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Abstract 

 

The Ebola virus glycoprotein, GP, is responsible for the fusion of the virus membrane 

with that of its host target and the consequent entry of the virus into the cell cytosol. GP is 

expressed on the surface of the virus membrane as a trimer of dimers, each of which is formed 

through the post-translational furin cleavage of native GP into two subunits: GP1, which contains 

a receptor binding domain, and GP2, which contains the spring-loaded fusion machinery. GP1 

also acts as a clamp to hold GP2 in its pre-fusion conformation. Host factors trigger the release 

of the GP1 clamp and cause the metastable α-helix coiled-coil of GP2 to extend, inserting the 

fusion loop into the target membrane. The extended coil then folds back in on itself to form a 

highly stable six-helix bundle that is coupled to virus membrane fusion and infection.  I 

hypothesize that amino acid residues with hydrophobic side changes that reside at the tip of the 

fusion loop are necessary for virus membrane fusion. To test this, the effects of substitutions in 

these residues on GP assembly and infection have been evaluated.  I found that substitution of 

arginine for tyrosine 535 in GP2 did not affect glycoprotein synthesis, cleavage, virus 

incorporation, or host factor interactions but is highly defective for infection. These findings 

demonstrate that GP Y535 is essential for Ebola virus infection and that the Y535R mutant likely 

confers a defect in virus membrane fusion.  
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Chapter I 

Introduction 

 

Viruses are infectious particles comprised of a nucleic acid core surrounded by a protein 

coat (Knipe & Howley, 2006). The diameter of spherical virus particles is 20 nm-300 nm 

(Collier et al., 1998), and filamentous particles may be as long as 1.4µm (Kuhn et al., 2010).  The 

virus genome is located within the capsid, which is composed of one or a few virus-encoded 

proteins that assemble into icosahedral structures (Collier et al., 1998). For some viruses, the 

capsid is surrounded by a lipid bilayer derived from the host cell membrane.  Embedded in the 

virus membrane (or envelope) are virus-encoded glycoproteins that mediate virus attachment and 

infection of host cells.   

 
Viral Structure and Classification 

The most basic foundation of virus classification is the composition of the nucleic acid 

core. Viral genetic material can be comprised of either RNA or DNA, and may be single or 

double-stranded. This is the basis for the Baltimore virus classification system, which organizes 

viruses into groups as depicted in Table 1 (Baltimore, 1971).  

 
Group Symbol Description Example 
I dsDNA Double-stranded DNA Poxvirus 
II ssDNA Single-stranded DNA Inovirus 
III dsRNA Double-stranded RNA Reovirus 
IV (+)ssRNA Single-stranded RNA positive-sense Calicivirus 
V (-)ssRNA Single-stranded RNA negative-sense Filovirus 
VI ssRNA-RT Single-stranded RNA replicated through a DNA intermediate Retrovirus 
VII dsDNA-RT Double-stranded DNA replicated through an RNA intermediate Caulimovirus 

Table 1: Baltimore Classification of Viruses 
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Structurally, viruses may be divided into three basic classifications, based upon the 

organization of their capsid: Polyhedral, Helical, and Complex (Russell, Hertz, & McMillan, 

2011). 

Polyhedral viruses are formed by a nucleic acid core about which capsomeres are 

arranged to form a geometric shape such as an icosahedron.  

Helical viruses contain a core of coiled nucleic acid that is surrounded by identical 

capsomeres arranged about the axis of the coil in a helix. 

Complex viruses are those that can be classified as neither polyhedral nor helical. They 

may contain both polyhedral and helical structures, or other features such as multiple protein 

layers that coat the nucleic acid core. 

Finally, viruses may be classified based on the presence or absence of an envelope. Non-

enveloped viruses may take on any of the aforementioned forms. Such viruses are generated by 

the genetic machinery of their host and released upon lysis of the infected cell. Some, however, 

exit the cell through an exocytotic process known as budding. These viruses leave their hosts 

surrounded by a segment of the cell’s lipid outer membrane and are thus classified as enveloped.  

 

Viral Entry, Replication, and Release 

Viruses are obligate intracellular parasites, and therefore must exploit the cellular 

machinery of host organisms in order to replicate (Flint et al., 2009). This requires the virus to 

first transport their genetic material across the cell membrane and into the cell. Viruses make use 

of a variety of mechanisms to do this, but there are some commonalities between them. 
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Before entering the cell a virus first attaches to the membrane surface. This is achieved 

through binding to a cell surface structure, such as a protein, which may fall into one of two 

categories: attachment factors or receptors (Knipe & Howley, 2006). Structures of the former 

type function merely as a substrate to which the virus may adhere, granting it sustained 

proximity to the cell and an opportunity to achieve entry.  The latter type, receptors, may or may 

not serve to fasten the virus to the cell surface, but all function to actively promote entry, either 

by initiating endocytosis, activating cell signaling pathways, or inducing the interacting viral 

protein to alter conformation.  

A wide variety of attachment factors and receptor configurations exist, from 

carbohydrates and proteoglycans to membrane transport proteins and signaling peptides (Young, 

2001). Once bound, an active receptor typically activates a mechanism to either internalize the 

virus or to transport the virus or its genetic material across the cell membrane and into the 

cytosol (Sieczkarski & Whittaker, 2005). Some receptors act alone, but others function in 

conjunction with co-factors or co-receptors to grant the virus entry. As with the primary 

receptors, co-receptors and co-factors may serve a variety of functions. In some instances, for 

example, they perform an enzymatic reaction that acts to trigger a virus’s fusion mechanism. In 

others cases the co-factor has been shown to cleave surface proteins or otherwise alter their 

conformation and thereby make the receptor binding domain accessible to the target receptor.  

Once the entry mechanism has been activated a virus will typically penetrate membrane 

either through fusion of its membrane with that of the cell or via physical disruption of the cell 

membrane (Earp et al., 2005). For enveloped viruses this may occur on the cell surface or after 

uptake via endocytosis, while non-enveloped viruses typically gain access to the cytosol only 
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after endocytic uptake. The specifics of viral entry via membrane fusion will be detailed further 

later in this chapter. 

 

Uncoating 

After the virus has gained access to the cell cytosol it must open or disassemble the 

protein capsid in order to release its genetic material to the cell’s expression and replication 

machinery. This process is known as uncoating and may occur simultaneously with membrane 

fusion or entry, or once it has completely entered the cell (Helenius, 2006). Occassionally 

uncoating is initiated upon binding to the virus receptor, as is the case with polio (Racaniello, 

1996), while in other instances the process requires assistance from host proteins, which is true 

of many poxviruses (Butel, 2010). Ebola virus makes use of its own RNA-dependent RNA 

polymerase (RdRp) to initiate a partial uncoating and grant the polymerase access to the genome 

(Ahlquist, 2002). 

Transcription, translation, and replication can also take many forms, dependent in large 

part upon the class of genetic material present within the virus. In short, the viral genome is 

replicated while mRNA is transcribed, either by the virus’s own polymerase or the replication 

and transcription machinery of the infected cell, and is directed towards ribosomes for translation 

(Ball, 2006). Some viruses, such as dsDNA viruses, require their genetic material to be 

transported to the nucleus for replication and transcription by the cell’s nuclear enzymes while 

for others, like many (+)ssRNA viruses, the genetic material is immediately replicated by the 

virus’s own polymerase upon uncoating and translated by host ribosomes. Retroviruses convert 

their RNA into DNA through the application of their own reverse transcriptase enzyme and then 

utilize another enzyme, integrase, to incorporate the DNA into the host genome. The host then 
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expresses the incorporated genes and the viral DNA is replicated by the host during cell 

replication as a permanent component of the host genome. As a negataive sense (-)ssRNA virus, 

Ebola must first have its genome transcribed by RdRp to convert it into a positive sense RNA 

that can be read by host ribosomes (Ahlquist, 2002). Host ribosomes then translate the various 

proteins the virus required. When one of these, the nucleocapsid, reaches a certain concentration 

within the cell the function of RdRp shifts from transcription to replication of the (-)ssRNA. 

The proteins expressed throughout this process usually include structural components like 

capsid and envelope proteins, proteins and enzymes required for assembly such as viral matrix 

proteins, and those proteins and enzymes that the virus will need upon infection of its host, like 

polymerase (Ball, 2006).  

Once the viral mRNA is translated into proteins by the ribosomes these proteins are post-

translationally processed, membrane bound proteins are glycosylated, and the proteins are 

directed to the virus assembly site through associated sorting signals. The replicated viral 

nucleotides are packaged within the virion, often due to the presence of a packaging signal 

within the nucleotide sequence. In retroviruses this packaging signal is a cis-acting RNA element 

referred to as ψ (Bannert, Fiebig, & Hohn, 2010).  

