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Abstract

Membrane fusion plays a crucial role in many biological processes from virus
infection to release of neurotransmitters (Hughson 1999). Membrane — bound
surface glycoproteins are involved in the fusion process. The enveloped animal
virus infection is initiated by interactions between the virus and the cell
membrane through the surface glycoproteins called fusion glycoproteins (Eckert
and Kim 2001). The fusion glycoproteins are responsible for both receptor
binding and membrane fusion activity. The fusion proteins are characterized by a
large ectodomain containing fusion peptides, a transmembrane (TM) domain,
and a cytoplasimic domain. The viruses can enter cells either at neutral pH or at
acidic pH. When exposed to appropriate conditions, the fusion protein undergoes

conformational changes, which in turn drives the fusion process.

The fusion glycoproteins can be classified as Class | and Class Il fusion proteins
(Lescar et al. 2001). The Class | fusion proteins are synthesized as a precursor
molecule, which then undergoes proteolytic cleavage to generate a mature
molecule containing the hydrophobic fusion peptide at the N — terminal. The
class Il fusion glycoproteins are not synthesized as precursor molecules, and

they have internal fusion peptides.
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The vesicular stomatitis virus (VSV) glycoprotein G is a class lll fusion protein. It
has a neutral internal fusion peptide and upon exposure to low pH, the protein
undergoes reversible conformational change (Gaudin 2000, Yao et al. 2003). A
62kDa soluble ectodomain of VSV G (Gs) has been generated by limited trypsin
digestion. The SDS PAGE gel electrophoresis indicates that the trypsin has
possibly cleaved near the transmembrane (TM) domain. Liposome binding
experiment suggests that Gs can bind to liposomes in a pH dependent manner.
Liposome fusion studied by RET assay suggests that the Gs can induce
significant amount of hemifusion. However, it failed to induce any content mixing
mainly due to considerable amount of membrane leakage activity. This indicates
that the binding to the membrane through the TM domain is required for
complete membrane fusion. Unlike TBE E soluble ectodomain, Gs can form
dimers and trimers at neutral and fusion active pH. Light scattering experiment
shows that the aggregation of Gs increases with a decrease in pH. The
conformational change with changes in pH was evident from the trypsin
sensitivity assay and CD spectroscopy. It was observed that Gs became
resistant to trypsin digestion at low pH and a - helicity content of the molecule
increased upon lowering the pH. However, the maximum amount of o — helicity
was observed at pH 6. The removal of the TM domain also shifts the optimum
fusion pH towards more acidic pH in comparison to VSV G. These results
indicate that the TM domain is not required for the oligomerization of G protein,

but some role has been reserved for the TM domain during membrane fusion.



The CD spectroscopic data also indicated that the G protein undergoes structural
rearrangement between pH 7.4 - 6, which could be responsible for the exposure

of fusion peptide and subsequent target membrane binding.
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1. INTRODUCTION

Membrane fusion is a vital step in many complex biological processes. The cell
surface glycoprotein is the only protein involved in membrane fusion. Surface
glycoproteins are responsible for unfavorable mergering of two membrane
bilayers. Therefore, the study of structure and function relationship of fusion
glycoproteins is important to understand the cellular fusion mechanism, which will
ultimately answer many unsolved questions and may lead to the development of

new drugs.

Enveloped animal virus infections are initiated by interactions between the host
and the virus, followed by membrane fusion. The virus surface glycoproteins are
responsible for both receptor binding and membrane fusion activity.
Predominantly, all viral surface glycoproteins share some common
characteristics (Hernandez et al.1996). These proteins are integral membrane
glycoproteins containing a short transmembrane domain and a cytoplasmic
domain. The portion of the protein that remains external to the viral membrane is
called the ectodomain. The ectodomain is responsible for receptor binding and
membrane fusion activity (Fig 1). Most viral fusion glycoproteins have short
hydrophobic sequences, which interact with the target membrane during fusion,
and are called fusion peptides (Eckert and Kim 2001). Interaction between the

fusion peptide and the membrane during fusion have been proven by mutation,



antibody inhibition studies and hydrophobic photolabeling experiments (Zhang
and Ghosh 1994, Harter et a. 1988, 1989, Durrer et al.1995, Skehel et al.1982,

Gaudin et al.1995, Gaudin 2000).

A viral infection starts when the surface glycoprotein binds to the cell surface
receptor (Eckert and Kim 2001). Following binding to the receptor, the virus can
enter the host either by fusion with the cell surface membrane at neutral pH or by
endocytosis through clathrin-coated pits and fusion with the endosomal
membrane at the acidic pH of the endosome (Hernandez et al.1996). Viruses
that interact and fuse with the host cell at neutral pH are retroviruses,
paramyxoviruses, herpesviruses and poxviruses. The viruses that require acidic

pH for fusion are orthomyxoviruses, togaviruses, rhabdoviruses and flaviviruses.

Most of viral fusion glycoprotein exists in metastable conformation at neutral pH
(Gaudin 2000). After binding to the cell surface receptor or exposure to low pH,
they undergo a series of conformational changes, which triggers the fusion
process (White1992, Kielian 1995, Wiley and Skehel 1987 and Wiley 1998). The
conformational change exposes the fusion peptide, which interacts with the
target membrane and brings the opposing membranes close enough to each

other to fuse.



Surface glycoproteins of animal viruses can also be classified into two classes
(class | and class Il), depending on the characteristics of the fusion peptide
(Lescar et al.2001). The class | fusion proteins are synthesized as precursor
molecules, which undergo proteolytic cleavage to produce the mature fusion
protein. They have a hydrophobic fusion peptide at the N — terminal of the fusion
glycoprotein. Orthomyxoviruses (e.g., the influenza virus), retroviruses (HIV), and
paramyxoviruses (sendai virus) belong to this class (Fig 1). The class Il fusion
glycoproteins do not undergo any proteolytic maturation and they have internal
fusion peptides. Viruses belonging to this class include togaviruses (Semliki
forest virus), flaviviruses (TBE), and rhabdoviruses (VSV). However, recently
VSV G protein has been classified as class lll fusion protein (Yao et al. 2003,

Gaudin 2000)

Although all the fusion glycoproteins from different viruses serve the same
purpose, there is a distinctive difference in structure and mechanism of fusion
between the two classes of fusion peptides (Heinz and Allison 2000). The fusion
glycoproteins of orthomyxoviruses, paramyxoviruses and retroviruses show
similar structural characteristics and they employ coiled — coil mechanisms for
membrane fusion (Eckert and Kim 2001, Bullough et al.1994, Han et al.2001,
Wilson et al.1981, Crennell et al.2000). In contrast envelope glycoprotein of

flaviviruses and alphaviruses share similar structural hallmarks (Lescar et



al.2001, Rey et al.1995). The B - barrel structure is the predominating structure

present in the class 1l fusion peptides.

1.1 Class | fusion proteins

Orthomyxoviruses, retroviruses and paramyxoviruses have class | fusion
glycoproteins. They have a hydrophobic fusion peptide at the N — terminal, which
is generated by proteolytic maturation of precursor molecules. A spring-loaded
mechanism involving a coiled — coil structure has been proposed for pH
dependent and independent membrane fusion (Eckert and Kim 2001, Crennell et
al. 2000). The class | fusion peptide, which has been extensively studied, is the

influenza virus hemagglutinin (HA) surface glycoprotein.

1.1.1 Influenza Virus

The influenza virus is a member of the orthomyxovirus family. It has a segmented
genome of eight negative stranded RNA (Krug R.M 1989). The viral RNA codes
for three P proteins (PB,, PBs and PA), hemagglutinin, nucleoprotein, matrix
protein (M1 and M protein), neuraminidase, NS; and NS,. The PB4, PB, and PA
proteins together form a complex that plays a variety of enzymatic roles during
viral transcription. The viral neuraminidase is an integral membrane protein,

which exists as a homotrimer. This protein acts as a major antigenic determinant



and also removes the sialic acid moiety from the glycoprotein. There are two
matrix proteins (My and My) required for the structural stability of the virus. The
two other proteins (NS and NS,) are found only in infected cells. Although the
exact roles of these proteins are unknown, it has been proposed that NS1 might
play an important role in shutting down the host protein synthesis machinery. The
viral hemagglutinin (HA) is the major viral spike protein, which has both receptor
binding and membrane fusion activity. HA is the major antigenic component of

the virus against which neutralizing antibodies are produced.

The influenza virus hemagglutinin fusion glycoprotein is synthesized as the
precursor molecule HA, (Eckert and Kim 2001), which then undergoes proteolytic
cleavage to form two subunits, a 221 amino acid residue transmembrane subunit
(HA2) and a 328 amino acid residue surface subunit (HA¢) (Fig 2). The HA; is
attached to the membrane through a short hydrophobic residue near its C
terminus, which also acts as a stop transfer signal during the translocation of HA
across the membrane (Krug 1989). The hydrophobic amino acid signal is cleaved
after the insertion of the HA protein into the membrane. The HA; subunit has the
predicted fusion peptide at its N — terminal. The two subunits HA; and HA; are
linked by a disulphide bond between the C14 residue of HA,; and the C137
residue of HA, (Fig2). The HA; subunit is responsible for the recognition and
binding to specific cell surface receptors (Hernandez et al.1996). In the case of

influenza virus, sailic acid acts as the receptor molecule. HA protein exists as a



homotrimer (White 1992, Wilson et al.1981). Proteolytic cleavage of the
precursor HA molecule (HAo) results in a metastable conformation, which
undergoes a dramatic conformational change upon exposure to low pH to a
thermodynamically more stable form (Carr et al.1997, Durrer et al. 1996, Skehel
et al.1982). Therefore, influenza virus HA can exist in two significantly different
conformations, a metastable fusion inactive native form and low pH form that is
thermodynamically more stable. The energy released during the irreversible
structural change from the metastable conformation to the low pH stable
conformation compensates the energetically unfavorable process of membrane
fusion (Ruigrok et al.1986, Carr et al.1997, Gaudin 2000). The evidence of
conformational change comes from the fact that, upon exposure to low pH, HA
aggregates and can bind to liposomes. Hydrophobicity of the protein is also
increased under these conditions (Skehel et al.1982). Change in proteolytic
sensitivity with change in pH and mutagenesis studies support the existence of
the two different conformations (Carr et al.1997, Korte et al. 2001). The HA
fusion protein is resistant to proteinase K digestion at neutral pH, in contrast the
protein is digested by proteinase K at fusion active pH. The mutation at E4G,
E11G, G1E, E11V and E15V effects the membrane fusion ability of the HA fusion
protein (Gething et al. 1986, Qiao et al. 1999 and Korte et al. 2001). Change in
antigenicity with change in pH also indicates that structural rearrangement occurs

at low pH (Wharton et al. 1987, Barbey-Martin et al. 2002).



However, same structural conformation (fusion active structure) for HA can also
be triggered by exposing the HA fusion protein to high temperatures or
denaturants like urea (Ruigrok et al.1986, Carr et al.1997). The temperature or
denaturant induced conformational change is also coincident with the membrane
fusion. It has been proposed that the native structure of HA is trapped in a
metastable state and the fusion active conformation can be activated by

destabilizing the native structure (Ruigrok et al.1986, Carr et al.1997).

Identification of the N - terminal amino acids in the HA, protein as fusion peptides
has been confirmed by mutational experiments (Gething et al. 1986, Qiao et al.
1999 and Korte et al. 2001), although the most direct evidence was provided by
hydrophobic photolabeling experiments (Harter et a/.1988, 1989, Stegmann et
al.1991, Tsurudome et al.1992, and Durrer et al.1996). This technique is based
on the principle that depends upon the ability of photoactiveable lipids to
covalently modify those polypeptide segments of proteins that directly contact the
membrane hydrophobic core. The experiments revealed that liposome fusion
was mediated by the first 20 amino acids near the N — terminal of the HA,
molecule. It was proposed that upon interacting with the membrane, the fusion
peptide adopts the structure of a sided a - helix that may penetrate only a single

leaflet of the membrane (Han et a/.2001).



1.1.2 Crystal structure of Influenza HA in native conformation

In 1981, Wilson et al. were the first to resolve the high resolution structure of the
influenza virus HA fusion peptide (Fig 2). The structure was resolved by
crystallizing the bromelain cleaved soluble HA ectodomain called BHA. The BHA
lacks the hydrophobic region that anchors HA to the viral membrane. The HA
trimeric structure is an elongated cylinder of 135A long with a radius of 15 to 45 A
(Fig2). The structure of hemagglutinin can be divided into two regions. One
includes both HA, and HA;, which form a 76 A triple — stranded o — helical coiled
— coil structure that extends from the membrane surface. At the top of the
structure are three exposed globular head domains consisting of HA¢, and it acts
as a framework for the sialic acid receptor binding site (Wilson et al.1981). The
fusion peptide which is at the amino terminal region of HA, remains buried in the
native structure. The hemagglutinin trimeric subunit is stabilized by the triple
stranded coiled — coil structure formed by the fibrous region (Wilson et al.1981).
There are many inter- and intra-chain salt bridges that also contribute to the
stability of the coiled — coil structure. The carbohydrate side chains are located all
along the membrane surface rather than at the distal end. Six oligosaccharides
are attached to HA, and one oligosaccharide is attached to HA, (Wiley and

Skehel 1987).



