifugation, total protein in each 0.5-ml fraction
was precipitated using an equal volume of 100% trichloroacetic acid (TCA) at 4 °C for

10 minutes, washed twice with 2.5% TCA, once with cold methanol, and air-dried before
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being resuspended in SDS protein-sample buffer. Proteins were boiled for 5 minutes and
subjected to SDS-PAGE (10% acrylamide) followed by immunoblotting using 1:2000
mouse monoclonal anti-PLAP (Dako) and 1:2000 horseradish-peroxidase-conjugated
secondary antibody (Kirkegaard Perry Laboratories). Proteins were visualized by a
chemiluminescence reaction according to manufacturer’s instructions (Kirkegaard Perry

Laboratories).



Chapter 3
Membrane fusion mediated by a Type III protein with an external myristylated

amino terminus

3.1 Overview

Reptilian reovirus (RRV) is one of a limited number of non-enveloped viruses capable of
inducing cell-cell fusion. A small, hydrophobic, basic, 125-amino-acid fusion protein
encoded by the first open reading frame (ORF) of a bicistronic viral mRNA is responsible
for this activity. Sequence comparison to previously characterized reovirus fusion
proteins indicated that pl4 represents a new member of the fusion-associated small
transmembrane (FAST) protein family. Topological analysis revealed that pl4 is a
member of a subset of integral membrane proteins, the Type III (Nexo/Ceyt) proteins, that
lack a cleavable signal sequence and use a reverse signal-anchor to direct membrane
insertion. This topology results in the co-translational translocation of the essential
myristylated N-terminal domain of pl4 across the membrane. pl4 is a novel reovirus
membrane fusion protein, and further accentuates the diversity and unusual properties of

the FAST protein family as a third distinct class of viral membrane fusion proteins.

98
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3.2 Introduction
Biological membrane fusion is an essential cellular process mediated by specific fusion
proteins (Stegmann et al., 1989; White, 1990; Blumenthal et al., 2003; Jahn et al., 2003).
Enveloped-virus fusion proteins have contributed extensively to the model of protein-
mediated membrane fusion. They are complex, multimeric, Type I integral membrane
proteins that facilitate virus entry into cells by mediating fusion between the viral
envelope and the target cell membrane (White, 1990). Two distinct classes of enveloped
virus fusion proteins have been identified. Class I fusion proteins are exemplified by
influenza virus HA and human immunodeficiency virus gp41, and Class II proteins by
alpha and flavivirus E1 and E, respectively (White, 1990; Skehel and Wiley, 1998;
Weissenhorn et al., 1999; Heinz and Allison, 2001; Kielian, 2002). For both classes,
triggered conformational changes and/or multimer reorganization of the complex
ectodomain is essential for the fusion reaction (Weissenhorn et al., 1999; Heinz and
Allison, 2001). This transition from a metastable to a low-energy form of the fusion
protein is believed to provide energy to overcome the thermodynamic barriers that inhibit
membrane merger (Carr and Kim, 1993; Gibbons et al., 2000; Eckert and Kim, 2001;
Stiasny et al., 2001). However, the complete role of protein structure remodeling as a
thermodynamic mediator of the fusion reaction remains unresolved (Epand and Epand,
2002, 2003; Remeta ef al., 2002).

Nonenveloped viruses lack a lipid bilayer, their entry is not dependent on
membrane fusion and they do not encode membrane fusion proteins. The exception to

this rule are the fusogenic species of the Reoviridae family (Nibert and Schiff, 2001;



100

summarized in Table 1.8). The reovirus fusion proteins are not part of the virus particle,
and are not utilized in the virus entry process (Duncan et al., 1996; Shmulevitz and
Duncan, 2000; Dawe and Duncan, 2002). This class of fusion-associated small
transmembrane (FAST) proteins comprises the only known examples of viral
nonstructural proteins that induce cell-cell fusion, in a manner that is not required for
entry or exit of the virus (Duncan et al., 1996). Instead, FAST protein-mediated
syncytium formation leads to more rapid virus particle egress and/or cell-cell spread
during the course of an infection (Duncan et al., 1996; Duncan and Sullivan, 1998).