After assembly the virus is released, a process that is most commonly accomplished 

through one of three mechanisms: cell death, exocytosis, or budding (Pe’ery & Mathews, 2006). 

Some viruses will simply induce cell lysis, by opening pores in the cell surface with viroporins 

or digesting it with lysozymes, effectively forcing their way out of a cell and killing it in the 

process, while others will induce a cell to undergo controlled cell death, or apoptosis, by 

generating associated signals such as the activation of host caspases. Viruses may make use of 

the host’s exocytosis pathway to encase the virus in vacuoles which are then transported to the 
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cell surface, merge with the membrane, and release the virus into the lumen. Enveloped viruses 

frequently follow another route. These viruses produce membrane-bound surface proteins that 

are transported by the cellular machinery to the surface. Then, by assembling the viral 

components near the cell surface and inducing the viral envelope protein-laden cell membrane to 

form an envelope around them, the virus ejects itself by causing the surrounding membrane 

envelope to bud off from the cell (Hunter, 2006). 

 

Entry Receptors 

Viruses utilize a wide array of strategies in order to gain access to the interior of the cell, 

often adapted to the uptake mechanisms and structural properties of the host cell. As noted 

previously, the virus must attach to the cell surface first, either through interactions with 

attachment factors or with specific receptors (Table 2). After attachment, non-enveloped viruses 

may force their way into the cell by penetrating the cell membrane or cell wall and injecting the 

nucleic acid core into the cell cytoplasm (Sebestyén et al., 2006). They may also activate the 

cell’s endocytosis machinery, be taken up into the cell inside a vacuole, and then either penetrate 

the vacuole membrane or get released by the host into the cytosol (Mercer, Schelhaas, & 

Helenius, 2010). Enveloped viruses, on the other hand, often make use of their own surrounding 

membranes to gain access to the cell by fusing it with the cell membrane, merging the contents 

of the virus with the cytosol (Harrison, 2008). Some enveloped viruses require a receptor to 

initiate this fusion process.  

 

Virus binding to attachment factors is generally weak and non-specific. The individual 

binding interaction between a virus and a given attachment factor tends to be of low affinity, but 
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this is frequently overcome through the accumulation of multiple binding interactions occurring 

at the same time, resulting in firm adherence (Marsh & Helenius, 2006). Viruses often 

demonstrate affinity for cell surface lipids or carbohydrates, and common attachment factors 

include heparin sulfate and sialic acid (Hulo et al., 2011). 

 

Virus receptors frequently take the form of membrane-bound or transmembrane proteins, 

particularly in the case of those that actively facilitate viral entry. Beyond attachment, these 

proteins may act to internalize a bound virion through activation of a cell signaling pathway. For 

example, the reovirus first attaches to sialic acid but is then thought to be internalized through 

the triggering of endocytosis and facilitation of trafficking by β1 integrins (Maginnis et al., 2008; 

Maginnis et al., 2006). In addition to signaling the cell to internalize the virus, transmembrane 

receptors may also act to trigger a virion’s own entry machinery. This is the case for some 

enveloped viruses such as Nipah virus, wherein the G-protein fusion mechanism is triggered by 

the binding of G to EFNB2 or EFNB3 (Mizra et al., 2011). 

 

As previously noted, some viruses have an affinity for carbohydrates, thus those surface 

proteins that have been glycosylated (glycoproteins) are particularly ripe targets for attachment, 

and certain viruses may in-fact bind to the carbohydrate side chains of these molecules rather 

than a particular active site within the protein itself as it acts to facilitate entry (Eckert & Kim, 

2001). 
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Entry Pathways 

Viruses are able to take advantage of a number of different pathways in order to gain 

entry into the cell. Some viruses may enter their host target on the cell surface, a pathway that is 

particularly suited to enveloped viruses as they are able to merge with the cell membrane and 

avoid damaging the surface of the cell in a way that would expose the cytosol to the cell exterior 

and potentially result in cell death (Harrison, 2008). Others enter after internalization via cellular 

transport mechanisms, gaining access to the cytoplasm from within a vesical such as an 

endosome or lysosome (Mercer, Schelhass, & Helenius, 2010). The four most common 

mechanisms include cell surface entry, clathrin-mediated entry, calveola-mediated entry, and 

macropinocytosis. 

 

Cell Surface Entry 

Some enveloped viruses are able to gain entry to the cell immediately upon coming into contact 

with the cell surface. As noted above an enveloped virion is necessary as non-enveloped viruses 

typically gain entry through the physical disruption of the plasma membrane. Such a disruption 

of the membrane at the cell surface would cause the cell cytoplasm to be brought into contact 

with the surrounding external environment and could induce apoptosis. But an enveloped virion 

can avoid this by fusing its membrane with that of its target host. Viruses that tend to engage in 

this entry pathway include those of families retroviridae and herpesviridae (Lavillette et al., 

2000; Spear & Longnecker, 2003). This method of entry is usually triggered through receptor 

binding. Though this entry pathway may appear to be the most direct, it does present the risk of 

immune system recognition, since upon membrane fusion the proteins present on the viral 

surface will have been integrated into the cell membrane. 
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Virus Viral Protein Receptor/Factor Entry Pathway 
RNA VIRUSES 

Ebola virus  Envelope GP  NPC-1 Macropinocytosis and host cell membrane 
fusion  

Influenza B virus HA Sialic acid  
Influenza C virus HE Sialic acid  
Influenza A virus HA Sialic acid Clathrin-mediated and clathrin/ caveolin-

independent endocytosis 
Lassa virus Glycoproteins α-dystroglycan Clathrin/caveolin-independent endocytosis 
Junin virus Glycoproteins TFRC Clathrin-mediated endocytosis 
Machupo virus Glycoproteins TFRC Clathrin-mediated endocytosis 
Nipah virus Glycoprotein G EFNB2, EFNB3 Clathrin-mediated endocytosis and 

Host cell membrane fusion 
Dengue virus Env. Protein E Heparan sulfate Clathrin-mediated endocytosis 
Enterovirus VP1, VP2, VP3 CD55, sialic acid  
Hepatitis C E1 and E2 Heparan sulfate, 

LDLR, CD81 
Clathrin-mediated endocytosis 

Coxsackievirus B1-
B6 

VP1, VP2, VP3 CXADR Macropinocytosis 

DNA VIRUSES 
Parovirus B19 VP1, VP2 Globoside, Integrin α5 

β1 
Clathrin-mediated endocytosis 

Vaccinia virus D8, H3, A26 A27 Laminin, Heparan 
sulfate 

Macropinocytosis 

Adenovirus A, C, D,E 
F 

Penton protein, 
Fiber protein, 

Integrin αV, CXADR Clathrin-mediated endocytosis 

Herpes simplex 1 Glycoproteins gB, 
gC, gD 

Heparan sulfate, 
PILRA, PVRL1 
TNFRSF14 

Host cell membrane fusion 

Simian virus 40 VP1, VP2, VP3  Gangliosides, MHC 
class I 

Caveolin-mediated endocytosis 

Epstein-Barr gp350/220, 
BMRF2 

CR2 Host cell membrane fusion 

RETROVIRUSES/PARARETROVIRUSES 
HIV-1 types 1, 2 Envelope gp120 

Envelope gp41 
CD4, CXCr4,  
CCr5, Hep. sulf., 
glycosphingolipid 

Clathrin-mediated endocytosis 

SIV Envelope GP CD4  
Hepatitis B virus Large envelope 

protein 
Heparan sulfate Caveolin-mediated endocytosis 

Table 2: Virus binding proteins, receptors and attachment factors, and entry pathways (Mercer & Helenius, 
2009; Hulo et al., 2011; Nanbo et al., 2010). 
 

 

Clathrin-Mediated Entry 

Endocytosis via the clathrin-mediated pathway is among the most common means of 

entry for viruses, both enveloped and non-enveloped alike. Viral entry into the cytosol typically 
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occurs after complete uptake into the endosome, followed by a reduction in pH that triggers an 

entry mechanism such as membrane fusion. This pathway is so named because it involves the 

formation of small vesicles that are coated in a complex of clathrin and associated proteins in the 

form of a lattice (Fotin et al., 2004). The process often begins with clathrin-coated pits, partially 

invaginated membrane structures containing pre-assembled clathrin complexes, the components 

of which work in concert upon activation to initiate endocytosis (Schmid, 1997; Mercer, 

Schelhaas, & Helenius 2010). This process may be stimulated by a simple physical interaction 

between virion particles and this structure. In other instances the formation of the clathrin 

complex is induced by the interaction of the virus with other structures on the target membrane 

(Cureton et al., 2009). Upon uptake the vesicles fuse with early endosomes and the virus 

proceeds down the endocytic pathway until an entry mechanism, such as fusion, is triggered 

(Doherty & McMahon, 2009; Mercer, Schelhaas, & Helenius, 2010).   