1.1.3 The Spring — Loaded Model

It took nearly a decade to propose a possible fusion mechanism after solving the
crystal structure of BHA by Wilson et al. in 1981. Studies done with synthetic
fusion peptides led to the proposition of a spring — loaded mechanism (Carr and
Kim 1993, Carr et al.1997). Computational analysis showed that a region
between 54 — 81 in the HA, subunit has the potential to form a coiled — caoill
structure, whereas in the native crystal structure of BHA this region forms an
extended loop conformation. However, biophysical experiments (circular
dichroism spectroscopy) with synthetic fusion peptides corresponding to this
region (residue 54-89) confirmed that it forms a coiled — coil in solution (Carr and
Kim 1993). Therefore, it was proposed that during conformational change from
native structure to fusion active structure at low pH, the residue between 55 — 75
changes from a loop to a coiled — coil structure (Eckert and Kim 2001). These
structural rearrangements propel the fusion peptide to the opposing end of the
molecule, which allows it to interact with the target membrane (Fig 2). The
existence of such a fusion mechanism was confirmed when the fusion active
structure of HA was solved in 1994 by X-ray crystallography (Bullough et al. in

1994).
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1.1.4 Low pH fusion active structure of HA molecule

Influenza virus hemagglutinin is the only fusion peptide for which both the neutral
and low pH structures have been reported. The low pH structure was described
by Bullough et al. in 1994. The structure was solved by crystallization of the
soluble HA fragment TBHA,. The TBHA, was obtained by successive proteolytic
cleavage of BHA, at pH 5 with trypsin and thermolysin respectively. The TBHA;
monomer contains the whole HA, fragment and 38 — 175 residue of the HA,

fragment, which does not include the hydrophobic fusion peptide region.

The TBHA; trimer is formed by 100 A long three stranded o— helical coiled — coil
structure with one a — helix contributed from each monomer. A B - hairpin formed
by HA; 131 — 140 residues along with 11-16 residues from HA; forms an
antiparallel  — sheet (Bullough et al.1994). The HA, and HA, subunits are
connected by a disulphide bond between the C14 residue from HA, to the C137
residue of HA,. A comparison of BHA and TBHA structure reveals that the
molecule undergoes a dramatic conformational change at a lower pH, which
results in a thermodynamically more stable conformation. The central triple
stranded o — helical coiled — coil structure of BHA has the same structure as that
of TBHA. The N — terminal of the HA; fragment was displaced by 100 A, which is

required to propel the fusion peptide by 150 A. The conformational change from
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BHA to TBHA is very extensive that most interactions between HA; and HA,

present in BHA are no longer possible in TBHA (Bullough et al.1994).

1.1.5 Proposed mechanism for membrane fusion

In 1996, Hernandez et al. first came up with a probable mechanism for

membrane fusion. They proposed that there are five steps involved during

membrane fusion, and suggested that two conformational intermediates might

exist between the native HA and the final low pH conformation.

The first step involves the pH dependent conformational change. In this
step, HA protein undergoes structural rearrangement, which enables the
fusion peptide to interact with the target membrane (Bullough et al.1994,
Carr and Kim 1993, Carr et al.1997).

In the second step, clustering of the HA trimer occurs. This step accounts
for the lag phase before the onset of membrane fusion.

The third step leads to the formation of hemifusion. Here fusion peptides
reach a transition state. The fusion peptide, which is attached to both the
target membrane and the viral membrane, bends radially outward from the
fusion site (Hernandez et al.1996). This in turn forces the interacting
bilayer to bend, resulting in a hemifusion intermediate.

The HA trimer in the fourth step imposes tension on the hemifusion

diaphragm, which causes the breakage of the hemifusion diaphragm. It
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was suggested that the tension is the major driving force in the formation
of fusion pores.
e In the last step, HA reaches the stable low fusion conformation, which

also results in the irreversible opening of the fusion pores.

1.1.6 Other Class | fusion peptides

Another class | fusion glycoprotein whose structure is known is the human
immunodeficiency virus (HIV) envelope glycoprotein (Env). HIV is a member of
the retrovirus family. The Env protein is the only glycoprotein of HIV responsible
for receptor binding and membrane fusion activity (Eckert and Kim 2001). Like all
other class | fusion peptides Env is synthesized as a polyprotein precursor
molecule, gp160 (molecular weight of the precursor is 160 kDa), which is then
proteolyticaly cleaved to generate a surface subunit, gp 120, and a
transmembrane subunit, gp 41 (Freed and Martin 1995). The two subunits
remain associated by noncovalent interaction. The intracellular disulphide bonds
formed between a series of conserved cystine residues are required for the
structural stability (Freed and Martin 1995). The gp120 subunit has receptor

binding activity and gp41 has membrane fusion activity (Freed et a/.1990).



13

Unlike the influenza virus, HIV induces membrane fusion at neutral pH. The HIV
infection is initiated by the binding of gp120 to the cell surface receptor molecule
CD4 (Freed and Martin 1995). However involvement of other co — receptors has
been reported for the efficient infection of HIV (Hernendez et al.1996). Binding of
gp120 to the receptor induces a series of conformational changes in both gp120
and gp41. The gp120 exposes the V3 loop required for the interaction with the co
— receptor, which ultimately results in shedding of gp120 from the viral surface
(Moore et al.1990, Chan et al.1997). Changes in gp41 antibody binding and
protease sensitivity suggest that gp120 and CD4 interaction also induce
conformational change in gp41. This conformational change eventually exposes
the hydrophobic fusion peptide essential for membrane fusion (Freed and Martin

1995).

The structural information about gp41 was obtained from two stable soluble
complexes of N51 and C43 generated by limited proteolysis of gp41 (Lu et
al.1995). Biophysical experiments suggest that N51 and C43 form a trimeric
coiled — coil structure, where C43 is oriented in an anti-parallel manner to the
outside of the N45 coiled — coil core (Eckert and Kim 2001). The crystal structure
of the thermodynamically stable fragment N36 and C34 of gp41 was solved by
Chan et al. in 1997. N36 and C34 form a six - helix bundle (Chan et al.1997). The

central coiled — coil is formed by N36, which wrap around by antiparallel C34
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helices. The N36/C34 complex has a structural similarity to the low pH induced

conformation of the influenza HA, subunit.

1.2 Class Il fusion protein

The class Il fusion proteins are those which do not undergo any proteolytic
maturation, and they have internal fusion peptides (Lescar et al2001).
Togaviruses (SFV) and flaviviruses (TBE) belong to this class. TBE and SFV are
the only class |l fusion peptides whose structure has been reported (Rey et

al.1995 and Lescar et al.2001).

1.2.1 Tick - Borne Encephalitis virus (TBE)

Tick - borne encephalitis virus (TBE) belongs to the family of Flaviviridae. More
than 50% of the flaviviruses are associated with human diseases, the most
common being the Dengue (DEN) virus, yellow fever (YF) virus, Japanese
encephalitis (JE) virus, and TBE virus (Heinz and Allison 2000). The TBE virus
genome has a positive — stranded RNA with a single long open reading frame.
Viral RNA codes for three proteins: a capsid protein (C), an integral membrane
protein (E), and a membrane protein (M). The TBE major surface glycoprotein

has both receptor binding and membrane fusion activity (Stiansy et al.2002). Like
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all other class |l fusion peptides, the TBE E protein has an internal hydrophobic
fusion peptide. After binding to the cell surface receptor the virus is internalized
by endocytosis through a clathrin coated pit, which then fuses with the
endosomal membrane at acidic pH. Upon exposure to low pH, the TBE E protein
undergoes an irreversible conformational change (Heinz and Allison 2001). This
protein exists as a dimer at neutral pH, which then undergoes an irreversible
trimerization at fusion active pH. The irreversible dimer to trimer transition leads
to the fact that TBE E glycoprotein is metastable at neutral pH, and lowering the
pH helps the protein to reach a more stable conformation. Fluorescence
spectroscopic analysis suggests that low pH conformation is more stable to
thermal shock in comparison to that of neutral pH structure (Stiasny et a/.2001).
The TBE E protein - mediated membrane fusion is extremely fast with no

measurable lag phase (Heinz and Allison 2000).

High resolution structure of the TBE E protein was first reported by Rey et
al.1995 (Fig3). The crystal was obtained from soluble ectodomain (Es) released
after restricted trypsin digestion (Heinz et al.1991). The soluble ectodomain of E
protein folds into three domains:

e [ -barrel (Domain 1)

¢ An elongated dimerization region (Domain II).

e C —terminal immunoglobulin - like module (Domain IlI).
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The Es homodimer is arranged in a head to tail and the dimers are oriented
parallel to the membrane. Domain | is at the center of the monomer, consisting of
eight up and down B — barrels. The axis of the barrel is parallel to the viral
membrane. The two P — sheets facing each other result in a hydrophobic interior
(Rey et al.1995). This domain contains two disulphide bridges. Domain Il which is
the dimerisation domain, contains extended finger - like structure. The cd loop
(residue 98 — 113), located at the tip of the domain Il, is made of glycine rich
hydrophobic sequences, which are important for the fusogenic activity of the
virus (Rey et al.1995). The tightly folded conformation of the cd loop is stabilized
by the disulphide links. The interaction between domain I, domain |, and domain
Il stabilizes the dimer structure. The dimer interaction is further stabilized by
oligosaccharides attached to domain |. Domain Il has IgG like folding, which is
attached to domain |l through a 15 residue anchor and a disulphide bond. At low
pH, the TBE E protein undergoes conformational change, which induces dimer to
trimer transition. To accomplish this, either dimer interface must come apart (Rey
et al. 1995). Antibody binding assay suggest that a substantial structural change
occurs at low pH. Domain |l stabilized by disulphide bonds, also shows altered
antigenicity at low pH, indicating that the molecule swings outward to expose the

fusion peptide.

It has been proposed that the dimer — trimer transition occurs in two steps

(Stiasny et al.1996). The first step is the reversible protonation dependent
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monomer formation followed by an irreversible trimerization step. It has been
suggested that interaction between E and the membrane occurs after the
dissociation step but before the trimerization step. The Es protein cannot form
trimers at fusion active pH but dissociates reversibly to a monomer (Allison et
al1999). The secondary structure prediction showed that the amino acid
sequence between 401 and 413 has the potential to form an o — helix structure
(Stiasny et al.1996). It was proposed that the stem anchor region (401-413)
might be essential for homotrimer formation (Allison et al.1999, Stiasny et
al.1996). However, it has been reported that the Es protein converts irreversibly
to a homotrimer in the presence of liposomes (Stiasny et al.2002). Therefore, it
has been suggested that either the stem anchor region or the membrane is

required to facilitate stable trimer formation.

Another class Il fusion peptide whose structure has been described is the SFV E;4
glycoprotein (Lescar et al.2001). SFV belongs to the family Togaviridae. The SFV
has a positive — stranded RNA, which enters the cell through endocytosis
followed by fusion with the endosomal membrane at acidic pH (Gibbons and
Kielian 2002). The viral membrane fusion glycoprotein is a heterodimer of E; and
E.. The E; has receptor-binding activity and E; has membrane-fusion activity.
Occasionally, a third protein, E3, also binds to the E; and E, heterodimer by non-
covalent interaction (Hernandez et al.1996). The crystal structure of the SFV —

glycoprotein was reported by Lescar et al. in 2001. The crystal was obtained by
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crystallizing the soluble ectodomain released after subtilisin digestion of the
glycoprotein (Wengler et al.1999). The crystal structure of the SFV surface
glycoprotein is very similar to that of the TBE E protein, despite the absence of
detectable sequence homology. Like the TBE E glycoprotein, the SFV
glycoprotein has three domains: domain I, domain Il, and domain lll (Lescar et
al.2001). Each domain has a secondary structure consisting almost exclusively of
antiparallel B —sheets. The central domain is domain I, which has eight stranded
B — sheets. The fusion peptide is located at the tip of domain Il forming a loop-like
structure, which is stabilized by disulphide bonds. This loop plays a critical role in
stabilizing the E1/E» heterodimer. Domain 1l has an IgG-like topology containing
an antiparallel B — barrel, stabilized by three disulphide bridges. The E; dimer has
a head to tail interaction with the fusion peptide loop, which is buried at the dimer
interface. When exposed to low pH, the E¢ protein undergoes an irreversible
conformational change along with the formation of an E4 homotrimer (Gibbons et

al.2000, Gibbons and Kielian 2002).

1.2.2 Vesicular Stomatitis Virus

The vesicular stomatitis virus (VSV) belongs to the family Rhabdoviridae (Coli
1995). Rhabdoviruses have been classified into two genera, the lyssaviruses and
the vesiculoviruses. Rhabdoviruses are widely found in plants and animals

(Wagner 1987). In plants, they cause widespread disease, transmitted mainly
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through arthropods. In animals, they generally infect insects and arthropods. It
has been reported that VSV can also infect cattle. In humans it causes influenza-
like symptoms that are rarely fatal and mostly spread through laboratory work
and infected animals. The lyssaviruses, like the rabies virus, cause fatal diseases
of the central nervous system. Other rhabdoviruses, such as the salmonid
rhabdovirus and VSHV, are responsible for huge economical losses, particularly

to fish hatcheries.

The term rhabdovirus is derived from the Greek word rhabdos meaning rod-
shaped. The infectious virion is bullet shaped, round at one end and flat at the
other (Fig. 4) (Wagner 1987). VSV contains a tightly coiled nucleocapsid that is
surrounded by a lipid envelope from which spikes project out. The spike proteins
can easily be removed by protease treatment. VSV is composed of
approximately 74% protein, 20% lipids, 3% carbohydrates, and 3% RNA. The

lipid envelope is derived from the host membrane (Wagner 1987).

The vesicular stomatitis virus contains a 11kb negative-strand RNA that codes
for 5 — 6 proteins (Coll 1995). VSV possesses two membrane proteins, the 67
kDa integral membrane glycoprotein (G) and the 20 kDa matrix protein (M). VSV
capsid protein is composed of three proteins, NS (P), N, and L proteins 33 kDa,
50 kDa, and 200 kDa in size, respectively (Coll 1995). These three proteins,

along with the viral RNA, form the nucleocapsid. The N protein is the major
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nucleocapsid protein, which tightly complexes with viral RNA. The other
nucleocapsid proteins are the RNA-dependent RNA polymerase L and NS (P)
proteins, which are highly phosphorylated and required for the RNA polymerase
activity. The phosphorylation of the NS (P) protein is carried out by host cell
protein kinases. Dissociation of NS (P) and L proteins results in the loss of
transcriptase activity and infectivity. The matrix protein is the most abundant
protein present in the virus and is highly basic and nonglycosylated. The M
protein acts as glue that binds to both the nuclecapsid and the viral membrane.