Two reovirus FAST proteins have been identified. Avian reovirus (ARV) and
Nelson Bay reovirus (NBV) encode homologous 95 to 98-amino-acid fusion proteins,
termed pl0 (Shmulevitz and Duncan, 2000). An atypical mammalian reovirus, baboon
reovirus (BRV), encodes a non-homologous 140-amino-acid 15-kDa fusion protein (p15)
that 1s comprised of a different arrangement of structural motifs (Dawe and Duncan,
2002). Both p10 and p15 are integral membrane proteins that lack an N-terminal signal
sequence. Both are modified by fatty acids: p10 is palmitylated at an internal membrane-
proximal di-cysteine motif, while pl5 is N-terminally myristylated (Dawe and Duncan,
2002; Shmulevitz et al., 2003b). Both proteins contain a positively charged region C-
terminal to the transmembrane domain (Shmulevitz and Duncan, 2000; Dawe and
Duncan, 2002). ARV pl0 localizes to the plasma membrane in an (Nexo/Ceyt) topology
that places a small N-terminal domain (approximately 40 residues) outside the cell
(Shmulevitz and Duncan, 2000). The membrane topology of pl5 has not been

determined; however, the presence of two potential transmembrane domains and the N-
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terminal myristate suggests that p15 may assume an Ny-bitopic or -polytopic membrane
association (Dawe and Duncan, 2002).

The reovirus fusion proteins lack key features found in most enveloped-virus
fusion proteins, including multiple heptad repeats implicated in formation of a coiled-coil
stalk (found in all Class I fusion proteins; Weissenhorn et al., 1999). The small size of the
FAST proteins makes it difficult to envision how these proteins extend the distance
between two opposing biological membranes or utilize a structural rearrangement that
leads to fusion-peptide exposure and energy release that can be harnessed to drive
membrane merger (White, 1990; Carr and Kim, 1993; Zimmerberg et al., 1993; Skehel
and Wiley, 1998). The reovirus fusion proteins are therefore unlikely to conform to this
paradigm. A comparative analysis of the FAST proteins promises an enhanced
understanding of these minimalist fusion proteins, and the structural features required for
membrane fusion.

A reptilian reovirus (RRV) isolated from a python was recently characterized as a
new species of fusogenic orthoreovirus (Ahne et al., 1987; Duncan et al., 2003). I now
show that the pl4 protein encoded by the first open reading frame on the bicistronic S1
genome segment is a third distinct member of the reovirus FAST protein family. pl4 is a
surface-localized Type III (Nexo/Ceye) integral membrane protein that places its essential,
myristylated N-terminal domain outside the cell. Although the precise role of the external
myristylated N terminus of p14 in the fusion mechanism is undetermined, this discovery
adds a novel structural motif to the FAST protein repertoire and a new element to be

considered for models of protein-mediated membrane fusion.
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3.3 Results

The 1* open reading frame of the bicistronic S1 genome segment of a reptilian
reovirus encodes the fusion protein

Sequence analysis identified two sequential, partially overlapping open reading frames
(ORFs) on the S1 genome segment of RRV (Fig 3.1.A; Duncan et al., 2003). In vitro
transcription and translation confirmed that this genome segment encodes two protein
products: a 35-kDa homolog of the ARV cell attachment protein cC, and a 14-kDa
product (Fig 3.1.B). Transfection analysis using the S1 genome segment indicated that
one of these proteins was responsible for the syncytial phenotype of RRV. Subcloning
and expression revealed that the 125-amino-acid p14 protein encoded by the first ORF,
when expressed by itself in transfected cells, induced extensive multinucleated syncytium
formation in both transfected Vero epithelial cells and in QM35 quail cell fibroblasts (Fig
3.1.C). Immune precipitation confirmed expression of p14 in both transfected and virus-

infected cells (Fig. 3.1.B).