 

Caveolae-Mediated Entry 

Another important route of endocytic uptake involves calveolin and the formation of lipid 

rafts. This caveolae-mediated pathway is common among polyomaviruses such as Simian 

vacuolating virus 40 (SV40) (Hulo et al., 2011). The pathway begins with caveolae, specialized 

constructs of the cholesterol- and shingolipid-enriched microdomains known as lipid rafts that 

have formed invaginations and contain clusters of receptors and signaling molecules involved in 

uptake (Anderson, 1998; Mercer, Schelhaas, & Helenius, 2010). The internalization process is 

triggered by binding to a ligand, such as the carbohydrate moiety of a ganglioside in the case of 

SV40, and the newly formed complex then relocalizes to the caveolae, generating a trans-

membrane signal that induces a signaling cascade to initiate the formation of a vesicle and 
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uptake of the bound virus (Pelkmans, Kartenbeck, & Helenius, 2001; Pelkmans & Helenius, 

2002; Ewers et al., 2010). 

 

Macropinocytosis 

This route of celluar uptake is focused on the internalization of fluids on a large scale. It 

is a non-specific process that utilizes the growth factor-induced and actin-dependent formation of 

large extracellular fluid-filled vesicles known as macropinosomes (Mercer & Helenius, 2009). 

Because it is not driven by a particular ligand interaction or membrane-bound structure the 

vacuole is large and irregular, formed through the activation of actin, the deoupling of the 

cytoskeleton, and the consequent ruffling of the plasma membrane into lamellipodia, filopodia, 

and blebs (Mercer, Schelhaas, & Helenius, 2010). Viruses that have been shown to utilize this 

largely indirect method of entry include vaccinia virus, coxsackievirus group B, and HIV-1, as 

well as Ebola virus (Mercer & Helenius, 2009; Nanbo et al., 2010). 

 

Viral Fusion and Fusion Mechanisms 

Once cellular uptake has occurred viruses still must penetrate the plasma membrane to 

gain access to the cytosol where it can then access the cellular machinery and begin to replicate. 

As noted previously, enveloped viruses have the advantage of being enclosed in a lipid bilayer 

much like the plasma membranes of their host targets. Thus, enveloped viruses are able to enter 

the cell through a process of membrane fusion, wherein the lipid bilayers of the virus and the cell 

are brought into close proximity such that they merge to become a single, contiguous membrane. 
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The viral fusion process is mediated by one or more fusion proteins, many of which have 

been identified and characterized (Harrison, 2008). These proteins and their viruses may be 

categorized into any one of three classes.  

 

Class III Fusion Proteins 

Class III fusion protein viruses include Epstein-Barr virus (EBV) and Herpes Simplex 

virus 1 (HSV-1), for which the fusion protein is known as gB, and Vesicular Stomatitis Virus 

(VSV), for which the fusion protein is known as G (Backovic & Jardetzky, 2009). Proteins of 

this class are comprised of five distinct domains: a fusion domain (I) that leads into a pleckstrin-

like fold-containing domain with two β-strands (II), followed by a helix-dominated domain (III), 

followed by a β-strand-heavy domain (IV) and, finally, the C-terminus domain (V). Monomers 

of the class III, once expressed, form trimers on the envelope surface. The fusion domain is an 

extended β-sheet structure that presents, at its tip, two disorganized loop structures containing 

hydrophobic residues. Together, the loops are thought to comprise the fusion peptide that is 

inserted into the target membrane. The pleckstrin-like fold of domain II is suspected to serve as a 

binding site for phospholipids and may be involved in triggering the fusion mechanism of the 

protein. Domain III contains a long α-helix that, when joined with those of the protein’s 

monomer counterparts, forms the coiled-coil that serves as the core of the resultant trimer 

structure. Domain V also appears to function as a site of interface in trimerization, while domain 

IV is a highly flexible domain predominantly comprised of β-sheets.  

In the pre-fusion conformation, the fusion loops of the fusion domain are initially 

oriented towards the viral envelope. The triggering of the fusion mechanism, resulting from a 

reduction of pH in the case of VSV-G, causes the fusion domain to extend upward while 
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domains II through V reorient towards the envelope surface. Of the five domains, only domain 

III undergoes a significant degree of refolding during this process, while the others largely 

maintain their pre-fusion structures. As the mechanism continues along its course, the c-terminus 

domain and fusion domain then fold towards one another, bringing the two adjoined membranes 

into proximity, allowing them to fuse and a pore to open.  

 
 
 

 
Figure 1: The pre-fusion structure of the VSV G fusion protein (Backovic & Jardetzky, 2009) illustrating 
domains I, II, III, IV, and C (V), as labeled. Domain I, in blue, is the fusion domain. Domain III, in yellow, 
experiences significant refolding during the conformational change that results in membrane fusion. The purple 
unstructured regions between domains I and II serve as the hinge about which domain I folds to extend upward  
into the host target membrane. 
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Figure 2: Depiction of the sequence of conformational changes that are thought to occur in VSV-G in the 
course of fusing the viral envelope with the target host membrane (Harrison, 2008). Step (a) illustrates the  
pre-fusion conformation of the VSV-G trimer. Step (b) shows the pre-fusion monomer, with an arrow indicating  
the path along which the fusion domain will fold upon the initiation of fusion. Step (c) is the extended intermediate, 
at which point the dual-looped fusion peptide has inserted into the target membrane. The arrow illustrates the 
direction that the c-terminal domain V will fold to complete the fusion process. Step (d) shows the post-fusion 
conformation of a single subunit while (e) shows the full post-fusion trimer and illustrates the manner in which the 
protein fuses the two adjoined membranes together.  
 
 
 
 

Class II Fusion Proteins 

Class II fusion protein viruses include alphaviruses and flaviviruses (Kielian, 2006). These 

enveloped viruses contain surface fusion proteins known as E proteins, as well as regulatory 

companion proteins. For alphavirus this companion protein is known as PE2, while for flavivirus 

it is called prM. These regulatory proteins are eventually post-translationally processed into 

mature versions (E2 and M respectively in the aforementioned examples) and dimerize with their 

E protein counterparts. They then collectively trimerize to form a working fusion protein.  

The class II fusion proteins are elongated rod-shaped molecules with two β-barrel masses at one 

end. The opposite end of the rod-shaped structure is comprised of a conserved loop containing 

hydrophobic residues that may be readily inserted into a lipid membrane. 

In its pre-fusion state the E protein forms a dimer in which the hydrophobic fusion loop region of 

each are nestled into the domain III structure of the other. When the fusion mechanism is  



 15 

 

 
Figure 3: The pre-fusion structure of flavivirus E protein monomer (Kielian, 2006). The red and blue domains I 
and III are the two β-barrels. The yellow and orange domains comprise the rod-shaped extension at the tip of which 
resides the fusion loop, depicted in green, that is inserted into the target host membrane.   
 

 
Figure 4: Depiction of the sequence of conformational changes that occur in flavivirus E protein in the course 
of fusing the viral envelope with the target host membrane (Harrison, 2008). Step (a) shows how 90 distinct E 
protein dimers are packed together on the surface of the flavivirus virion in the form of an icosahedron. Step (b) 
illustrates the pre-fusion conformation of a single E protein dimer, while (c) is the extension of the E protein fusion 
loop, a process during which the monomers, having dissociated from their dimers, start to reform as a trimer. Step 
(d) depicts the extended intermediate, at which point the trimer is fully formed and domains I and II are pulled 
inward toward the core. Finally, (d) demonstrates the conformation of the protein after domain III has folded upward 
towards the fusion loop, merging the two bound membranes together.  

 

 

triggered–in the case of alphaviruses and flaviviruses by a reduction in pH after endocytic 

uptake–a conformational change is initiated wherein the dimer dissociates, exposing the fusion 

loop, which then inserts into the target membrane in a cholesterol-dependent manner. As this 

occurs the E protein monomers re-associate into trimers. While the stem region of this trimeric 



 16 

structure is highly ordered, class II proteins do not form the more stable coiled-coil structure seen 

in class I proteins.  Once the fusion peptide inserts and the trimer forms, the protein folds inward, 

around a hairpin secondary structure until the adjoined membranes become fused, allowing a 

pore to form. 