The M protein is also required for stabilization of the G trimer (Wagner 1987).

The life cycle of VSV can be broadly divided into eight events (Wagner 1987).
Although each step is not the precursor of successive steps, for simplicity they
can be arranged in the order: adsorption, penetration, uncoating, transcription,
translation, replication, assembly, and budding. After binding to the cell surface
receptor, the virus enters the cell by endocytosis through the clathrin-coated pit.
At the acidic pH of the endosome, the virus fuses with the endosomal membrane.
The membrane fusion uncoats the virus and permits viral transcription to occur.
The N — protein encapsidated genomic RNA serves as a template, and NS (P)
and L proteins act as RNA-dependent RNA polymerases, which initiate the
transcription for all five monocistronic mRNA in the order of 3 = N-NS -M -G
- L — 5 (Ball and White 1976). Translation of mRNA starts immediately after

transcription. The proteins then undergo posttranslational modifications like
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glycosylation and phosphorylation. The VSV G protein is glycosylated in the ER —
Golgi complex, which then migrates to the plasma membrane for insertion into
the membrane (Kreis and Lodish 1986, Toneguzzo and Ghosh 1978, lrving et al
1979). The viral replication is also coupled with translation. it has been
suggested that VSV polymerase serves the dual role of mRNA transcription and
replication of the entire VSV genome (Kim et al. 2002, Wagner and Rose 1996,
Wagner 1987). Viral assembly and budding occurs independently of other viral
processes. The newly synthesized N, L, and NS (P) protein binds tightly to the
newly synthesized RNA to form the ribonucleocapsid. The M protein has the
affinity for binding to the ribonucleocapsid to generate the tightly coiled
ribonucleocapsid structure of rhabdoviruses. The matrix protein, which can also
interact with phospholipids and G proteins, initiates the budding of the fully
formed infectious virion (Schnell et al. 1998, Capone and Ghosh 1984, Capone

etal. 1982).

1.2.3 Vesicular stomatitis virus G protein

Like all other envelope viruses, VSV infection is mediated through its surface
glycoprotein G. The 67 kDa VSV G glycoprotein is an integral membrane protein
of 495 amino acids. The protein is derived from a nonglycosylated precursor (511
a.a) molecule, from which 16 NH, — terminal amino acids are removed and

inserted into the membrane (Irving et al.1979). The majority of this protein is
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located outside the viral membrane that constitutes the ectodomain (Coll 1995).
The VSV G protein is responsible for the initial binding of the virus to the host
membrane receptor and membrane fusion. VSV does not show any specific
requirement for any phospholipids. However, phosphatidylserine (PS) has been
found to facilitate the initial binding of the virus particle to the lipid membrane
(Carmneiro et al. 2002, Schlegel et al.1983). The VSV G protein has two N — linked
glycosylations at Asn 174 and Asn 138 (Bailey et al.1989). VSV G bears an
internal fusion peptide (Zhang and Ghosh 1994, Fredericksen and Whitt 1996,
Durrer et al. 1995, Gaudin 2000). The primary structure of the G protein shows a
constant region (CR) (a.a 82 — 100), a putative fusion peptide region (H2) (a.a
117 — 137) (Fredericksen and Whitt 1996, Li et al.1993, Zhang and Ghosh 1994),
a conformation sensitive region (H10/ A4) (a.a 395 — 410) (Shokralla et al. 1998),
a single transmembrane domain, and a short cytoplasmic domain (Fig 4b). After
binding to the cell surface receptor, the virus is internalized by endocytosis
through the clathrin coated pits, which then fuses with the endosomal membrane
at the acidic pH of the endosome. The optimum fusion pH for VSV is between 5.8
and 5.4 (White et al.1981). Upon exposure to low pH, the VSV G protein
undergoes a reversible conformational change (Crimmins et al. 1982, Blumenthal
et al. 1987, Puri et al. 1988, Gaudin 2000). Reversibility of the structure suggests
that the G protein does not exist in a metastable conformation (Yao et a/.2003).
The Trp fluorescence and CD spectroscopy suggests that the G protein is

equally thermostable at neutral and acidic pH. The VSV G protein could not
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induce membrane fusion when the structure of G protein was destabilized with
heat or urea, which indicates that the VSV G induced fusion mechanism is
different from the fusion mechanism of fusion proteins involving a coiled — coil
motif (Yao et al. 2003). VSV G protein exists in dynamic equilibrium between a
monomer and a trimer at neutral and fusion active pH, both in vitro after
detergent solubilization and in membrane anchored form (Crise et al.1989, Lyles
et al.1990, Zagouras and Rose 1993). Chemical cross-linking suggests that the
protein exist as monomer and trimer at neutral and acidic pH. However,
sedimentation analysis suggests that the stability of the trimer increases at fusion

active pH (Doms et al. 1987, Crimmins et al. 1983).

1.2.4 VSV G mediated membrane fusion

The VSV glycoprotein G was initially classified as class 1l fusion protein.
However, reversibility of the structure at acidic pH and differences with other
fusion proteins suggests that VSV G could be classified as class lll fusion protein
(Crimmins et al.1982, Blumenthal et al. 1987, Puri et al. 1988, Gaudin 2000, Yao
et al. 2003). It has an internal fusion peptide. Primary sequence analysis of the
rhabdovirus glycoprotein does not show any hydrophobic amino acid residues at
the fusion peptide region or any homologies with other known class Il fusion
peptides (Gaudin 2000). It has been suggested that for VSV G, the conserved

uncharged amino acid sequence (117 — 136) could play the role of a fusion
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peptide (Oshnishi et al. 1988). Site directed mutations conducted in our
laboratory and in other laboratories showed that mutation in the H2 region (117 —
136) inhibits membrane fusion activity (Fredericksen and Whitt 1996, Li et
al.1993, Zhang and Ghosh 1994). Replacement of amino acids at G124L,
F125A, F125D, F125Y, A113K, E139R, and other positions results in complete
inhibition of membrane fusion. Therefore, it has been suggested that this region
might be involved in the membrane fusion. Direct involvement of the fusion
peptide in membrane fusion has been demonstrated by photolabeling
experiments (Durrer et al. 1995, Pak et al.1997). Large unilameller vesicle (LUV)
containing ['*I]TID — PC/16 was incubated with VSV at different pH. The ['*I]TID
— PC/16 is a very hydrophobic molecule that is localized only to the hydrophobic
membrane phase. Upon UV irradiation it produces a highly reactive carbene that
labels the protein fragment, directly interacting with the hydrophobic phase of the
membrane. The results showed that VSV G was labeled in a pH dependent
manner. Analysis of the labeled protein showed that only amino acid residues

between 58 — 221 were labeled.

The synthetic fusion peptide designed against this putative fusion peptide region
binds to the liposomal membrane in a pH dependent manner; however, no fusion
activity of this peptide has been reported (Hall et al.1998). A similar fusion
peptide used by Carneiro et al. (2003) did not show any fusion activity. This

might be due to absence of conserved Pro and Cys residue in their fusion
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peptide. Again, the P2-like peptide (a.a 145-168) present in VSV G has been
reported to bind phosphatidylserine (Coll 1997). The P2-like peptides are
characterized by heptad repeats (abcdefg) of hydrophobic amino acids in
positions “a” and “b” followed by any short amino acid stretch containing
positively charged amino acids not belonging to the heptad repeats. The peptide
designed against this heptad repeat can induce membrane fusion. Modification of
conserved His 148 and His 149 by DEPC (Diethyl procarbonate) or substitution
of His by Ala completely inhibits the membrane fusion activity of this peptide
(Carnerio et al.2003). It has been suggested that His protonation is essential for
membrane fusion, and P2-like peptides also play an important role during
membrane fusion. Therefore, it could be speculated that the whole region
between 80 — 168 amino acids possibly interacts with the membrane during

fusion.

1.2.5 Conformational state of VSV G

When exposed to low pH, the VSV G protein undergoes a reversible
conformational change (Crimmins et al. 1982, Puri et al. 1988, Blumenthal et al.
1987, Gaudin 2000). The change in conformation of the G protein at low pH was
evident from:

e Increased resistance of the G protein to trypsin digestion at low pH

(Fredericksen and Whitt 1996). The VSV G protein is completely digested
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by trypsin at neutral pH, but at low pH VSV G becomes resistant to trypsin
digestion. Therefore, it was suggested that VSV G undergoes a
conformational change at low pH, because trypsin cleavage sites which
were exposed at neutral pH were no longer available at acidic pH.

e CD spectral analysis showed that the G protein undergoes a dramatic
conformational change at fusion-active pH (Carneiro et al.2001).

o Carneiro et al. (2001) also reported that upon lowering the pH, bis — ANS
binding to the G protein increases, suggesting that low pH exposes the

hydrophobic segment of the protein.

Unlike the influenza virus HA fusion protein, no coiled — coil structure formation
has been predicted for VSV G (Gaudin 2000, Zhang and Ghosh 1994). The
fusion glycoprotein is anchored to the viral membrane through a single
transmembrane domain close to the COOH — terminus (Irving and Ghosh 1982).
Studies done by this laboratory suggest that the G protein requires membrane
anchoring by any hydrophobic peptide sequence for its fusogenic activity (Odell

et al.1997).

Previous studies done by this group showed that, the mutation in the H10/A4
region (a.a 395 — 418) of the G protein causes inhibition of membrane fusion
(Shokralla et al.1999 and 1998). Although this region does not interact directly

with the membrane during fusion (Durrer et al1995, Pak et al.1997), it was
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suggested that the H10/A4 region might play an important structural role during
membrane fusion. Some of the double mutants in both H2 (fusion peptide
domain a.a 118 - 139) and the H10/ A4 region of the VSV G glycoprotein also
cannot induce membrane fusion, and they form relatively less stable trimers at
low pH. The double mutation at F125YD411N and D137NG404A results in a less
stable trimer at low pH (Shokralla et al. 1999). It has been reported that there are
some highly conserved Cys residues in the fusion peptide region of the VSV G
glycoprotein, which can form disulfide bonds with the neighboring Cys residues
(Grigera et al.1992, Walker and Kongsuman 1999). It was predicted that C75 —
C108 and C84 — C130 in the CR — H2 domain (residue 80 — 139) of VSV G can
form disulfide bonds, which will result in a loop-like structure in the fusion peptide
domain. Site- directed mutation at this region (C130 and CB84) initiated by
members of this laboratory suggests that these residues are required for the
structural stability of the protein (unpublished). Structural analysis using the PHD
program predicts that that for the TBE E protein, amino acid residue between 400
— 450 can form an o - helix structure, and this region is required for trimer
stability (Stiasny et al. 1996, Allison et al.1999). A similar helix structure has been
predicted in the region between a.a 395 — 482 for the VSV G protein by the PHD
program (Gaudin 2000). Therefore, it might be possible that H10/ A4 and the H2

region play an important role in oligomer stability.
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Pak et al. (1997) suggested a probable conformational state of the VSV G
protein during membrane fusion. VSV G undergoes a proton-driven shift from the
T (tense) state at neutral pH to either the R (relaxed) state, which is fusion active
or to the D (desensitized) state, which is fusion inactive (Clauge et al.1990, Puri
et al. 1992, Pak et al.1997). It has been reported that the VSV G protein either
enters the R state at low pH in the presence of the target membrane or it enters
the D state in the absence of the membrane. Insertion of VSV G into the
membrane is also reversible, which suggests a Velcro-like attachment with the
target membrane (Pak et al.1997). The D state formed at fusion active pH is also
reversible (Clauge et al. 1990). In spite of the fact that VSV G is more
hydrophobic in the D state, the G protein does not interact with the membrane in
this conformation (Durrer et al.1995). Studies done with the rabies virus suggest
that the D state is irrelevant to the fusion process, but could play a role in
avoiding unspecific fusion during G protein transport through the Golgi complex
(Gaudin et al.1995). VSV G protein undergoes reversible structural change when
exposed to fusion active pH (Crimmins et al. 1982, Puri et al. 1988, Blumenthal
et al. 1987, Gaudin 2000, Yao et al. 2003). It has been observed that low pH
activation of VSV G is reversible. It has been observed that prior treatment of
VSV G at pH 5.5 significantly enhance membrane fusion, in contrast the rate of
membrane fusion was hindered by raising the pH back to 7.4 (Puri et al. 1988).
Previous results from this laboratory showed that there is no kinetically trapped

high energy state of VSV G at neutral pH (Yao et al.2003). The G protein is
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equally thermostable at neutral pH and acidic pH, which suggests that the energy
barrier between the native and the fusogenic state for the G protein is small.
Therefore, it may be possible that a large fusion complex may be necessary to
complete the energetically unfavorable process of membrane fusion (Gaudin