Structural metifs in p14

The RRV pl4 protein contains several predicted structural motifs (Fig 3.2). A hydropathy
plot of p14 and sequence analysis identified a predicted transmembrane domain (TMD),
suggesting that pl4 resides as an integral membrane protein. Sequence analysis also

suggested that pl4 lacks a cleavable N-terminal signal sequence, suggesting that the
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membrane-spanning domain may function as an internal signal anchor (Spiess, 1995).
The only other region of moderate hydrophobicity occurs in the N-terminal domain (Fig
3.2.A), aregion I termed the hydrophobic patch. The N-terminal domain also contains a
consensus sequence for N-terminal myristylation (MGXXXS/T/A) (Towler et al., 1988).
The C-terminal domain is comprised of two different regions: a highly basic, membrane-
proximal region (10 of the 22 residues immediately following the TM domain are basic),
and a C-terminal proline-rich region (8 prolines between residues 99-112) that includes a
stretch of 5 consecutive prolines. The-C-terminal domain also contains a consensus
sequence for N-linked glycosylation (NXS/T) at asnl21. The functional significance of

these sequence-predicted structural motifs was further investigated.

p14 assumes a N¢yo/Cey surface membrane topology

Analysis of the soluble and membrane fractions from transfected QM5 cells indicated
that p14 localized exclusively to the membrane pellet (Fig 3.3.A, left panel), suggesting
pl4 is co-translationally inserted into cellular membranes. Treatment of the membrane
pellet with either high salt or high pH to extract peripheral membrane proteins (Fujiki et
al., 1982) did not alter pl4 distribution (Fig 3.3.A), indicating the predicted pl4
transmembrane domain is functional, and that pl4 exists exclusively as an integral

membrane-spanning protein. A known soluble protein, cC encoded by avian reovirus,

was located in the soluble fraction after oC-transfected cells were subjected to the same
procedure (Fig 3.3.A, right panel). Consistent with the membrane localization of pl4,
immunostaining of permeabilized cells revealed a punctuate, reticular staining pattern

with concentrations of pl4 in the perinuclear region, while similar staining of non-
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permeabilized cells detected patchy ring fluorescence at the surface of cells (Fig 3.3.B).
Furthermore, the exogenous addition of polyclonal a-p14 inhibited syncytium formation
in pl4-transfected cells, while normal rabbit serum did not (Fig 3.3.C). These results
imply that p14 localizes to the ER-Golgi pathway, and that at least a portion of pl4
trafficks to the cell surface, where it is directly involved in promoting the membrane
fusion reaction.

To examine pl4 membrane topology, constructs were created that contained
tandem HA epitope tags added either at the C-terminus of p14 (p14-2HAC), or inserted
between residues seven and eight within the N-terminal domain (pl14-2HAN). The
double-epitope tag at the C-terminus slowed, but did not inhibit, the extent of cell-cell
fusion, while the epitope tag in the N-terminal domain abrogated polykaryon formation
(Fig 3.4.A). Cells transfected with p14-2HAN or p14-2HAC were immunostained using
an anti-HA monoclonal antibody, either after fixation and permeabilization to reveal
intracellular fluorescence, or as live cells to detect the surface-expressed ectodomain. In
permeabilized cells, both constructs generated the reticular staining pattern characteristic
of authentic p14 (Fig 3.4.B panels a and b). Positive surface staining was only obtained
with the p14-2HAN construct, indicating that p14 assumes a Neyo/Cey surface topology in

the plasma membrane (Fig 3.4.B. panels ¢ versus d).

The C terminus of p14 is dispensable for fusion activity
pl4 contains a potential site for N-glycan addition (NXS/T) at asn 121. However, only a
single molecular weight form of pl4 was expressed in transfected cells (Figs 3.3.A,

3.5.A). When pl4-transfected cells were pre-treated with tunicamycin (an inhibitor of N-
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linked glycosylation), there was no effect on protein mobility (Figure 3.5.A). Neither
tunicamycin treatment nor the elimination of the glycosylation site (by substitution of
asparagine residue 121 with glutamine [N121Q]) affected pl4-mediated cell fusion or
electrophoretic mobility (Figure 3.5.A., B), indicating the p14 is not modified by glycan
addition at asn 121.

Proline-rich regions can form Type II polyproline helices and are often involved
in protein-protein interactions