 

Class I Fusion Proteins 

Considerable progress has been achieved in understanding the mechanism of class I virus 

glycoprotein-mediated membrane fusion and infection (Harrison, 2008).  In particular, it has 

been observed that there is a great deal of structural and functional similarity in the glycoproteins 

of otherwise unrelated viruses such as orthomyxoviruses (influenza), retroviruses (HIV),  

paramyxoviruses (Nipah, Hendra virus), filoviruses (Ebola virus), coronaviruses (SARS) and 

arenaviruses (lassa fever virus) (Figure 5).  Our current understanding of the role of these 

proteins in entry has largely been achieved through the studies of hemagluttinin HA0 (Figure 6), 

the glycoprotein that mediates entry of influenza virus particles into cells (reviewed by White et 

al., 2009).  In infected cells, HA0 is synthesized in the rough ER and rapidly assembles into 

trimers.  After transport to the Golgi apparatus, HA0 is glycosylated and then cleaved by the 

cellular protease furin into HA1 and HA2 subunits, which remain associated (Lazarowitz, 

Compans, & Choppin, 1971; Skehel & Waterfield, 1975).  After cleavage and transit to the 

plasma membrane, the mature HA1/HA2 trimers are incorporated into budding virus particles. 
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Figure 5: Six stranded helical bundle is conserved feature of post-fusion conformation of transmembrane 
domain of EboV, HTLV-1, HIV, SARS, and influenza membrane glycoproteins. The post-fusion six-helix 
bundle structure of class I fusion peptides is shown. In the metastable pre-fusion, the second set of helices (green) is 
folded into the first (yellow) in a hairpin turn and locked into place with the clamp of the binding subunit (not 
shown). This metastable structure serves as the spring that, when triggered, drives the fusion peptide into the host 
target membrane. The subsequent formation of the six helix bundle then pulls the adjoined membranes together until 
they fuse. 

  

 

The atomic resolution structures of pre-fusion HA and post-fusion HA2 have been 

determined (Wilson et al., 1981) (Figures 1 & 2).  In the prefusion structure, the transmembrane 

subunit HA2 forms a three-stranded coiled coil that mediates trimerization  (Wilson et al., 1981).  

The site of furin cleavage is a loop that projects outward from the trimer, allowing access to it for 

proteolysis (see Figure 6, arrow 2) (Chen et al., 1998). Substantial progress has been made in 

understanding how mature HA mediates infection. The attachment of influenza particles to cells 

is mediated by residues at the top of HA1 that bind to sialic acids on host membrane 

glycoproteins (Gottschalk, 1959; Bergelson et al., 1982; Wiley & Skehel, 1987). The sialic acid  

Ebola GP2 HTLV-1 gp21 HIV-1 gp41 SARS S2 Flu HA2 

Well known structural (and functional) similarity among  
Ebola, influenza, HIV, SARS (and Lassa) virus glycoproteins 



 18 

within a shallow pocket at the distal end of HA1 (see Figure 6, arrow 3) (Wilson, Skehel, & 

Wiley, 1981; Weis et al., 1988; Nobusawa et al., 1991; Kelm et al., 1992; Sauter et al., 1992; 

Watowich, Skehel, & Wiley, 1994; Eisen et al., 1997; Martín et al., 1998). 

 

 

Figure 6: The pre-fusion structure of the hemagglutinin (HA) trimer (Adapted from Chen et al., 1998). The  
red residues correspond to the HA2 subunit and the blue to the HA1 subunit. The uncleaved precursor, HA0 (A)  
is cleaved (1) into subunits HA1 and HA2 (B) at the cleavage site between residues HA1 323 and HA2 12 (2), 
shown here in yellow. The receptor binding sites of HA1 are shown (3). A reduction in pH induces a  
conformational change (4) in HA2, resulting in extension of the helix bundle  
 

 

The structural details of the conformational changes in HA associated with infection are 

summarized in Figure 7. After attachment to sialic acid-containing membrane glycoproteins, 

influenza particles are taken up into cell vesicles by endocytosis (Lakadamyali, Rust, & Zhuang, 

2004).  Virus containing endosomes are acidified by cell proton pumps and the reduction in pH 
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to <6.0 induces a conformational change in HA2 (Skehel et al., 1982; Doms, Helenius, & White, 

1985; Bullough et al., 1994),  (Huang, Rott, & Klenk, 1981).  Two key steps in the 

conformational change have been identified.  First, Carr and Kim showed that an unstructured 

loop is converted to an alpha helix at acid pH (Wiley & Skehek, 1987; Carr & Kim, 1993). They 

proposed that this conformational change would result in the formation of an extended strand in 

which the N-terminal portion of HA2 was exposed (see Figure 7c).  Functional studies reveal the 

residues within the exposed N-terminal domain of HA2 penetrate the membrane of the target 

cells (Daniels et al., 1985; Gething et al., 1986; Düzgüneş & Gambale, 1988; Rafalski et al., 

1991).  Second, it was shown that the extended conformation undergoes an additional 

conformational change due to the formation of a hairpin loop near the middle of the HA2 stalk 

such that the domain adjacent to the virus membrane folds back onto the outer surface of the 

central trimeric coiled coil (Figure 7d) (Wiley, 1994).  As a consequence of the formation of the 

helical bundle, the cell membrane containing the N-terminal domain is pulled into close 

proximity with the virus membrane.  Although not fully understood, fusion of the virus and host 

membranes is coupled to hairpin formation and results in the creation of a membrane pore that is 

the conduit for transfer of the virus capsid/genome into the cytoplasm of the cell (Harrison, 

2008). 

Carr and Kim observed that exposure of HA to either heat or urea induces the 

conformational change from pre-fusion to post-fusion HA2 and this conversion is irreversible 

and inactivates virus infection (Carr, Chaudhry, & Kim, 1997). Moreover, the post-fusion 

conformation of HA2 is highly resistant to denaturing conditions or heating, indicating it is 

highly stable.  Based on these findings, they proposed the “spring-loaded” model of infection 

(illustrated in Figure 8) to assert that pre-fusion HA2 is metastable, that it is held in place by the 
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HA1 “clamp,” and that fusion is triggered by acid pH-dependent reduction in the threshold to 

complete refolding of HA2 into most stable low energy conformation (Figure 7e) (Carr & Kim, 

1993; Tatulian et al., 1995; Carr, Chaudhry, & Kim, 1997). Thus, the function of low pH in  

 

 

 

Figure 7: Depiction of the sequence of conformational changes that occur in influenza hemagglutinin in the 
course of fusing the viral envelope with the target host membrane (Adapted from Harrison, 2008). Step (a) 
illustrates the pre-fusion conformation, (b) shows the dissociation of HA1 triggered by a reduction in pH and the 
binding of protons, (c) is the extension of the helical region of the transmembrane domain containing the 
hydrophobic fusion peptide at its tip, and (d) demonstrates the conformation of the protein after the helix has folded 
back in on itself and has merged the two bound membranes together.  
 

infection is to remove constraints on the folding of pre-fusion HA2 conferred by its close 

association with HA1. 

As noted above, structural and functional studies indicate that the spring-loaded 

mechanism has also been adopted by retroviruses (HIV), paramyxoviruses (Nipah, Hendra 

virus), filoviruses (Ebola virus), coronaviruses (SARS) and arenaviruses (lassa fever virus) 

(White et al., 2008). In the most well studied case, sequential binding to host membrane 

Cell 
 

Virus 
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Figure 8: Spring-loaded model of class I fusion protein mechanism. The first subunit of the glycoprotein binds  
to its target attachment factor or receptor. One or more triggering factors causes a conformational change in the 
subunit, resulting in a release of its clamp on the second subunit and triggering the spring-loaded extension of the 
coiled-coil stem into the target membrane. The coiled coil then continues on an energetically favorable path,  
folding back in  on itself to form a highly stable six-helix bundle, and bringing the two adjoined membranes   
into closer proximity. This permits lipid mixing, fusion, and the eventual formation of a pore through which the 
virus may pass. 
 

 

receptors CD4 and CXCR5 provides the signal that initiates the refolding of the metastable pre-

fusion HIV envelope glycoprotein that is required for membrane fusion and infection (Feng et 

al., 1996; Dragic et al., 1996; Lu et al., 1997; Sullivan et al., 1998; Berger, Murphy, & Farber, 

1999; Gallo et al., 2003). CD4 and CXCR4 are expressed on helper T cells and it is the 

premature loss of these cells in HIV infection that underlies the immunosuppression that is the 

central feature of AIDS (Moore et al., 2004).  Thus, identification of the host factors that trigger 
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the conformational changes in virus glycoproteins that mediate infection may illuminate 

underlying pathways of virus transmission and pathogenesis.  