2000, Yao et al.2003).
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Figure 1: Schematic diagram representing different classes of fusion
glycoproteins. Fusion glycoproteins of animal virus are classified as Class | and
Class |l fusion protein. The class | fusion proteins are synthesized as precursor
molecule, which undergoes proteolytic cleavage to produce the mature protein.
They have hydrophobic fusion peptide at the NH, — terminal of the molecule, a
single transmembrane domain and a cytoplasmic domain. Fusion glycoprotein of
orthomyxovirus, retro virus and paramyxovirus belongs to class |. The class |l
fusion peptide has internal fusion peptide and they do not undergo any
proteolytic maturation. The viruses belongs to this class are togavirus, flavivirus
and rhabdovirus (Fig Taken from Hernandez et al. 1996) (Old system of

classification).
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Figure 2: a) Schematic representation of primary structure of Influenza virus HA
fusion peptide. The two subunit of HA fusion peptide HA; and HA, are linked by
disulfide bond. The HA2 has a short hydrophobic fusion peptide (Green color) at
the NH, — terminal and is attached to the membrane through transmembrane
domain (black color) near C — terminal. b) Crystal structure of BHA as reported
by Wilson et al. in 1981. The HA, (yellow) is at the top of the structure form
globular domain required for receptor binding. The fusion peptide (green) is
buried inside the molecule. The region between amino acid residues 55 — 76
(red) forms coiled — coil structure during membrane fusion. ¢) The Schematic
representation of spring loaded mechanism (Carr and Kim 1993). It was
proposed that this structural rearrangement propels the fusion peptide to
opposing end of the molecule, allowing it to interact with the target membrane
(Fig taken form Eckert and Kim 2001).
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Figure 3: Crystal structure of TBE E glycoprotein. The crystal was obtained from
soluble ectodomain releases after restricted trypsin digestion (Heinz et. al 1991).
The soluble ectodomain of E protein folds into three domain. The domain | is the
B — barrel domain, domain |l is the dimerization domain and domain Il is the
COOH - terminal immunoglobulin like domain. The cd — loop present at the tip of
the domain Il is believed to be the fusion peptide and domain lll is responsible for
receptor binding. The tryptophan projection of cd loop interacts with the
hydrophobic crevice formed by domain | and domain Ill, which is responsible for
dimer stability (Fig taken form Rey et. a/ 1995).
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Figure 4: a) Schematic representation of vesicular stomatitis virus (Coll 1995).
VSV possess two membrane protein, 67 kDa integral membrane glycoprotein (G)
and matrix protein. The nuclecapsid is composed of L, NS (P) and N protein. b)
Schematic diagram of primary structure of VSV G glycoprotein. The primary
structure of G shows a constant region (CR) at the NH, — terminal, a putative
fusion peptide region (H2), a conformational sensitive region (H10 / A4), single
transmembrane domain and a short cytoplasmic domain (fig taken from Coll
1995).



a1

Ribonucleocapsid

100 117 137 168 395 410 452 461

82
N=={ CR H, | o Hy t~{ | T™}=—c




2. MATERIAL AND METHODS

2.1 Chemicals and Reagents

Chemical

Acrylamide
Ammonium persulfate

Ampicillin

Aminonapthalenetrisulfonic acid (ANTS)

Trypticase Peptone

Bacto yeast extract
Benzamidine — sepharose
Bisacrylamide

Bovine Serum Albumin
B—Mercaptoethanol

Citric acid

Calf Serum

Coomassie brilliant blue stain
Disodium hydrogen orthophosphate
DPX

DTSSP

DTT

EDTA

Fetal bovine serum (FBS)
Glutathione

Glycerol

Glutathione - Sepharose beads

Supplier

Research Organic Inc.
BDH

Sigma

Molecular Probes
BD Biosciences
DIFCO
Amersham Pharmacia
Bioshop

Sigma.

BDH

BDH

GIBCO /BRL
GIBCO /BRL
BDH

Molecular Probes
Pierce
Calbiochem
Merck

GIBCO /BRL
Sigma

Caledon

Amersham Pharmacia

N-2-hydroxyethylpiperazine-N’-2-ethanesulfonic acid Sigma

(HEPES)
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Chemical

High glucose dulbecco’s medium (HGD)

Imidazole

Isopropyl B, D-thiogalactopyroside (IPTG)

L — Glutamine

2-[N-Morpholin]-ethanesulfonic acid (MES)

NBD - PE
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Supplier

GIBCO/BRL

Sigma

Pharmacia

GIBCO /BRL

Sigma

Avantipolar lipids Inc.

(N[7-nitrobenzoxa-1,3-diazol-4-yl]-dioleoyl — phosphatydilethanolamine)

Ni — NTA Agarose beads
Nonidet P 40

NZY media

Octyl p—D-glucopyranoside
Penicillin — Streptomycin
Phosphatidylcholine
Phosphatidylserine

PMSF

Polyethyleneglycol (PEG)

Potassium chloride

Potassium dihydrogen orthophosphate

Rh - PE

(Rhodamine — phosphatydilethanolamine)

Sarkosyl

Sodium Dodecyl Sulfate (SDS)

Sephadex — G 200/ 150/ 75
Sodium acetate
Sodium chloride
Soyabean trypsin inhibitors

Sucrose

Amersham Pharmacia
Sigma

DIFCO

Sigma

GIBCO/BRL
Avantipolar lipids Inc.
Avantipolar lipids Inc.
Sigma

BDH

BDH

BDH

Avantipolar lipids Inc.

Sigma

Bioshop

Amersham Pharmacia
BDH

Bioshop

Sigma

Merck



NNN’N’N Tetramethylethylenediamine (TEMED)
Tolylsulfonyl phenylalany! chloromethyl ketone

(TPCK)

Tris (hydroxymethyl) — aminomethane (Tris)

Triton X — 100
Tween — 20

2.2 Enzymes

Lysozyme
Bromelain
Chymotrypsin
Subitilisin
TEV protease
Thermolysin

Trypsin (TPCK treated)

2.3 Multi - Component Systems

BCA* Protein Assay kit

Western Lighting kit
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GIBCO /BRL
Sigma

Bioshop
Sigma
Sigma

Supplier

Sigma

Sigma

Worthington Biochemical
Sigma

Invitrogen

Sigma

Worthington Biochemical

Pierce
Perkin Eimer

2.4 Plasmids , Bacterial Strains, Viruses, and Cell Lines

Bacterial Strain/
Construct Vector Source
Virus/ Cell Line
E.coli-BL 21 GST- G* pGEX-2T TEV Dr. H.P Ghosh




Asnzy — Ser 463 Dr. Y. Yao
His-G* Dr. H.P Ghosh
E.coli-BL 21 pPROEX-HTb
Asna7 — Ser 463 Dr. Y. Yao
BHK 21 Cell Line - - Dr H.P Ghosh
VSV Indiana - - Dr. H.P Ghosh
Dr. H.P Ghosh
E.coli-BL 21 His-TEV pET15b
Dr. F. Sicheri

2.5 Growth Media and Buffers
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Composition

LB Media

NZY Media
STE Buffer
TBS Buffer

TEV Cleavage
Buffer

SDS PAGE
loading buffer

PBS

NTE buffer

1% Bacto — tryptone, 0.5% bacto-yeast extract, 1% NaCl pH 7.2

1% NZ amine, 0.5% Bacto Yeast extract, 1% NaCl pH 7.2

50mM Tris pH 8, 150 mM NaCl, 5mM DTT 0.5mM EDTA

50mM Tris pH 8, 450 mM NaCl

50mM Tris pH 7.4, 150 mM NaCl, imM EDTA

100mM Tris — HCI pH 6.8, 4% SDS, 0.2%

bromophenol blue, 20% glycerol 10% B - mercaptoethanol

137mM NaCl, 2.68mM KCI, 8. 1mMNa;HPO, , 1.5 KH,PO4 pH 7

10mM Tris pH7.2, IMMEDTA, 150 mM NaCl
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2.6 Antibody

The polyclonal antibody against the VSV G glycoprotein was generated by
rabbits with a recombinant adenovirus vector expressing G protein (Dr. H. P.
Ghosh). The serum-containing antibody was harvested and stored at -20°C.
Horse anti-rabbit IgG conjugated to a chemiluminescence marker was purchased

from Jackson Immuno Research.

2.7 Molecular weight markers

A high molecular weight marker (188 — 8kDa) was purchased form Invitrogen and
contained the following proteins: Myosin (188kDa), phosphorylase B (98kDa),
BSA (62kDa), GDH (49kDa), ADH (38kDa), CAH (28kDa), myoglobin (17kda),
lysozyme (14kDa), and Aprotenin (6kDa). The low molecular weight protein
marker (116 — 14.4) was purchased form MBI Fermentas and contained the
following proteins: p-galactosidase (116kDa), BSA (66.2kDa), ovalbumin
(45kDa), lactate dehydrogenase (35 kDa), restriction endonuclease (25kDa),

B-lactoglobulin (18.4kDa), and lysozyme (14.4kDa).
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2.8 Expression and purification of the GST fusion protein

The GST fusion protein was purified according to Frangioni and Neel (1993).
Bacteria containing the GST— G* were plated in ampicillin plates from stock
cultures stored at -80°C. A single colony was picked and grown in 5 mi LB media
containing ampicillin. Expression of GST — G* was checked by IPTG induction.
500 ml of LB media were inoculated with 50 ml of culture grown overnight at
37°C. At 0.6 ODgg inductions were done by adding 0.5 mM IPTG. Induction was
carried out for 3-4 hours at 37°C. Bacteria were pelleted down and washed with
STE buffer (50 mM Tris pH 7.4, 150 mM NaCl, 1 mM EDTA.). Pellets were
resuspended in STE buffer and incubated for 30 min with 100 pg/ml of lysozyme
and 1 mM DTT at 4°C. To that 1.5% sarkosyl and 1 mM PMSF were added, and
cells were lysed by three cycles of French press at 4°C. After centrifugation at
12,0009 for 30 min at 4°C, the supernatant was collected and then incubated
with GSH beads equilibrated with PBS at 4°C. The beads were then washed with
20 column volumes of PBS. Elution was done with 20 mM GSH in 50 mM Tris pH
7.4, 150 mM NaCl, and 0.5% sarkosyl. Purity of the GST fusion protein was
determined by SDS — PAGE, and the protein concentration was estimated by a

BCA assay. The purified protein was then stored with 15% glycerol at -20°C.
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2.9 Expression and purification of His-G*

Bacteria containing the His — G* vector were plated on an ampicillin plate and a
single colony was picked. The bacteria were then tested for the expression of His
— G* by IPTG induction. The bacteria were grown in 5 ml LB media, and after
induction for 3 hours at 37°C, the cells were pelleted down, lysed by sonication,
and run on 10% SDS — PAGE. The protein was purified according to the
manufacturer’s instructions (Novagen). 500 ml of LB media were then inoculated
with 50 ml of culture grown overnight that expressed the recombinant protein. At
0.6 ODego, inductions were done by adding 0.5mM IPTG. Induction was carried
out for 3-4 hours at 37°C. Bacteria were pelleted down and washed with STE
buffer (50 mM Tris pH 7.4, 150 mM NaCl, 1 mM EDTA.). Pellets were
resuspended in TBS buffer (50 mM Tris pH 8, 450 mM NaCl) and incubated for
30 min with 100 pg/ml of lysozyme and 5 mM BME at 4°C. To that, 1% sarkosyl
and 1 mM PMSF were added and cells were lysed by three cycles of French
press at 4°C. After centrifugation at 12000g for 30 min at 4°C, the supernatant
was collected. The supernatant was then incubated with Ni-NTA agarose beads
for 1 hr at 4°C. The beads were loaded into a 5 cm X 0.5 cm column, and
washed with 20 column volumes of TBS containing 20 mM imidazole and 0.1%
Triton X 100. Elution was done with 250 mM imidazole in TBS buffer. His-G* was
concentrated by passing it through a spin filter with a 10kDa cutoff and further

purified by passing it through sephadexG-150. Purity of the His fusion protein
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was determined by SDS PAGE, and protein concentration was estimated by the

BCA assay. The purified protein was then stored in 15% glycerol at -20°C.

2.10 Expression and purification of TEV protease

TEV was purified according to the methods of Lucast et al. (2001). The process
is described here in brief. 500 ml of NZY media were inoculated with 50 ml of
culture grown overnight at 20°C. At 0.8 ODggo, induction was done by adding 0.5
mM IPTG. Induction was carried out overnight at 20°C. Bacteria were pelleted
down and washed with STE buffer (50 mM Tris pH 7.4, 150 mM NaCl, 1 mM
EDTA.). Pellets were resuspended in TBS buffer (50 mM Tris pH8 and 300 mM
NaCl) and incubated for 30 min with 500 pg/ml of lysozyme and 5 mM BME at
4°C. To that, 1 mM PMSF was added and cells were lysed by three cycles of
French press. After centrifugation at 12000g for 30 min, the supernatant was
collected and then incubated with Ni-NTA agarose beads for 1 hr at 4°C. The
beads were then loaded into a column 5 cm tall and 0.5 cm in diameter and
washed with 20 c.v. of TBS containing 20 mM imidazol, 5 mM BME, 10%
glycerol, and 0.1% Triton X 100. Elution was done with 250 mM imidazol in TBS
buffer containing 10% glycerol and 5 mM BME. The protein was immediately
dialyzed against 50 mM Tris pH 7.4, 150 mM NaCl, 50% glycerol, and 1 mM

EDTA.
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2.11 TEV cleavage

The GST - TEV - G* was cleaved with TEV protease according to the methods
of Mondigler and Ehrmann (1996). 20 ul of GSH beads bound to the GST fusion
protein were washed with TEV cleavage buffer (50 mM Tris pH 8, 150 mM NaCl,
5 mM DTT, 0.5 mM EDTA). 20 pug of TEV protease were added to that and
incubated at 30°C for 3 hours. After the reaction was completed, the protein was
resolved by SDS-PAGE and bands were visualized by coomassie brilliant blue

staining.