 

Ebola Virus Entry 

A major goal of this laboratory has been to identify the host factors that mediate infection 

by the Ebola virus glycoprotein.  Ebola virus (EboV) is a complex (-)ssRNA virus associated with 

fever, hypotension, severe bleeding and capillary leakage, and is highly fatal in humans, with a 

mortality of greater than 50% within 21 days of infection (Feldmann & Geisbert, 2010). Two 

genera of filoviruses are known, Marburg and Ebola, and of the latter there are five known 

species: Zaire (ZEBOV), Sudan (SEBOV), Reston (REBOV), Côte d'Ivoire (CIEBOV) and 

Bundibugyo (BDEBOV) (Hensley et al., 2010). The virus has a filamentous structure of up to 

1.4 µm, though the diameter remains consistent at approximately 80nm (Feldman & Klenk, 

1996). The virion often curls in the shape of a U or a 6 (Figure 9).  

Like influenza HA and other class I fusion proteins, EboV GP is a trimer of dimers 

composed of transmembrane subunit GP2 and membrane distal subunit GP1 (Figure 6, far left). 

The structure of pre-fusion GP has been solved and contains the characteristic 3-stranded coiled 

coil (Lee et al., 2008).  The fusion peptide is composed of a loop that wraps around the outside of 

 

 

 

Figure 9: Electron micrograph image of the Ebola virus  

(Murphy, 2010).  
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the adjacent subunit in the trimer. The top of GP1 contains a heavily glycosylated “cap” (Figure 

10, tan domain) that covers a domain associated with receptor binding and stabilization of GP1 

(Figure 10, gray domain) (Lee et al., 2008). Moreover, the structure of post-fusion GP2 contains 

the characteristic hairpin and six-stranded helical bundle (Chen et al., 1998).  

 

  
Figure 10: Location of the fusion loop in Ebola GP monomer. GP2 is highlighted in blue, with the fusion loop 
designated on the left and the alpha helices that comprise the coiled coil of the trimer on the lower right. The red 
segment corresponds to the specific residues of the loop that are focused upon in this paper. The remainder of the 
domains–gray, tan, and pink–comprise GP1. The tan-colored domain is the glycan cap, which is removed by 
cathepsin cleavage to expose the NPC1 binding domain beneath it, highlighted here in pink.  
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Recent studies have identified strong candidates for the host factors that trigger EboV 

infection. Studies show EboV particles attach to cell surface lectins and are taken up by   

membrane proteins that transports cholesterol into cells.  This laboratory has shown that Ebola 

virus cannot infect cells lacking either endosomal protease cathepsin B or cholesterol transport 

protein NPC1.  Upon incubation of EboV GP-bearing virus particles with cathepsin proteases, 

the glycan cap of GP1 (CHO) is removed and the virus particles are still infectious and 

dependent on NPC1.  Moreover, the domain that binds to NPC1 (RBD) is in close contact with 

the domain that forms close, and likely stabilizing, contacts with GP2.  A model of the function 

of cathepsin proteases and NPC1 in EboV GP-mediated infection has been proposed (Figure 11).  

At present, the role of each step in inducing the conformation changes in GP2 that are required 

for infection is unknown.  In one scheme, cathepsin cleavage may be sufficient for release of the 

fusion loop of GP2 and formation of the extended conformation—thus suggesting that NPC1 

binding may induce hairpin bundle formation.  Alternatively, cathepsin cleavage may serve only 

to permit binding of NPC1, which is the trigger for both of the critical changes in GP2 

conformation required for infection.  To address this issue, assays are being developed to 

monitor membrane insertion of the fusion loop and the formation of the helical bundle.  A key 

part of this line of investigation is to include studies of selected mutant GPs which are blocked at 

each step of the conformational changes in GP2.   The goal of my research is to identify a mutant 

GP that is defective in insertion of the fusion loop of GP2 into target membranes.  My hypothesis 

is that specific amino acids at the tip of this fusion loop of GP2 are essential for membrane 

insertion. 
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Figure 11: Proposed model of Ebola GP-facilitated membrane fusion and entry into the cell (Côté et al., 2011).  
After uptake via macropinocytosis and transport to endosomes, Ebola GP is cleaved by cathepsin proteases to 
expose the receptor binding domain (RBD), which is a ligand for NPC1.  It is proposed that binding to NPC1 is the 
trigger for membrane fusion. 
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Chapter II 

Materials and Methods 

 

Site-Directed Mutagenesis 

 PCR site-directed mutagenesis of the GP2 fusion peptide was utilized to generate 

multiple GP2 mutants. Primers were generated containing single codon alterations within the 

fusion loop. The forward and reverse mutagenic primers were then separately combined with 

GP-containing plasmids and corresponding reverse and forward primers designed to anneal to 

sites outside the fusion peptide genome. They were amplified through PCR, generating single 

overlapping strands containing the mutation. The resultant products were purified through gel 

purification with a Qiagen DNA purification kit, then combined with the two mutagenic primers 

and the PCR was repeated to generate complete double-stranded mutant DNA. The DNA product 

was then digested at two sites outside the GP2 sequence for twelve hours, utilizing NsiI and 

BglII restriction endonucleases. The same digestion was performed on the intended vector for 

transformation, pCAGGS, followed by dephosphorylation with antarctic phosphatase for one 

hour. The digested DNA product and pCAGGS vector were subsequently gel purified and then 

ligated to one another with T4 ligase overnight. 

 The ligated GP mutant vector – containing a gene to confer resistance to ampicillin – 

was purified and then applied to high competency bacteria for transformation. The bacteria were 

plated and grown overnight on ampicillin-positive plates, and the resultant colonies were picked 

and expanded. A small sample of each colony was also taken, amplified through PCR, cut with 
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restriction enzymes, and evaluated on a Northern blot to ensure the full length of DNA was 

successfully incorporated during transformation. The bacteria was grown in broth overnight, 

spun down, and finally purified with a Qiagen DNA purification kit. Samples of the purified 

DNA were then sequenced to confirm the successful production of plasmids containing the 

desired mutations.  

 

MLV Retrovirus and VLP Production 

 Wild type and mutant MLV retrovirus particles and virus like particles (VLPs) were 

produced through transfection of GP-envelope-containing pCAGGS expression vector with gag-

pol in 293T cells. Mutant GP, the expression vector, and lacZ reporter gene or GFP tag gene 

were mixed with 10% calcium phosphate, and the mixture was added dropwise to hepes-buffered 

saline while vortexing. The resultant mixture was incubated at room temperature for five 

minutes, and then added to media over 293T cells. The cells were allowed to incubate over night, 

and the virus product was harvested on days two and three. The virus product was then purified 

through ultracentrifugation and resuspended in 250µl of buffer containing NaCl and Tris. The 

293T cells were lysed through purification and resuspension in lysis buffer and the lysate 

isolated.  

 

VSV Production 

 293T cells were plated and incubated overnight until 85-90% confluent. The GP-

envelope-containing pCAGGS expression vector was mixed with 4% lipofectamine 2000 in 

Opti-MEM® reduced serum media and allowed to incubate for twenty minutes. The mixture was 

then applied drop-wise onto the cells and allowed to incubate at 37°C overnight. The following 
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day the mixture was removed and the media changed. On day three VSV virus was thawed and 

mixed in a 1:1 dilution with media, and the virus was gently applied to the cells and incubated at 

37°C for one hour. The virus was then removed, the cells washed with cold media, and the cells 

were incubated again for 48 hours. On day five the media was removed, purified through 

ultracentrifugation, and resuspended in 250µl buffer containing NaCl and Tris. 

 

Membrane Purification 

NPC1-overexpressing cells and NPC1-negative cells were grown in 15cm dishes until 

confluent. The cells were then washed with PBS and resuspended in a 0.25M sucrose solution 

containing 10mM Na2EDTA and100mM HEPES. The cells were lysed in a douncer, spun down 

at 1,500g for ten minutes, and the supernatant isolated. This step was repeated once more and the 

isolated supernatant was then spun down at 15,000g for 30 minutes at 4°C. After spinning, the 

supernatant was removed and the resultant pellet was resuspended in 664µl of the sucrose 

solution. This was then mixed with 36µl of 10% BSA and 0.2 ml of Percoll stock solution 

comprised of 90% Percoll and 10% of a diluent containing 2.5M sucrose, 10 mM Na2EDTA, and 

100mM HEPES. The mixture was ultracentrifuged for 30 minutes at 36,000g in a fixed angle 

rotor at 4°C. The resultant gradient was fractionated and a β-N-Acetylglucosaminidase assay was 

utilized to identify the fraction containing purified membranes. 

The β-N-Acetylglucosaminidase assay was utilized to identify the gradient fractions of 

lysed ultricentrifuged cells containing purified membranes. For each fraction, 2µl of sample was 

mixed with 22.5µl of water, 48µl of a buffer containing 0.3 M citric acid, 0.3 M trisodium citrate 

dihydrate, and 0.3 M NaCl, and 25µl of a substrate buffer containing 1.5 mM of 4-

methylumbelliferyl-N-acetyl-β-D-glucosamide. This mixture was incubated for one hour at 
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37°C. The consequent chemical reaction was then halted through the addition of 200µl of 

bicarbonate buffer containing 0.5 M sodium carbonate and 0.5 M sodium bicarbonate. The 

mixtures were then excited at a wavelength of 360 nm and fluorescence emission was read at 448 

nm. 

 

Thermolysin Cleavage 

Virus was resuspended in NT buffer (0.5 mM NaCl, 10 mM Tris-HCl, pH 8). A 2mg/ml 

solution of thermolysin was combined with the virus and NT buffer solution in a ratio of 1:1:8, 

achieving a final thermolysin concentration of 200 µg/ml. The solution was then incubated in a 

37° C water bath for 45 minutes, after which the reaction was killed by incubating it with 500 

µM phosphoramodine for 10 minutes on ice.  

 

Flow Cytometry 

WT8 cells were infected with GFP-encoded MLV virus overnight, followed by a change 

in media. After 48 hours, the infected cells were trypsinized, washed in a washing buffer (PBS 

with 2% FBS), and resuspended in the same buffer. The percentage of GFP positive cells was 

then measured by flow cytometry using FACScalibur. 

 

Infection Assay with MLV Retrovirus 

Target cells 

WT8 or Vero cells were plated in 24-well plates and allowed to incubate overnight until 

they were approximately 50% confluent. The following day wild type and mutant GP-containing 

MLV retroviruses with the LacZ reporter gene, which expresses the enzyme β-galactosidase, 
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were added to each well at varying concentrations. After 72 hours the cells were washed with 

PBS and fixed with paraformaldehyde. For the Vero cell assays, the viruses were also purified 

and concentrated approximately 100-fold into 250µl solutions prior to application. 

 

Staining 

Infection was detected through staining with x-gal which, when cleaved by β-

galactosidase, produces a vibrant blue oxidized product. The x-gal was buffered in PBS with 2 

mM MgCl2, 5 mM ferricyanide, and 5mM potassium ferrocyanide. It was then applied to the 

fixed cells and they were left to incubate overnight. The cell staining was evaluated the following 

day via microscopy. 

 

Production of GP Trimer 

Mutant GP and the expression vector with His tag and trimerization domains were mixed 

with 10% calcium phosphate, and the mixture was added dropwise to hepes-buffered saline 

while vortexing. The resultant mixture was incubated at room temperature for five minutes, and 

then added to media over 293T cells. The cells were allowed to incubate over night, and the virus 

product was harvested on days two and three.  

900 µl of the supernatant was then mixed with 100 µl of pH 8 binding buffer containing 

500 mM sodium phosphate, 1.5 M NaCl and 100 mM imidazole. His-tag purification magnetic 

beads were washed five times with pH 8 wash buffer containing 50 mM NaH2PO4, 300 mM 

NaCl, ad 20 mM imidazole. The supernatant mixture was run through beads overnight. The 

beads were then washed with 10x their volume of wash buffer. The trimers were eluted with 
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buffer containing 50 mM NaH2PO4, 300 mM NaCl, and 250 mM imidazole. The eluent was then 

dialize through a 3,500 MWCO membrane.  

 

Co-Immunoprecipitation 

Wild type and mutant GP trimers were tested for binding to NPC1 via a co-

immunoprecipitation assay. The GP trimer was cleaved with thermolysine for 45 minutes in 

buffer containing NaCl and Tris. The trimer was then combined with a solution of purified 

membranes expressing NPC1 and allowed to incubate for one hour. Lysis buffer containing 10% 

CHAPSO was added and the membranes were permitted to lyse for 20 minutes. The mixture was 

then spun down at 15,000 rpm for ten minutes, and the resultant supernatant was removed and 

mixed with anti-NPC1 antibodies overnight at 4°C. The following day this was mixed with 

agarose beads suspended in CHAPSO lysis buffer and agitated in a rotator for four hours at 4°C. 

The beads were then spun down and washed with CHAPSO three times. They were mixed with 

the elution buffer, 0.1M glycine at pH 3, and allowed to incubate for five minutes. The eluent 

was then removed, neutralized with 1M Tris at pH 8, and combined with loading buffer for 

subsequent gel electrophoresis.  

 

Fluorescent Microscopy with Virus-Like Particles (VLPs) 

Vero cells were plated in 24-well plates and allowed to incubate overnight until they were 

approximately 50% confluent. The following day wild type and mutant GP- and GFP-expressing 

VLPs were added each to three wells, generating three sets of wells. The first set was fixed 

immediately with paraformaldehyde, the second after 45 minutes, and the third after 4 hours. The 

infected cells were then imaged via fluorescent microscopy.  
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Chapter III 

Results 

 

A major goal of this laboratory is to test the model of Ebola virus infection illustrated in 

Figure 11 and to correlate findings with membrane fusion by virus GP2.  The focus of my 

research has been to identify EboV glycoproteins that are specifically defective in insertion of 

the fusion loop of GP2 into host cell membranes.    

 

Strategy 

The strategy to achieve this goal was derived from examination of the structure and 

amino acid sequence of the fusion loop (Figure 12).  Based on studies of EboV GP2 and other 

virus membrane fusion proteins, I hypothesized that hydrophobic residues located at the very tip 

of the loop are likely to insert into the target membrane and thus would be strong candidates for 

targeting amino acid substitutions that would render them unable to enter the membrane and 

initiate infection.  Given this, I postulated that I532, P533, Y534, and F535 are candidate 

residues that are essential for infection (Figure 12a). 

 

Design of Mutants 

My approach to test the role of these amino acids in infection was to introduce specific 

substitutions that might abrogate the membrane fusion function and test the effects on infection.  

To this end, I applied site-directed mutagenesis as a means to introduce the changes—I532A,  
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Figure 12: Selection of candidate residues in fusion loop that may be essential for membrane fusion.  
A) The sites of mutagenesis are shown in the context of the fusion loop. The mutated residues are shown in red on 
the tip of the fusion loop. The remainder of the GP2 subunit is shown in blue and the GP1 subunit is shown in gray. 
B) The position of the fusion domain (red box) within the linearized GP protein structure is depicted. The bar on the 
left corresponds to GP1 while that on the right corresponds to GP2. SP refers to the signal peptide, RBD to the 
receptor binding domain, and Hept Rep to the heptad repeats that are critical in the formation of the helical 
structured “spring” mechanism that releases the fusion loop into the membrane. 
C) The fusion peptide sequences of each mutant are compared to that of the wild type (WT). Each amino acid  
mutation is designated in red. 
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P533D, Y534A, and F535R—into a pCAGGS expression plasmid encoding EboV Zaire GP 

(Figure 12c).   I designed oligonucleotide primers with single-codon alterations to generate 

overlapping strands of DNA via PCR that, when combined in a subsequent PCR, generate a 

double stranded DNA segment containing the mutation. I then digested this segment with NsiI 

and BglII restriction endonucleases and ligated the product into unidirectionally into pCAGGS 

mammalian expression plasmid. To confirm correct the structure of these plasmids, I used 

restriction enzyme mapping and nucleic acid sequencing. After the presence of the sequences 

encoding the amino acid substitutions were confirmed, I used these mutant plasmids to generate 

recombinant viruses that expressed the mutant GPs and tested them for infection. Since the 

experiments using Ebola virus must be performed under restrictive BL-4 safety conditions, the 

analysis of EboV GP was performed using murine retroviruses and vesicular stomatitis virus 

particles in which the native glycoprotein has been removed and replaced with Ebola virus GP 

(pseudotyping)  (Takada et al., 1997; Wool-Lewis et al., 1998; Chandran et al., 2005; Schornberg 

et al., 2006; Côté et al., 2011).  Previous studies indicate the entry of these virus particles into 

cells utilizes the same host factors as wild type filoviruses (Chan et al., 2001). 

I transfected the mutant GP with MLV structural proteins gag and pol and a retroviral 

vector containing the gene LacZ between long term repeat (LTR) promoters. This produced a 

pseudotyped MLV virus containing the mutant GP and encoding marker lacZ. LacZ gene 

expresses β-galactosidase, the production of which permits detection of infected cells expressing 

lacZ using the colorimetric lacZ substrate compound x-gal (5-bromo-4-chloro-indolyl-β-D-

galactopyranoside).  In some experiments, I used a vector encoding green fluorescent protein 

(GFP) and identified infected cells by flow cytometry.  
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Experiments were performed to determine if the amino acid substitution in the fusion 

loop impaired infection but not other essential properties of GP including folding, furin cleavage, 

incorporation into virus particles, sensitivity to cathpesin cleavage and binding to NPC1.   