2.12 Maintenance of mammalian cells

BHK21 cells were grown in high glucose Dulbecco’s medium (HGD) containing
5% fetal bovine serum (FBS) or 10% calf serum (CS), 1% penicillin/
streptomycin, and 2% L — glutamine. The medium containing all the supplements
was pre-warmed at 37°C, and frozen cells were directly poured into 10 ml of
medium in a 100-mm plate. The cells were gently mixed and allowed to grow in a
5% CO, incubator at 37 °C for two to three hours. Once the cells adhered to the
plate, the medium was removed and replaced with fresh medium. For passaging,
the cells were allowed to grow up to 85-95 % confluence. After removing the
medium, the cells were washed with PBS. To that 0.5 ml of trypsin — EDTA

solution was added and incubated for 1-2 min.; trypsin treatment removes the
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cells from the plate. 10 ml of HGD containing serum were added immediately to
stop further trypsin digestion. The cells were then pipetted several times to break
any clumps and small aliquots of this mixture (0.5-1 ml) were added to a new
100-mm plate containing fresh medium. Cells were allowed to grow at 37°C in

5%CO0O; until they reached 80-95% confluence.

For long-term storage, cells were grown until they were 80-90% confluent in 150-
mm plates. The cells were washed with PBS and trypsinized, and 5 ml of
freezing medium containing HGD, 5% FBS, and 10%( v/v) DMSO were added.
The cells were pipetted several times to break any clump formation, and were

then stored in 1-ml aliquots in Nalgene cryovials at -70°C.

2.13 Virus preparation

VSV Indiana was grown in a BHK 21 cell line in 150-mm plates. BHK 21 cells
were grown up to 80% confluence, and then cells were infected with 0.1 m.o.i. of
virus in HGD medium without serum for one hour at 37°C. The medium was
aspirated off and fresh DMEM with 5% serum (FBS/ CS) was added and
incubated overnight at 37°C. Cell debris was removed by centrifugation at 1250g
for 5 min. Viruses were then pelleted by centrifugation at 25K r.p.m. for one hour
at 4°C through 20% sucrose solution in NTE buffer (10 mM Tris pH 7.2, 1 mM

EDTA, 150 mM NaCl) using an SW 27 rotor in a Beckman L8-70M



48

ultracentrifuge. Pellets were dissolved in NTE buffer by allowing them to stand in
the buffer for one hour on ice. The viruses were purified by repeated
ultracentrifugation at 36K r.p.m. for one hour at 4°C through a 20% sucrose
cushion using an SW 50 rotor. Pellets were then allowed to stand on ice for 3
hours in NTE buffer. The viruses were then resuspended in NTE buffer while
gently mixing with a round-bottom glass rod. The virus suspension was aliquoted

and stored at -80°C.

For viral stock preparation, 80% confluent BHK 21 cells in 100-mm plates were
infected with 0.1 m.o.i. of viruses. Infection was done in serum-free HGD media
for one hour at 37°C. After one hour, cells were allowed to incubated in HGD
media containing 5% serum (FBS/CS) at 37°C until the cells became rounded.
The plates were then kept on ice to stop further viral growth. Cell debris was
removed by centrifugation at 1200g. The supernatant was then aliquoted and

stored at -80°C.

2.14 G protein purification

Purification of the G protein was done according to the methods of Cameiro et
al.(2001). In brief, purified VSV (1 mg/ml) was incubated with 1% octylglucoside
in 20 mM MES, 30 mM Tris, 100 mM NaCl, pH 7.4 for one hour at room

temperature. Supernatant containing the G protein was collected after
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ultracentrifugation at 36K r.p.m. for 1.5 hours using a Beckman SW-50 rotor at
4°C. The supernatant was then dialyzed overnight against 50 mM HEPES pH 7.4
and 150 mM NaCl to remove the detergent. The protein was concentrated by
spin filtration through a 30kDa cutoff filter (Pall filter). The protein was then
aliquoted and stored at -20°C with 15% glycerol. Protein concentration and purity
were determined by the BCA assay and SDS- PAGE electrophoresis,

respectively.
2.15 Trypsin digestion of VSV G

5 ul of VSV (2 mg/ml) were added to the required amount of trypsin digestion
buffer (20 mM MES, 30 mM Tris, 100 mM NaCl). 10% Triton X 100 was added to
make a final concentration of 1%. Trypsin (TPCK treated) was added to the
reaction mixture at varying protein to trypsin ratios (VSV: trypsin). The reaction
volume was restricted to 30 pl. The reaction mixture was incubated as mentioned
in the specific experiments. To stop the reaction, 5 mM PMSF were added and
the samples were analyzed by running on SDS PAGE. To determine the
structural change of Gs, the Gs protein was incubated with trypsin (15:1; protein:
trypsin) at 37°C for 30 min. in the presence of 1% Triton X 100 at pH 7.4 and 5.4.
The activity of trypsin at pH 5.4 was tested by adding 0.9% SDS into the reaction

mixture.
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2.16 Digestion of VSV G with other protease

5 ug of VSV (2 mg/ml) in 20 mM MES, 30 mM Tris, and 150 mM NaCl (at
indicated pH) buffer were incubated with varying ratios of different proteases for
different time intervals at 37°C in the presence or absence of 1% Triton X 100.
The reaction was stopped by adding protease inhibitor. Trypsin and subtilisin
were inhibited by 5 mM PMSF, chymotrypsin and bromelain were inhibited with 2
mM TPCK, and Thermolysin was inhibited with 5 mM EDTA. Aliquots were taken

and samples were analyzed by resolution through 8% SDS-PAGE.

2.17 Purification of Gs

VSV (0.3 mg/ml) was incubated with 1.5% octylglucoside in 20 mM MES, 30 mM
Tris, 100 mM NaCl, pH 5.4 buffer for 30 minutes at 37°C, with trypsin (TPCK
treated, at 15:1 protein to trypsin ratio). The reaction was stopped with soybean
trypsin inhibitor (twice the amount of trypsin). Residual particles were removed by
ultracentrifugation at 36K r.p.m. for 1.5 hours using a Beckman SW 50 rotor at
4°C. The Gs protein thus obtained was concentrated using a PALL MICROSEP
30K OMEGA filter. The protein was further purified and buffer exchanged to
neutral pH buffer by passing through a 30cm X 0.9cm sephadex G — 200 column
at a flow rate of 0.15 ml/min; the sample volume was restricted to 1% of the
column volume. The column was pre-equilibrated with 50mM HEPES, pH7.4,

and 150 mM NaCl buffer or PBS buffer and 1ml fractions were collected. The
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protein was generally collected at fraction numbers 6, 7, and 8. All fractions were
pulled and passed through benzamidine sepharose beads. The protein was
again concentrated by spin filtration (ultra filtration), and the purity and
concentration were determined by SDS PAGE gel electrophoresis and BCA

assay, respectively. The protein was stored at -20°C in 15% glycerol.

2.18 Cross linking

Cross linking of VSV G and Gs was done according to the methods of Lyles et al.
(1990), 10 wl of VSV G / Gs (5 pug total protein) were added to 20 ul of 50 mM
HEPES pH 7.4 and 150 mM NaCl buffer. pH was adjusted to 5.4 with
precalibrated 0.5M Na-Acetate buffers. 500 uM of DTSSP (Dithiobis-
[sulfosuccinimidyl propionate]) were added and incubated for 30 min on ice. The
reaction was quenched for 15 min with 1M Tris (final concentration 20-50 mM).
15 pl of the sample were aliquoted and run on 8% non-reducing SDS PAGE.

Bands were visualized by western blotting.

2.19 SDS - Polyacrylamide gel electrophoresis

The SDS — PAGE was done according to the methods of Laemmli (1970). Gels

were cast and run on a Bio — Rad electrophoresis apparatus. For each

polyacrylamide gel, the resolving gel was prepared by mixing double-distilled



52

waster, 30% acrylamide mix (biscrylamide : acrylamide; 1:29), 1.5M Tris pH
8.8,10% SDS, 10% ammonium-persulfate and TEMED. The mixture was
immediately poured into the gel mold and overlaid with water to form a uniform
surface. After the resolving gel was solidified, the stacking gel was poured with a
comb. For the stacking gel, a mixture was made of double-distilled water, 30%
acrylamide mix, 1.0 M Tris pH 6.8, 10% SDS, 10% ammonium persulfate, and
TEMED. After the gel solidified, unpolymerized acrylamide was removed by
washing with water. The sample was boiled for 3 minutes in sample loading
buffer and carefully loaded into the wells. The gel was electrophoresed at 150V
in running buffer (25 mM Tris, 250 mM glycine, 0.1% SDS) until samples reached
the bottom. The gel was then stained with coomassie blue stain and then

distained with 45% water, 45% methanol, and 10% acetic acid.

2.20 Western blotting

A nitrocellulose membrane was cut and soaked for 2 min in water and then in
transfer buffer (25 mM Tris, 192 mM glycine, 20% methanol). A transferring
system was set up according to the manufacturer’s instructions. A “sandwich”
was made with SDS PAGE and the membrane between two pieces of 3MM
Whatman paper. The transfer was done at 100V for one hour. After this time, the
membrane was washed once with TBS-TNT buffer (0.9% NaCl, 20 mM Tris pH
7.6, 0.3% Tween 20, 0.2% NP-40, 0.05% Triton X 100) to remove the methanol

and then blocking was done overnight in blocking buffer (TBS-TNT buffer + 3%
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nonfat milk) at 4°C. The membrane was then incubated with 1:3000 times diluted
primary antibody in blocking buffer for one hour at room temperature. After
washing the membrane three to four times with TBS-TNT buffer, the membrane
was incubated for one hour with HRP — conjugate anti-rabbit IgG. Bands were
visualized by chemiluminescence according to the manufacturer’'s (Perkin Elmer)

instructions.

2.21 Lipid binding assay

0.25 ug of phosphatidylserine (PS) and 0.25 ug of phosphatidyicholine (PC) were
dissolved in chloroform and evaporated under nitrogen to produce a film. The film
was resuspended in 20 mM Tris pH 7.4 and 150 mM NaCl at a concentration of 1
mg/ml. The suspension was vortexed vigorously for 5 min, frozen in liquid
nitrogen, and then thawed under tap water. These steps were repeated three
times. Small unilamellar vesicles (SUV) were formed by sonication in a bath
sonicator (Cole Palmer) containing ice, until suspension became clear. 200ug of
liposome were incubated with 50 pg of purified G or Gs protein for 30 min in the
indicated pH at 37°C. The final volume was maintained at 500 pl. An 80%
sucrose solution in 20 mM MES, 30 mM Tris and 100 mM NaCl (pH 7.4 or pH 5.4
as indicated in the experiment) was added to it, to make a final concentration of
50% sucrose. It was then overlaid with 2 ml of 20% sucrose solution and 1 ml of

5% sucrose in pH 7.4 or pH 5.4 buffer (as indicated in the experiment). The
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gradients were run at 50,000 r.p.m. for 2 hours at 4°C using a Beckman SW-50
rotor. 500 pl of sample were collected and analyzed by running on a 10% SDS-

PAGE.

2.22 Lipid mixing assay for liposome fusion

The resonance energy transfer method was employed to measure lipid mixing,
as described by Struck et al. (1981) and Hoekstra and DUzgiunes (19983). In brief,
SUV was prepared by mixing an equimolar amount of PC and PS. The labeled
liposome was made by mixing NBD — PE and Rh — PE at 2 mol% of total lipid.
The SUV was prepared as described in section 2.22. Experiments were done by
mixing 50 pM of unlabeled and 5.5 uM of labeled SUV in 2 ml of 10 mM HEPES
pH 7.4 and 145 mM NaCl buffer. The NBD fluorescence was measured at an
excitation wavelength of 465 nm and an emission wavelength of 530 nm in a
Photon technology international spectrofluorometer (Dr. David Andrews,
McMaster University). The required concentration (as indicated for each
experiment) of virus or protein was added and fluorescence was measured. The
pH was adjusted to the required value (as indicated in each experiment) with pre-
determined amount of 0.1M citric acid. Triton X 100 was added at the end to read
100% lipid mixing. The percentage fusion was calculated by (F; — F,) / (Fm — Fo)

X 100, where F; is the increase in NBD fluorescence, F, is the initial
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fluorescence, and F, is the maximum fluorescence. The data obtained were then

plotted using Sigma Plot.

2.23 Leakage assay

Leakage of liposomal vesicles was investigated as described by Ellens et al.
(1985) and Talbot et al. (1997). The liposome was made by mixing an equimolar
amount of PC: PS in chloroform. The lipid mixture was dried by N, to make a film;
the film was further dried under a vacuum for two hours with liquid nitrogen. The
film was then resuspend in a stock solution of 12.5 mM ANTS, 45 mM DPX, 68
mM NaCl, 5 mM HEPES, 5 mM MES pH7.0. The osmolarity of the stock solution
was adjusted to 300 mosm with NaCl using a Wescor Inc. 5100C vapor pressure
osmometer (Dr. Christopher M. Wood, McMaster University). The mixture was
then vortexed, frozen, and thawed three to four times. SUV was made by
sonicating the lipid mixture in a Cole Parmer Ultrasonicator, until the solution
became clear. The un-entrapped material was removed by passing the SUV
through a Sephadex G — 75 column (10 x 1 cm) that was pre — equilibrated with 5
mM HEPES, 5 mM MES, and 150 mM NaCl pH7; osmolarity was adjusted to 300
mosm. In a typical experiment, 150 uM SUVs were added to 2 ml pH 7 buffer in a
quartz cuvette with a magnetic stirrer, to which the required amount of fusion
glycoproteins was added, and the pH was bought down to 5.4 with pre —

determined amount of 0.1 M citric acid. Fluorescence was recorded at an
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excitation wavelength of 360 nm and an emission wavelength of 530 nm for 400
— 500 seconds using a Photon Technology International spectrofluorometer. The
maximum leakage was determined with 20 pul of 10% triton X 100. The leakage
was also tested with protein storage buffer and glycoprotein at neutral pH as a
control. The percentage fusion was calculated by (Fy — F,) / (Fm — Fo ) X 100,
where F; is the increase in ANTS fluorescence, F, is the initial fluorescence, and
Fm is the maximum fluorescence. The data obtained were then plotted using

Sigma Plot.