 

Effect of Amino Acid Substitutions in Fusion Loop on Assembly and Virus Incorporation of GP 

To assess the effect of substitutions on GP folding and processing, immunoblots of the 

purified virus and the lysates of the transfected cells were performed utilizing an anti-GP1 

antibody as the probe (Figure 13).  Comparing the amount of GP on the surface of the virus to 

the amount of GP being produced within the cells allowed me determine whether the mutant and 

wild type GPs were being incorporated onto the surface of the virus with similar efficiency. The 

results demonstrate that a 70kDa band that identified by the anti-GP1 antibody is present in equal 

amounts in native and mutant GPs (Figure 13). These findings indicate the presence of the 

substitutions in the fusion loop do not alter the processing or incorporation of GP into virus 

particles. 

 

Effect of Amino Acid Substitutions on Virus Infectivity 

Once incorporation of the GPs into the MLV virions was confirmed, I measured infection 

using two assays.  In one assay, the target cells are Chinese hamster ovary cell line WT8 

expressing human NPC1.  WT8 cells were exposed to MLV particles encoding GFP and 

pseudotyped with native or mutant GPs and infection was assessed using flow cytometry (Figure 

14).   The results show that the presence of the substitutions in GP2 markedly reduced infection.  

The mutant GP I532A and Y534A were reduced by 90% and P533D and F535R were reduced by  
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Figure 13: Expression and virus incorporation of mutant glycoproteins. A) Western blot of 293T lysate with 
αGP1 antibody illustrates glycoprotein production within transfected cells. The housekeeping protein GAPDH  
was utilized as a loading control B) Western blot of the virus particles with αGP1 antibody shows incorporation  
of GP at levels that correspond to protein production in transfected cells. P30, the capsid protein of MLV, was 
utilized as a control for the amount of viral particles. 

 
 

 
 

 
 
Figure 14: Infectivity of VSV expressing mutant GP. Flow cytometry was utilized to measure the expression of 
GFP in Vero cells, an indicator of successful infection by GFP-encoded viruses. (A) Negative control (B) WT GP 
(C) GP I532A (D) GP P533D (E) GP Y534A (F) GP F535R 

Null WT I532A P533D Y534A F535R Null WT I532A P533D Y534A F535R 

αGP1 αGP1 
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LYSATE VIRIONS 
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>99%.  Coupled with the studies of GP processing, these results indicate that amino acids I532, 

P533, Y534, and F535 are important for infection.  

To confirm this finding, the experiment was repeated using an MLV vector encoding β-

galactosidase that permitted more sensitive quantitation.  The relative infection by each virus was 

compared to virus expressing the unaltered wt GP (Table 3). The experiment was also repeated 

in Vero cells, which are even more sensitive to EboV infection (Table 4).  The findings confirm 

the initial results using WT8 cells and show that GP I532A infection is 10% of virus particles 

expressing wild type (WT) GP, GP Y534A is 1% of WT, and neither P533D nor F535R 

supported any detectable infection under conditions where the titer of the WT virus exceeds 105 

infectious units/ml.  Thus, both P533D and F535R have a profound effect on EboV GP-

dependent infection. 

 

 
Focus-Forming Units / ml 
GP2 Batch 1 
Wild Type 3.18 x 10^4 

I532A 2.06 x 10^3 

P533D <10  

Y534A 5.25 x 10^2 

F535R <10  

Table 3: Infectivity of MLV expressing mutant GP in WT8 cells. 
Infection rates were determined via LacZ staining of infected cells 
followed by counting of focus-forming units. 
 

Focus-Forming Units/ml 
GP2 Batch 2 Batch 3 
Null <10  <10 

Wild Type 2.45 x 10^5 2.79 x 10^5 

I532A 6.71 x 10^4 2.98 x 10^4 

P533D <10  <10 

Y534A 2.61 x 10^3 2.20 x 10^3 

F535R <10  <10 

Table 4: Infectivity of MLV expressing mutant 
GP in Vero cells. Infection rates were determined 
via LacZ staining of infected cells followed by 
counting of focus-forming units. 
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Effect of Amino Acid Substitutions on Host Factor Interactions 

After demonstrating the effects of the GP2 substitutions on virus infectivity, I sought to 

determine the stage of the viral entry pathway that was impeded. While the substitutions, as 

suggested by their location, were designed to specifically target the insertion of the GP2 helix 

trimer into the membrane, the possibility remained that these substitutions might also alter other 

functions of GP requisite to trigger fusion.  

Two factors that are known to be required to trigger fusion in Ebola GP are cathepsin 

cleavage and binding to NPC1 (see Figure 11) (Chandran et al., 2005; Schornberg et al., 2006; 

Côté et al., 2011). To test the first, I studied infection by virus particles that were cleaved with 

the metalloprotease thermolysin.  Thermolysin is a thermostable zinc metalloproteinase that has 

been shown to cleave GP1 from 35 kDa to 17kDa, which faithfully mimics the action of 

lysosomal cathepsins (Schornberg et al., 2006; Côté et al., 2011).  After incubation of virus 

particles for 30 minutes in thermolysin, the cleavage of GP1 was analyzed by immunoblot 

(Figure 15).  The cleavage of GP1 from F535R and I532A GPs was identical to wt GP.  

However, thermolysin only partially cleaved Y534A and P533D was completely degraded. This 

protocol was repeated using limited cleavage (Figure 16) and demonstrated that GP P533D is 

rapidly degraded and cleavage of GP Y534A is altered as evidenced by formation of an 

unexpected intermediate that is completely degraded over time. In addition, the findings show 

that the rate of cleavage of I532A but not F535R is slowed compared to WT.  Thus, these 

findings indicate that changes in the fusion loop of GP2 do effect sensitivity to cleavage of GP1.  
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Figure 15: : Effect of substitutions in GP2 fusion loop on proteolytic cleavage of GP1. GP was expressed on   
the surface of MLV. Uncleaved protein is indicated by the 50-70kDa bands, while the fully cleaved protein is 
distinguishable at approximately 17kDa. Mutants 1532A and F535R generate cleavage products similar to WT. 

Figure 16: Further analysis of the effects of amino acid substitutions on GP cleavage. Wild type and mutant  
GP were cleaved by thermolysin over the course of 45 minutes. The reaction was halted at specific time intervals 
and the cleavage product was evaluated via western blot for GP. Uncleaved protein is indicated by the 50-70kDa  
bands, while the fully cleaved protein is distinguishable at approximately 17kDa. 
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However, the substitution of F535R does not alter processing, incorporation, stability or 

proteolytic cleavage of GP1 but completely abrogates GP-mediated infection. 

To further assess the function of GP F535R, binding studies using NPC1 as target were 

performed.  The approach was to use a co-immunoprecipitation assay developed in our 

laboratory (Côté et al., 2011).  Virus particles were incubated in thermolysin to cleave GP1 and 

then further incubated with intracellular membranes from cells expressing or lacking NPC1.  

After incubation to allow binding of cleaved GP1 to NPC1, NPC1 was precipitated using anti-

NPC1 antibody and recovered using Protein A beads that bind to Ig.  These beads were washed 

and then bound proteins were eluted by boiling and analyzed by immunoblot.  I found that both 

WT and mutant F535R GP were specifically recovered on beads containing NPC1 antibody 

(Figure 17). These findings demonstrate that the F535R does not interfere with binding of 

protease-cleaved GP1 to NPC1 receptor.  

 
 

 
Figure 17: Effect of GP2 F535R on binding of cleaved GP1 to NPC1 receptor. F535R mutant GP was produced 
as a trimer and mixed with NPC1-containing membranes before solubilization in lysis buffer. Anti- 
NPC1 antibodies were applied and coupled to agarose beads. The beads were then washed and the co-
immunoprecipitation product was eluted, followed by evaluation via western blot using anti-GP antibodies. Left: 
Blot of lysates. Right: Blot of co-immunnoprecipitates. 
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Taken together, my findings indicate that the defect in infection conferred by F535R is 

not caused by altered processing, cleavage or binding to NPC1 receptor. 