2.24 Mixing of aqueous content

The mixing of aqueous content is based on the principle of collisional quenching
of ANTS fluorescence by DPX as described by Dizgines and Wilschut (1993).
An equimolar amount of PC: PS in chloroform was mixed together. The mixture
was dried under a stream of nitrogen to make a film. The lipid mixture was further
dried under vacuum for 2 hours. The lipid film was then resuspended in a
solution of 25 mM ANTS (Aminonapthalenetrisulfonic acid), 90 mM NaCl, 5 mM
HEPES, and 5 mM MES, pH7.4, or 90 mM DPX (p - xylene bis
(pyridinium)bromide), 50 mM NaCl, 5 mM HEPES, and 5 mM MES, pH 7.4. The
osmolarity of the solutions were adjusted to 300 mosm with NaCl by using a
Wescor Inc. 5100C vapor pressure osmometer (Dr. Christopher M. Wood,

McMaster University). The liposome mixture was vortexed, frozen, and thawed
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five times to produce a suspension. The SUV was made by sonication in a bath
sonicator (Cole Parmer Ultrasonicator) with ice. The un-entrapped material was
removed by passing the SUVs through a sephadex G 75 column (10 x 1 cm),
equilibrated with 5 mM HEPES, 5 mM MES, and 150 mM NaCl pH 5.4 (the
osmolarity of the pH 5.4 buffer was adjusted to 300 mosm). To 2 ml of pH 5.4
buffer containing 250 yM DPX and 50 uM ANTS SUVs were added.
Fluorescence was recorded at an excitation wavelength of 360 nm and an
emission wavelength of 530nm using a Photon Technology International
spectrofluorometer. The required amount of glycoprotein was added, and
quenching of ANTS fluorescence was measured. For scattering control, DPX
SUVs were replaced with SUV containing pH 5.4 buffer with out ANTS or DPX.
The relative fluorescence was calculated by (F; /Fmax) X 100, where F; is the

fluorescence at any time t and Fnax is the maximum fluorescence.

2.25 Light scattering measurement to determine Gs aggregation

The aggregation of Gs was measured by right angle light scattering using a
Photon Technology International fluorometer with emission and excitation
monochromators both set at 280 nm. Gs protein at a final concentration of
45ug/ml was added to 2 ml of 10 mM HEPES pH 7.4 and 150 mM NaCl. Prior to

this, the baseline was established with buffer alone. The pH was gradually
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lowered with a pre-calibrated amount of 0.1M citric acid, and light scattering was

measured.

2.26 Circular dichroism spectroscopy

The CD spectra of Gs protein at different pH (7.4, 6, 5.8, 5.4, 5.2, and 5) were
recorded using an AVIV model 215 instrument (Dr. Richard M. Epand, McMaster
University). For CD spectra, the protein was purified in PBS pH 7.4. The
concentrated protein was then added to different pH buffers at a final
concentration of 300ug/ml. The CD data were recorded between 260 — 200 nm at
25°C using a 1-mm quartz cell. To determine the CD spectra of Gs in presence of
liposome, the Gs was incubated with liposome for 5 min and CD data were
recorded at 25°C. The obtained data were then converted to molar ellipticity [6]
as follows:

[6] = OD X (Weight in mg/ml / Mol Wt. X No of a.a residue)™

[6] = [deg.cm? / dmole]
The [6] obtained was plotted against wavelength using Sigma Plot. Secondary
structure content was determined by CDPro software using the CONTINLL

program (Sreerama 1999).
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3. RESULTS

The structural changes of the VSV G protein at fusion active pH and the
mechanisms of fusion is not yet understood. Until now, investigations have
mostly concentrated on the characterization of G protein by mutation and
biochemical studies. The initial characterization of the VSV G protein suggests
that it extends through the envelope and a portion of it can be cleaved by
chymotrypsin (Taube and Braun 1982). Biochemical studies with soluble G
protein released in VSV infected cells and cathepsin D released fragment
suggest that the Gs protein lacks the C — terminal transmembrane domain, with
an apparent molecular weight of 62 — 58 kDa (Chatis and Morrison 1983,
Crimmins et al. 1983, Garries - Wabnitz and Kruppa 1984, Irving and Ghosh
1982). Sedimentation analysis indicated that the Gs is monomeric in the intact
virus (Crimins et al. 1983, Crise et al. 1989). Chemical crosslinking experiments
suggest that the VSV G protein exists in a dynamic equilibrium between
monomer and trimer at neutral and fusion active pH (Crise et al. 1989, Lyles et
al. 1990, Zagouras and Rose 1993). However, stability of the trimer increases at
low pH (Doms et al. 1987). Fluorescence spectroscopic studies were conducted
to determine the conformational change of Gs at fusion active pH (Crimmins et
al. 1983), but no further studies were carried out to verify the biological activity
and structure of Gs either at neutral or fusion active states. Later studies were

mostly directed towards understanding the function of different domains of VSV
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G in membrane fusion. The conservation of amino acid sequences in the H2 (118
— 136) region among VSV serotypes suggested that this region might serve as a
possible fusion peptide domain (Oshnishi et al. 1988). An additional N-linked
oligosaccharide at residue 117 of VSV G, was defective in the low-pH induced
membrane fusion, suggesting that the uncharged amino acid sequence may be
involved in fusion activity (Whitt et al. 1990). Linker insertion mutation at residue
122, 194, 409 and 415 generated four fusion defective mutants H2, H5, H10 and
A4 (Li et al. 1993). The H2 mutation is present with in the uncharged amino acid
sequence, which was located at the putative fusion peptide region. Other regions
like H5 and H10/A4 region were located 70 amino acids and 300 amino acids
downstream of H2, respectively (Li et al. 1993). Site-directed mutagenesis in
conserved uncharged sequence (a.a 118-137) alters the fusion activity of the
VSV G protein (Fredericksen and Whitt 1996, Zhang and Ghosh 1994).
Replacement of amino acids at G124L, F125A, F125D, F125Y, A133K, E139R,
P127G, D137N and E139L results in inhibition of membrane fusion. Involvement
of residues 118 — 136 in membrane fusion was verified by photolabeling
‘ experiments conducted by Durrer et al. (1995). Analysis of the labeled protein
showed that only amino acid residues between 58 — 221 directly interact with the
membrane during fusion. The P2-like peptide (a.a 137 - 168), which can bind to
phosphatidylserine, can also induce membrane fusion in a pH-dependent
manner (Coll 1997, Carneiro et al. 2003). Therefore, it is most likely that the

region containing amino acid 80 — 161 is directly involved during membrane
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fusion (Coll 1997). Other regions, like H10 / A4 (a.a 395 — 410), also play a
critical structural role during membrane fusion (Shokralla et al. 1999, 1998). It
has been observed that membrane proximal domain preceding the membrane
anchoring domain is conserved in the G protein of vesiculoviruses (Bhella et al.
1998, Coll 1995). Jeetendra et al. (2003) showed that the juxtamembrane region
(a.a 440 - 461) is essential for the membrane fusion activity of VSV G. Deletion
mutation at GA9 (lacking a.a 453 — 461), GA13 ( lacking a.a 449 — 461) and AF
440 — N 449 (lacking a.a 440 — 449) could not induce syncytium formation at
fusion active pH (Jeetendra et al. 2003). However, it was observed that
oligomerization and transport of glycoprotein to the cell surface was not affected
by this deletion mutation (Jeetendra et al.2003). Substitution of transmembrane
domain of VSV G protein with GPI anchor inhibits the membrane fusion activity,
which suggests that anchoring to the membrane through transmembrane domain
is essential for VSV G mediated membrane fusion (Odell et al. 1997). The
bromelain cleaved fragment of the influenza HA glycoprotein (BHA) has been
found to interact with the liposomal membrane and undergoes a similar kind of
conformational change as that of the intact HA molecule (Wharton et al. 1988,
Skehel et al. 1982, Harter et al. 1988, Durrer et al. 1996). It was reported that
GPI-anchored HA fusion glycoprotein induced lipid mixing but could not induce
complete transfer of soluble content (Kemble et al. 1994). However, influenza
virus HA ectodomain expressed (FHA2) in E.coli could induce lipid mixing and a

small amount of content mixing in model liposome (Epand et al. 1999).
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Therefore, our objective was to determine whether the ectodomain of VSV G can
induce membrane fusion on its own. Membrane fusion can be studied either by
studying lipid mixing by resonance energy transfer (RET) assay or by studying
aqueous content mixing. Lipid mixing assay could be carried out with a system
which exhibits content leakage, in contrast content mixing requires a system
which is non-leaky. To further understand the VSV G mediated membrane fusion
we studied the conformational change of the soluble ectodomain of G (Gs) at

different pH by spectroscopic analysis.

3.1 Generation of soluble ectodomain of VSV G

The ectodomain of VSV G can be generated in two ways. The first approach is to
clone the ectodomain in a suitable expression system, and the second approach
is to generate the soluble ectodomain by limited proteolysis. The FHA2 fragment
(containing the first 127 amino acid residues of HA2 ectodomain) expressed in
E.coli BL21 strain showed a significant amount of membrane fusion activity
(Epand et al. 1999). Also, cDNA of the NDV surface glycoprotein was cloned and
expressed in mammalian cells for crystallization (Chen et al. 2001). Therefore,
cDNA of the VSV G ectodomain containing Asn37 — Ser463 was cloned by Yao
(2001) in pGEX-2TTEV and pProEX-HTb vectors containing TEV cleavage sites.
The proteins were expressed in E. coli BL21 strain by IPTG induction, which

produced GST-G* and His-G* fusion peptides. Cells were grown up to 0.6 OD
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and then induced with 0.5 mM IPTG for 3 hours at 37°C. The cells were lysed in
STE or TBE buffer containing 1% sarkosyl by three cycles of French press, and
the cell debris was removed by centrifugation at 12,000g for 30 min. (Frangioni
and Neel 1993). The supernatant was incubated with GSH — agarose beads or Ni
— NTA agarose beads and the fusion proteins were eluted with glutathione or
imidazole, respectively (Fig 5a and 5b). The GST fusion protein (GST — G*) was
insoluble in 50 mM Tris pH 7.4 containing 150 mM NaCl and required 0.5%
sarkosyl (17mM) for solubilization. The GST — G* can be cleaved with TEV
protease when the proteins are bound to GSH beads. Once the GST moiety is
removed, the G* protein precipitates, and is difficult to resolubilize even with 1%
sarkosyl . All attempts to purify the cleaved ectodomain were unsuccessful. The
His — G* was successfully purified in soluble form with 1% sarkosyl. The His — G*
eluted from Ni — NTA agarose beads required 0.5% sarkosyl to remain soluble.
The His tag cannot be removed with TEV protease, as TEV is inactive in the
presence of sarkosyl. Both the fusion peptides were unable to induce any

membrane fusion (no other detergents were tested for G* purification).

Another approach to generate soluble VSV G ectodomain (Gs) is by using
proteolytic digestion. Previously, soluble ectodomains of the TBE E and SFV E1
glycoproteins were 3jenerated by limited proteolytic cleavage (Heinz et al. 1991,

Wengler et al. 1999). Crimmins et al. (1983) were able to purify the soluble G
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Fig.5: SDS polyacrylamide gel of purified fusion protein, GST — G* and His — G*.
The proteins were expressed in E — coli by IPTG induction for 3 — 4 hours at
37°C. The GST — G* and His — G* proteins were purified by GSH — Agarose and
Ni- NTA agarose beads respectively in the presence of 0.5% sarkosyl. GST
fusion proteins were eluted with reduced glutathione and His fusion protein was
eluted with imidazole. Sample from each steps were collected and analyzed on a
SDS-polyacrylamide gel. Protein was visualized by coomassie blue staining. a
and b represent the purification of GST-G* and His-G* fusion proteins,
respectively. The proteins were further purified by passing through sepadex
G150 column (c).
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protein by cathepsin D digestion of VSV G protein at low pH. Therefore, VSV G
was subjected to trypsin (tolylsulfonyl phenylalanyl chloromethyl ketone treated)
digestion under different conditions, including varying trypsin to protein ratios,
time of digestion and the pH of incubation (Fig. 6). Effects of neutral detergents
were also tested. When VSV was treated with trypsin at pH 7.4, the G protein
was completely digested by trypsin in presence of Triton X — 100. However, in
the absence of Triton X — 100, the G protein was resistant to trypsin digestion
(Fig. 6a). It seems therefore that Triton X — 100 is required for the trypsin
digestion. It was observed that at pH 5.4, the G protein was resistant to trypsin
digestion even in the presence of Triton X — 100 (Fig. 6b). Analysis of the
digested protein on 8% SDS-PAGE showed that VSV G was not completely
resistant to trypsin digestion; instead, it released a shorter fragment (Gs) with an
approximate molecular weight of 62 kDa (Fig. 6¢c). Trypsin completely digested
the G protein at pH 5.4 in the presence of 0.9% SDS, which suggests that the
low molecular fragment was generated by limited trypsin digestion. Gs obtained
by Cathepsin D digestion (Crimmins et al. 1983), or the soluble Gs released in
the culture medium after infection with VSV (Irving and Ghosh 1982, Wabnitz
and Kruppa 1984, Chatis and Morrison 1983) also has molecular weight of about
60 — 62 kDa and lacks the COOH - terminal membrane spanning domain. It has
been observed that VSV G was also resistant to trypsin digestion when
incubated at pH7.4 for one hour on ice (Fig. 6d). The 62 kDa fragment was also

generated by
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Fig. 6: Generation of soluble ectodomain of VSV G by limited trypsin digestion.
a) VSV was digested with trypsin at 25:1 of protein to trypsin ratio (lanes1, 4 and
5) and 5:1 ratio (lanes 2 and 3) at pH 7.4 at 37°C in the presence and absence of
Triton X 100 (lanes 1 and 2 and lanes 3, 4 and 5, respectively) for 30 min (lanes
1, 2, 3, and 4) and One hour (lane 5). The reaction was stopped with PMSF. b)
Trypsin digestion of VSV at pH 5.4 with 25:1 and 5:1 of protein to trypsin ratio
(lanes 2, 3, 6 and 7 and lanes 1, 4 and 5, respectively) at 37°C for 30 min. in
presence and absence of Triton X 100 (lanes 1, 2, 3 and 4 and lane 5, 6 and 7,
respectively). c) Trypsin digestion of VSV at pH 5.4 with 25:1 (lane 2), 15:1 (lane
3) and 5:1 (lane 4) of protein to trypsin ratio at 37°C for 30 min. in the presence
of Triton X 100. The activity of trypsin at pH 5.4 was tested by adding 0.9% SDS
to the reaction mixture (lane 5). Samples were resolved in 8% SDS PAGE. d)
Trypsin digestion of VSV at pH7.4 with 25:1 of protein to trypsin ratio on ice for
1hr (Lane 3) and 2hr. (lane 4) in the presence of Triton X 100 (lane 3 and 4) for
one hour (lane 1) and two hours (lane 2). Digestion of M protein by trypsin

suggests that the trypsin is active at that temperature.
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Fig.7: SDS polyacrylamide gel electrophoresis of trypsin digested VSV in the
presence of 1% octylglucoside. The VSV was digested with trypsin at 25:1 of
protein to trypsin ratio at pH 7.4 (lane 2) and pH 5.4 (lane 4) at 37°C for 30
minute. The activity of trypsin at pH 5.4 was shown by digestion of VSV in the
presence 0.9% SDS.
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Fig.8: Digestion of VSV with a) trypsin, chymotrypsin, subtilisin and thermolysin
,b) bromelain and c) pronase. VSV was digested at 37°C with trypsin (15:1;
protein: trypsin, 30min.), chymotrypsin (15:1, 30min.), subtilisin (10:1, 30min.),
thermolysin (10:1, 1hr.), bromelain (8:1, 30 min) and pronase (10:1, 30 min.) at
pH 7.4 and pH 5.4 in presence of 1% Triton X 100. The reaction was stopped
with 5mM PMSF for trypsin and subtilisin, 2mM TPCK for chymotrypsin and
bromelain and 5mM EDTA for thermolysin, respectively. The gels are

representative of two separate experiments.
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trypsin digestion at pH5.4 in the presence of octylglucoside (Fig. 7).
Octylglucoside was used because this detergent could be easily removed by
dialysis or gel filtration due to the high CMC of the detergent (20-25 mM) (Lorber

et al. 1990).

To check whether other proteases can generate similar soluble fragments, VSV
G was subjected to proteolytic digestion with bromelain, chymotrypsin, pronase,
thermolysin, and subtilisin in the presence of detergent at 37°C. After incubation
for the required time interval, subtilisin was inhibited with 5 mM PMSF,
chymotrypsin and bromelain were inhibited with 2 mM TPCK, and thermolysin
was inhibited with 5 mM EDTA. Aliquots were taken and run on 8% SDS-PAGE.
VSV G was completely digested by all other proteases except thermolysin and
chymotrypsin (Fig. 8a,b,c). VSV G was resistant to chymotrypsin and thermolysin
digestion at pH 5.4. The thermolysin, which is a metaloenzyme, is inactive at pH
5.4, but chymotrypsin is active at pH 5.4 and could generate a low molecular

weight fragment of approximately 61 — 62 kDa.

3.2 Purification of Gs

The soluble ectodomain of VSV G was obtained by limited trypsin digestion at pH

5.4. For large scalz Gs production, trypsin was selected over cathepsin D

because trypsin is more economical than cathepsin D (Crimmins et al. 1983).
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Fig.9: Purification of Gs. a) SDS PAGE analysis of purified Gs. VSV was
digested with trypsin (15:1of protein to trypsin ratio) in presence of 1.5%
octylglucoside at pH 5.4 at 37°C for 30 min. The reaction was stopped with
trypsin inhibitor. The Gs was collected in the supernatant after ultra-centrifugation
at 36k r.p.m in a SW 50 rotor in Beckman L8-M ultracentrifuge and concentrated
by passing through 30 kDa cutoff filter and further purified through sephadex G
200. The residual trypsin activity was removed by passing the Gs through
benzimidine sephadex column. b) Sephadex G 200 elution profile of Gs. The Gs
protein obtained in the supernatant after ultracentrifugation in pH 5.4 buffer was
buffer exchanged to pH 7.4 buffer by passing through 30 cm x 0.9 cm sephadex
G 200 column, equilibrated with pH 7.4 buffer, at flow-rate of 0.15 ml/min. The
fractions containing Gs were combined and passed through a benzimidine

sephadex column.
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Fig. 10: Reversibility of structure of Gs at pH 7.4. 10 ug of Gs was incubated with
0.5ug of trypsin (TPCK treated) at 37°C for 30 min. in the presence of Triton X
100. The reaction was stopped with TmM PMSF. Samples were analyzed on a
10% SDS-PAGE and protein was visualized by coomassie blue staining. The gel

shown is representative of two separate experiments.
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Therefore, we tried trypsin digestion of VSV G to generate Gs for possible
crystallization. The reaction was carried out at pH 5.4. VSV was treated with
trypsin at a ration of 15:1 (protein: trypsin ratio) in the presence of 1.5%
octylglucoside in pH 5.4 buffer at 37°C for 30 min. The reaction was stopped with
soybean trypsin inhibitor. The supernatant containing Gs was collected after
ultracentrifugation at 36K r.p.m. in a SW-50 rotor in Beckman L8-M
ultracentrifuge for 1.5 hours. The Gs was then concentrated through a 30 kDa
cutoff PALL filter and further purified and the buffer was exchanged by passing
through a sephadex G 200 column equilibrated with pH 7.4 buffer. The fractions
containing Gs were pooled, and the residual trypsin was removed by passing
through a benzimidin-sephadex column. The protein was collected as a single

band and recovery was nearly 60% (Fig 9a and b).

VSV G protein undergoes reversible conformational change when exposed to
low pH and should revert back to its native conformational state at neutral pH
(Crimimins et al. 1983, Clague et al. 1990, Blumenthal et al. 1987, Puri et al.
1988). The protein was tested for its structural reversibility at neutral pH from
acidic pH by trypsin sensitivity assay. Trypsin completely digests the VSV G
protein at pH 7.4 and the protein becomes resistant to trypsin digestion at acidic
pH (Shokralla et al. 1998, Odell et al. 1997). When Gs was subjected to trypsin

digestion, it was observed that trypsin completely digests Gs at pH 7.4, which
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Fig. 11: Liposome binding assay to determine the interaction of G and Gs with
lipid vesicles. VSV G and Gs were incubated with liposome made up of
equimolar amount of PC and PS for 30 min. at pH 7.4 (a, b, c and d) and pH 5.4
(e and f) at 37°C. To the reaction mixtures 80% sucrose solution in respective pH
buffer was added to make up to 50% sucrose solution, which was then over
layered with 20% and 5% sucrose solution respectively. Gradients were spun for
2 hours at 50K r.p.m. in a SW-50 rotor in Beckman L8-M ultracentrifuge. Eight
fractions of 0.5 ml were collected from each set and sample from each fractions
were resolved on 10% SDS-PAGE. Gels were visualized after staining with

coomassie blue stain.
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indicates that Gs has reverted back to its native conformation at neutral pH (Fig.

10).

3.3 Lipid binding assay

The biological activity of Gs was determined by studying its membrane
interactions at both neutral and fusion-active pH. The VSV G protein interacts
with artificial membrane vesicles in a pH-dependent manner (Carneiro et al.
2001, Pak et al.1997, Capone 1983). Therefore, we investigated whether purified
Gs can bind to the artificial membrane vesicle at low pH by using the membrane
flotation assay. The VSV G and Gs were incubated at pH 7.4 or pH5.4 with
liposome (SUV) made up of phosphatidylserine and phosphatidylcholine (1:1) for
30 min at 37°C. 80% sucrose solution (in pH 7.4 or 5.4 buffer) was added to the
reaction mixture to make solution of 50% sucrose. It was then overlaid with 20%
and 5% sucrose solutions (in pH 7.4 or 5.4 buffer). The gradients were run at 50
K r.p.m for 2 hours at 4°C using Beckman SW-50 rotor. 500-ul fractions were
collected and samples were run on SDS-PAGE (Fig. 11). The G and Gs proteins
were collected in the bottom fraction when incubation was done at pH 7.4 in the
presence or in the absence of liposomes. This indicates that G or Gs does not
bind to liposomes at neutral pH. In contrast, G and Gs were collected in the top
fraction when they were incubated with liposome at pH 5.4. The results

suggested that G and Gs can bind to liposomes at fusion-active pH.



81

3.4 Cross linking experiment to determine the oligomeric state of Gs

VSV G and Gs protein released into infected cells form dimers and trimers. They
exist in a dynamic equilibrium between the monomer and trimer at both neutral
and fusion-active pH (Wilcox et al. 1992, Crise et al. 1989, Zagouras and Rose
1993, Lyles et al. 1990). Soluble TBE E protein forms dimers at neutral pH, but it
cannot form trimers at fusion-active pH in the absence of membrane (Stiasny et
al. 2002). It was suggested that either the stem anchor region or membrane may
be required for trimer stability. Therefore, we attempted to determine whether Gs
released by limited trypsin digestion can form trimers by chemical cross — linking
with DTSSP (dithiobis[sulfosuccinimidylpropionate]). DTSSP bridges two
interacting proteins by reacting with the free amino group in the protein, with
subsequent release of a hydroxyl succinimide ester (Lomant and Fairbanks
1976, Carlsson et al. 1978). The cross linking of VSV G and Gs was done as
described by Lyles et al. in 1990. VSV G and Gs were added to HEPES buffer
and pH was adjusted to 5.4 with pre-determined amount of 0.5M Na -acetate
buffer. DTSSP was then added and incubated for 30 min on ice and the reaction
was quenched with 1M Tris. The proteins were resolved through 8% SDS-PAGE
and proteins were visualized by Western blotting (Fig. 12). It was observed that
both VSV G and Gs formed dimers and trimers at neutral and acidic pH. No
oligomerization was observed in the absence of the cross linker. Trimer formation

by Gs was also supported by the elution profile at neutral pH (Fig.
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Fig. 12: Oligomarization of VSV G and Gs with the crosslinking agent DTSSP at
pH 7.4 and pH 5.4. 10ug of VSV G or Gs was added to 20 ul of 50mM HEPES
pH 7.4, 150 mM NaCl buffer. The pH was adjusted to 5.4 with precalibrated
amount of 0.5 M Na acetate buffer. 500uM of DTSSP was added to the samples
and incubated for 30 min. on ice. The reaction was quenched for 15 min. with 1
M Tris. The protein bands were visualized by western blotting. The western blot

shown is representative of three separate experiments.
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10b). When Gs was passed through Sephadex G 200, it eluted just one fraction
ahead of the 150kDa fragment, indicating that Gs may exist as trimer at neutral
pH.

3.5 Aggregation of Gs at low pH

Aggregation of Gs with a decrease in pH was examined by light scattering
measurements. Carneiro et al. (2001) showed that VSV G starts to aggregate
between pH 7.5 and 6. The increase in light scattering of Gs (30 ug/ml) was
measured in a spectrofluorometer by setting excitation wavelength and emission
wavelength at 280 nm. The pH was gradually adjusted to the required value with
pre-determined amount of 0.1M citric acid. It was observed that acidification
promotes aggregation of Gs protein and the aggregation gradually increased with
decreasing pH until it reached pH 5 (Fig. 13). The Gs protein aggregates possibly
due to interactions between the hydrophobic regions that are exposed during
conformational change (Carneiro et al. 2001). As VSV G does not exist in a
metastable conformation, a larger complex of a G protein trimer may be required
to drive the fusion process (Yao et al. 2003). Unlike the TBE E protein, for the G
protein it seems that oligomerization and aggregation do not require the
transmembrane region, and the Gs protein can form trimers independent of

liposomal membranes (Crise et al. 1989).
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Fig. 13: Aggregation of Gs at low pH. The aggregation of Gs was measured by
right angle light scattering using a Photon technology international fluorimeter
with emission and excitation monochromators both set at 280nm. Gs protein at a
final concentration of 45ug/ml was added to 2ml of 10mM HEPES pH 7.4 and
150mM NaCl. The pH was gradually lowered by adding pre-calibrated amount of
0.1M citric acid and light scattering was measured. Average data and standard

deviation of 10 data points are shown.
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3.6 Lipid mixing assay

The lipid-binding assays suggested that the VSV G and Gs protein can interact
with liposomal membranes in a pH-dependent manner. Blumenthal et al. (1987)
and Carneiro et al. (2001) showed that the purified VSV G protein can also
induce liposome fusion, but at a much reduced rate than the intact virus. The
FHA2 fragment containing the influenza virus HA2 ectodomain couid induce
membrane fusion (Epand et al. 1999). Therefore, a resonance energy transfer
(RET) assay as described by Struck et al. (1981) and Hoekstra and Diizglines
(1993), was used to study the fusion activity of the Gs protein. The RET assay is
based on the principle of fluorescence energy transfer between a donor
fluorophore and the acceptor fluorophore. If the emission wavelength of the
donor fluorophore overlaps with the excitation wavelength of the acceptor
molecule, and if the two probes are in close physical proximity to each other,
then excitation of donor probe will result in transfer of excited state energy to the
acceptor. This results in quenching of the donor fluorescence and subsequent
increase in the acceptor fluorescence. Labeled liposomes were made up of two
fluorophores, NBD — PE (donor, A 465 nm and Aem 530 nm) and Rh — PE
(acceptor, Aex 530 nm and Aem 590 nm). Mixing of NBD — PE and Rh — PE results
in quenching of the NBD fluorescence. When labeled liposomes are fused with
unlabeled liposomes, the apparent distance between donor and acceptor

fluorophores increases, resulting in increased NBD fluorescence because no
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Fig. 14: Lipid mixing by resonance energy transfer (RET) assay. 50umoles of
unlabeled liposome and 5.5 umoles of labeled liposome containing equimolar
amounts of PC and PS were incubated with different amounts of VSV (a), VSV G
(b) and Gs (c). The pH was lowered with pre calibrated amount of 0.1 M citric
acid and the increase in NBD fluorescence was measured at excitation
wavelength of 465nm and emission wavelength of 530nm. The 100% fusion was
determined by adding 10% Triton X 100. a) Kinetics of liposome fusion with
10 pg/ml (1), 20 ug/ml (2), 40 pg/ml (3) and 80 ug/ml (4) of VSV at pH 5.4 and
37°C. b) Kinetics of liposome fusion with 0.06 umoles (1), 0.116 umoles (2),
0.232 umoles (3) and 0.5 pmoles (4) of VSV G proteins at pH 5.4 and 37°C. c)
Kinetics of liposome fusion with 0.06 umoles (1), 0.116 umoles (2), 0.232 umoles
(8) and 0.5 pumoles (4) of Gs proteins at pH 5.4 and 37°C. The plots are

representative of two independent experiments.
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Fig. 15: Determination of optimum pH of liposome fusion for VSV G (a) and Gs
(b) by resonance energy transfer (RET) assay. 50umoles of unlabeled liposome
and 5.5 umoles labeled liposome was incubated with VSV G and Gs at pH 7.4 at
37 °C. The pH was adjusted to 7.4, 6.4, 5.8, 5.2 or 5 with pre- calibrated amount
of 0.1M citric acid. The increase in NBD fluorescence was measured at excitation
wavelength of 465nm and emission wavelength of 530nm. The 100%fusion was
determined by adding 10% Triton X 100 to the sample.
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resonance energy transfer can take place between NBD — PE to Rh — PE.
Liposome fusion kinetics are generally measured by determining the increase in
NBD fluorescence. In a typical experiment, labeled and unlabeled liposomes
were mixed in 1:9 ratios and varying amounts of the fusion proteins or virus was
added. VSV G and VSV were used as positive controls, and the effects of the
protein storage buffer and the detergent used in it were also tested. The amount
of fusion protein was kept comparable in all experiments. For VSV, it was
considered that 25% of the total viral protein was G protein. The pH was lowered
to the required value with pre-determined amount of 0.1 M citric acid, 10% Triton
X =100 was added for complete mixing of the liposome. The results showed that
there was no increase in NBD fluorescence with the buffer alone at low pH. It
was observed that VSV could induce up to 60% fusion with increasing protein
concentration (Fig. 14a), whereas VSV G and Gs induced nearly 16% and 19%
fusion, respectively (Fig. 14b,c). Because of the relatively high CMC of
octylglucoside, it is easily removed by gel filtration (Lorber et al. 1990). However,
some trace amounts of detergent might be still present in the protein sample.
Therefore, octylglucoside was also tested for its fusion activity. It was observed
that octylglucoside (0.15mM final conc.) could not induce membrane fusion in a
pH-dependent manner. When fusion kinetics was studied with VSV G and Gs at
different pH, it was observed that the optimum fusion pH shifted towards the

more acidic side in the case of Gs (Fig 15).
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Fig. 16: Effect of PEG on lipid mixing induced by VSV G and Gs proteins.
50umoles of unlabeled liposome and 5.5 umoles of labeled liposome made up of
equimolar amount of PC and PS was incubated with VSV G (a) and Gs (b) with
1% PEG, 2.5% PEG and 5% PEG. The pH was lowered by adding pre-calibrated
amount of 0.1 M citric acid and increase in NBD fluorescence was measured at
excitation wavelength of 465nm and emission wavelength of 530nm. The 100%
fusion was determined by adding 10% Triton X 100. Effect of 5% PEG on
liposome fusion kinetics was also tested. The plots are representative of two

independent experiments.
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The extent of liposome fusions induced by VSV G and Gs are nearly similar, but
is much less compared to that induced by VSV. It is possible that the G protein
anchored to the membrane is essential for efficient membrane fusion. During HA
mediated membrane fusion the fusion peptide binds to the target membrane and
brings the opposing membrane in close proximity, thereby facilitating the
hemifusion (Hernandez et al. 1996). Odell et al. (1997) showed that anchoring to
the membrane is required for fusogenic activity of the VSV G protein. To
overcome the energy required for membrane fusion, the G protein may require a
bigger fusion complex made up of a large number of trimers of the fusogenic
glycoproteins acting in a concerted manner (Gaudin 2000, Yao et al. 2003). In
the case of VSV G and Gs, the percentage of fusion is determined by the
collisional frequency of the interacting liposomes. When the G proteins are not
bound to the liposomes, they may not form the large fusogenic complex limiting
their fusion activity. Therefore, it was thought that increasing the aggregation of
liposomes might improve the fusion efficiency of the protein. Polyethyleneglycol
(PEG) is known for enhancing cell — cell fusion and is extensively used for
aggregation of biomaterial during protein purification (Durieu and Ochatt 2000).
PEG can also induce membrane fusion of SUVs made up of PC when used in
significantly high concentration (approx. 25 — 30% (v/v); Talbot et al. 1997).
However, presence of a small amount of PEG (approx. 1 — 15% v/v) could induce
aggregation of liposomes but not membrane fusion. It has been observed that

peptides corresponding to transmembrane domain of VSV G could induce
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membrane fusion in the presence of 5% PEG (Dennison et al. 2002). Therefore,
the effects of increasing concentration of PEG (1 — 5% v/v) on membrane fusion
were studied to determine if the aggregation of liposomes could improve the
efficiency of membrane fusion. It was observed that the aggregation of liposomes
increased the fusion efficiency of both VSV G and Gs (Fig. 16A, B). PEG alone
could not induce any membrane fusion in a pH-dependent and independent
manner. It was observed that at 5% (v/v) PEG concentration, VSV G and Gs
induced approximately 30% fusion. These results therefore indicate that the VSV
G and Gs could induce lipid mixing and the efficiency of the fusion could be

increased by increasing the aggregation of liposome.

3.7 Leakage assay

In general, virus-induced membrane fusion should not be leaky. However, it has
been observed that influenza virus-induced membrane fusion is leaky and
induces hemolysis (Shangguan et al. 1996). Bailey et al. (1984) reported that the
VSV could induce hemolysis in a pH-dependent manner, which means VSV
induced membrane fusion is also leaky. As the rate of content mixing and content
leakage are in competition with each other, it was important to measure the
content leakage by Gs. The leakage of SUV was measured as described by

Talbot et al. (1997) and Ellen et al. (1985). The leakage of liposomes was
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Fig. 17: Vesicle leakage induced by VSV G and Gs proteins. 150umoles
of SUV containing equimolar amount of PC and PS were added to 2ml pH
7 buffer, to that 0.232umoles or 0.5umoles of VSV G (a) and Gs (b) fusion
glycoproteins were added and pH was bought down to 5.4 with pre —
calibrated amount of 0.1M citric acid. Increased in ANTS fluorescence was
recorded at excitation wavelength of 360nm and emission wavelength of
530nm. The maximum leakage of vesicles was determined by adding 20ul
of 10% Triton X 100 to the sample. The leakage of lipid vesicles was also
measured with protein storage buffer. The plots are representation of two

independent experiments.
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Fig. 18: Mixing of aqueous contents by Gs. ANTS entrapped SUV containing
equimolar amount of PC and PS were mixed with five times excess of DPX
entrapped SUV in 2ml of pH 5.4 buffer. ANTS fluorescence was recorded at
excitation wavelength of 360nm and emission wavelength of 530nm using
Photon technology international spectrofluoremeter. To that 0.5 umole of VSV G
or Gs was added and quenching of ANTS fluorescence was measured. The

curves are representation of two independent experiments.
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measured by the ANTS / DPX assay, which is based on the principle of
collisional quenching of ANTS fluorescence by DPX. If ANTS and DPX are in
close physical proximity to each other, the ANTS fluorescence is quenched by
DPX. The ANTS and DPX were encapsulated in the same SUV, which resulted
in quenching of ANTS fluorescence. After addition of fusion peptide the pH was
lowered with 0.1 M citric acid. Leakage of liposome would resuit in dequenching
of ANTS fluorescence, as the effective distance between ANTS and DPX will
increase. The increase in ANTS fluorescence was measured at Aox 360 nm and
Aem 530 nm. 10% Triton X — 100 was added to induce 100% leakage. It was
observed that both VSV G and Gs induced a considerable amount of liposome
leakage and that the percentage of leakage increased with an increase in the
protein concentration. The rate of leakage was extensive during the first 100
seconds (Fig. 17). The results indicate that VSV G and Gs mediated membrane

fusion is leaky.

3.8 Mixing of aqueous content

Membrane fusion occurs through two main steps; in the first step hemifusion
occurs, where the outer leaflets mix, which ultimately leads to a complete mixing
of the aqueous content (Hernandez et al. 1996). It was observed from the RET
assay that VSV G and Gs can induce lipid mixing, but it was not clear whether

Gs is able to induce complete mixing of the material. It was also observed that
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both VSV G and Gs exhibited rapid and extensive leakage of liposomes. As the
rate of content mixing competes with vesicle leakage, it is unlikely that they will
show any content mixing. The intermixing of aqueous content was measured by
the ANTS / DPX assay. The ANTS and DPX were encapsulated in different
population of SUV (Duzgines and Wilschut 1993). The mixing of aqueous
content will result in the interaction of ANTS and DPX, which will cause the
dequenching of ANTS fluorescence. The SUVs containing ANTS were mixed
with five times excess of DPX-entrapped SUV and allowed to fuse with VSV G or
Gs; the decrease in ANTS fluorescence was then measured. It was observed
addition of VSV G and Gs results in increase in ANTS fluorescence, which
suggests that both VSV G and Gs could not induce any content mixing (Fig. 18).
The nature of VSV G and Gs curves were different, it is possible due to the fact
that VSV G might induce a very small amount of content mixing initially for a very

brief period of time which results in slower increase in ANTS fluorescence.

3.9 Change in secondary structure

The VSV G protein undergoes reversible conformational change at low pH
(Crimimins et al. 1983, Clague et al. 1990, Blumenthal et al. 1987, Puri et al.
1988). The conformational change of VSV G was attributed to the fact that the G
protein becomes resistant to trypsin digestion at low pH (Fredericksen and Whitt

1996, Yao et al. 2003). To understand the extent of change in the conformation
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of Gs at low pH, Gs was subjected to trypsin digestion at neutral and at fusion-
active pH. The reaction was stopped with PMSF and samples were analyzed by
SDS-PAGE. It was observed that trypsin completely digested Gs at neutral pH,
but at fusion-active pH, Gs was resistant to trypsin digestion (Fig. 19). The
digestive activity of trypsin at pH 5.4 was confirmed in the presence of 0.9%
SDS. It was observed that trypsin cleaved Gs protein at pH 5.4 in the presence of
SDS, indicating that resistance to trypsin digestion is actually due to pH-

dependent conformational change of Gs.

Circular dichroism spectra at different pH were measured at 260 — 200 nm to
determine the change in the secondary structure of Gs. The G protein exists in
different conformations at neutral pH, at acidic pH in the absence of liposomes,
and at acidic pH in the presence of liposomes (Pak et al. 1997). Therefore, CD
spectra of Gs were determined both in the presence and in the absence of
liposomes. The secondary structural content was calculated using the
CONTINLL program (Sreerama 1999). Acidification resulted in significant
changes in the CD spectrum of Gs in the presence and also in the absence of
liposomes (Fig 20). The o— helix content increased with a decrease in pH, and it
was observed that at pH 6, Gs had maximum helix content (Fig. 21). These
results indicate that Gs protein undergoes structural rearrangement between pH
6.4 and 5. Cirular dichroism of VSV G protein showed that the VSV G protein

undergoes structural rearrangement between pH 7.5 and 5 (Carneiro et al.
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2001). Difference in CD spectra of VSV G at pH 7.5 and 5 indicates that the
protein probably acquires a different conformation. To better understand the
structure, we attempted to crystallize the Gs protein, but were unable to obtain

any crystals (see addendum).
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Fig. 19: Trypsin sensitivity assay to determine the structural change of Gs
protein at acidic pH. Gs protein was incubated with trypsin (15:1; protein: trypsin)
at 37°C for 30 min. in presence of 1% TritonX100 at pH 7.4 or 5.4. The activity of
trypsin at pH 5.4 was tested by adding 0.9% SDS into the reaction mixture. The
reaction was stopped with 5mM PMSF. The samples were analyzed on-10%
SDS PAGE and protein bands were visualized after staining with coomassie blue

stain. The gel is representative of two independent experiments.
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Fig. 20: Effect of pH on circular dichroism spectra of Gs. CD spectra of Gs in
presence of liposome containing equimolar amount of PC and PS (a) and in
absence of liposome (b) was recorded at 25°C using a 1mm quartz cell at pH 7.4
(black), 6 (blue) or 5 (red). The Gs was diluted to 300ug/ml in phosphate buffer of

respective pH. The plots are representative of two independent experiments.
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Fig. 21: Effect of pH on a - helix content of Gs protein. The CD spectra for Gs
were determined at different pH at 25°C. The secondary structure was
determined by CD Pro software using CONTINLL program (Sreerama 1999).

Final concentration of protein was maintained at 300ug/ml.



106

4. DISCUSSION

Vesicular stomatitis virus glycoprotein G is the single viral membrane surface
protein responsible for receptor binding and membrane fusion activity of VSV.
Although