 

Effect of Amino Acid Substitutions on Virus Trafficking 

Finally, it was necessary to rule out the possibility that the amino acid substitutions on the 

GP fusion loop were altering the attachment of virus particles to cells and/or subsequent 

trafficking from the cell surface to intracellular late endosomes and lysosomes that contain 

cathepsin proteases and NPC1. To evaluate this, I incorporated I532A and F535R GPs into GFP-

tagged filovirus-like particles (VLP-GFP) formed from EboV VP40 matrix protein tagged with 

GFP.   Target cells were incubated with VLPs at 4oC to promote binding to the cell surface.  At 

intervals after warming to 37oC, the location of the VLPs in the cells was assessed using 

fluorescence microscopy (Figure 18).  Bald particles and particles incorporated with VSV-G 

glycoprotein served as controls. The data indicate that GPs bearing changes in GP2 are taken up 

into cells and trafficked to internal vesicles at the same rate and location as VLPs expressing WT 

GP.  The localized fluorescent intensity of particles expressing WT and I532A GPs was 

diminished after four hours, which is indicative of fusion of the VLP membrane to host 

membranes.  In striking contrast, the fluoresence of particles expressing GP F535R VLP-GP was 

not dissipated, strongly suggesting these particles were unable to fuse with target cell membranes 

despite successful uptake by cells and trafficking to intracellular vesicles.  

 

 

 

 



 42 

 
 
 
 

      

      

      

      

      

      
Figure 18: Effects of GP2 I532A and F535R on virus trafficking in cells. Mutant GP-expressing VLPs tagged 
with GFP were localized via fluorescence microscopy at (a) 0 minutes, (b) 45 minutes, and (c) 4-hours post-
infection and compared to VLPs expressing wild type GP and VSV-G.  
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Chapter IV 

Discussion 

 

The goal of this study was to identify EboV GPs that are competent for assembly and 

interaction with host factors, but defective for infection. The principal finding is that substitution 

of arginine for F535 in the fusion loop meets these criteria. 

 

Rationale of Approach and Conclusions 

The strategy to generate the altered GPs first required the identification of suitable 

candidate residues for substitution. Previous mutational analyses of EboV and other class I 

viruses suggested the most promising targets resided between residues 529 and 536 of the 

disulfide-bonded loop that mediates membrane fusion (Ito et al., 1999; Delos, Gilbert, & White, 

2000; Gregory et al., 2011). Of these, I selected residues 532, 533, 534, and 535 that have 

hydrophobic side chains are exposed.  Alanine, the most conservative of the choices due to its 

hydrophobicity and small size, was selected as the replacement peptide for non-polar residues 

I532 and Y534. Aspartic acid was chosen to replace the proline on residue P533, introducing a 

negative charge that likely alters the local conformation by removing the chain-breaking proline 

residue necessary to maintain the loop structure. Finally, the phenylalanine of residue F535 was 

replaced with arginine, which has a positively-charged side chain that may be restricted in its 

ability to penetrate the hydrophobic environment of the target cell membrane that is required to 

mediate membrane fusion. 



 44 

GPs carrying these amino acids substitutions GP2 were successfully processed and 

incorporated into the virus membrane. GP F535R showed similar levels of cell expression as 

wild type GP while substitutions I532A, P533D, and Y534A displayed slightly reduced 

expression/stability. Also, expression correlated with incorporation into virus particles, 

suggesting that transit through the secretory pathway is not impaired. The reduced production 

within the cells of these mutants may have been the result of lower transfection efficiency, 

however it is also possible that changes to the structure of the protein caused by the mutations 

led to increased misfolding of the protein or to unknown difficulties in its insertion into the 

membrane of the endoplasmic reticulum. Additional studies of transfection efficiency and 

protein trafficking are required to address this question.  

After confirming successful incorporation I evaluated the mutants for infectivity, to 

ascertain whether any of the mutations may have resulted in a loss of GP function. In the flow 

cytometry assay, the level of fluorescence above background for wild type virus and the I532A 

and Y534A mutants showed that infection had occurred, while the absence of fluorescence for 

mutants P533D and F535R and the negative control virus, which contained no GP, indicated that 

infection had not been successful (Figure 14). The results suggested that at least two of the 

mutants, P533D and F535R, were non-functional. The more rigorous LacZ staining assay 

confirmed this. The resultant focus-forming units showed that, as compared to wild type, 

infectivity was reduced by approximately one log for I532A mutants, two logs for Y534A 

mutants, and impeded completely in the case of P533D and F535R mutants (Table 3). Repeat 

experiments in Vero cells provided similar results (Table 4).   

An important finding from my studies was the comparison of these two methods of 

measuring GP-dependent infection. I found that flow cytometry of cells exposed to GFP 
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encoding virus was rapid but much less sensitive than the focus-forming assays based on cell 

expression of virus encoded lacZ. Thus, the GFP assay is suitable for screening of larger 

numbers of mutant proteins to identify candidates for further quantitative study using lacZ virus. 

The latter assay was essential to showing that F535R completely abrogated EboV GP infection. 

The result confirms the findings in a previous report (Ito et al., 1999) that analyzed function of 

EboV GP2. 

While these results suggested that the substitutions in GP2 inhibited membrane fusion, 

the possibility remained that some other step in the entry pathway was also being affected. Thus 

it was necessary to test the mutant viruses for the effects of protease cleavage. A key observation 

was that substitutions P533D and Y534A altered cleavage of GP by thermolysin. This is 

consistent with the location of the fusion peptide adjacent to the exposed loop in GP1 that is the 

substrate for the protease. While the F535R and I532A mutants produced a product similar to 

that of the wild type, the Y534A mutant seemed to generate a larger intermediate while the 

P533D mutant disappeared entirely, suggesting that it was completely hydrolyzed (Figure 15). 

The absence of any uncleaved I532A product in the thermolysin-cleaved band suggested that it 

too may be completely hydrolyzed after passing through the observed intermediate stage. To 

investigate these results further a time-course experiment was utilized to assess the effects of 

thermolysin for each mutant at different time-points in the cleavage process (Figure 16). P533D 

and Y534A were found to both be degraded, though they appeared to pass through an 

intermediate in the process, one which remained detectable after 45 minutes in the case of 

Y534A. Moreover, the I532A cleavage product is much smaller than its input, suggesting that it 

too is partially lost to complete hydrolysis during cleavage. Only cleavage of the F535R mutant 

and the wild type GP appeared to result in a final product similar in quantity to the input. The 
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findings indicate that local changes in structure were conferred by the substitutions that affected 

protease sensitivity. However this is not a general property of the fusion loop since substitutions 

I532A and F535R did not alter the sensitivity of GP1 to the protease. Further analysis of 

cleavage intermediates may reveal how substitutions alter sensitivity to proteolytic cleavage. 

Based on these findings, GP F535R was the most likely candidate to serve as a fusion-

defective glycoprotein. However, it remained uncertain whether it would interact with NPC1, so 

I tested the mutants for binding interactions with this putative receptor. I clearly established that 

this altered GP is fully competent to bind to NPC1 (Figure 17). Though it cannot be 

quantitatively measured via this method, the binding affinity of the mutant and wild type appear 

similar given their respective inputs. Moreover, co-immunoprecipitation of GP F535R with 

NPC1 was achieved after successful processing by thermolysin to remove the glycan cap, 

providing evidence to support the proposition that, in both cases, the NPC1 binding domain is 

exposed through cathepsin cleavage. Further studies measuring the extent of binding of WT and 

mutant GPs to NPC1 membranes as a function of cleaved GP concentration are needed to 

determine if F535R alters the affinity of the GP1 receptor binding domain binding to NPC1. This 

is unlikely because the determinants of binding are located in the receptor binding domain which 

is at the top of GP1 and not adjacent to the GP2 fusion loop (Figure 14). 

The trafficking of GP F535R particles was not altered (Figure 18). Moreover, loss of cell-

associated fluorescence by VLPs was observed with wild type and I532A but not F535R GP, 

which after four hours continues to present a strong fluorescence signal. Indeed, the signal from 

the F535R virus in NPC1+ cells resembles that observed for all three viruses in NPC1- cells. 

This indicates that GP F535R particles can be used to determine the site of virus membrane 
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fusion and entry of the virus core into the cytoplasm.  My prediction is that this location will 

correspond to the location of NPC1, which is the trigger for EboV membrane fusion. 

These data suggest that GP F535R is defective because the fusion loop is unable to insert 

into the target cell membrane.  Additional experiments to test this conclusion are planned. 

Specifically, virus particles will be loaded with lipophilic dyes and NPC1 binding-induced 

transfer of the dye to artificial membranes will be measured as an indicator of membrane fusion. 

The expectation is that the rate of dye transfer will be markedly impaired in F535R compared to 

WT GP. 

 

Consideration of Other Substitutions in GP2 

One interesting question to consider is why the other three substitutions didn’t have the 

same properties as F535R. One possibility is that insertion of small hydrophobic alanine residue 

does not impair membrane fusion.  A look at the local environment of these residues in GP2 

reveals that they are folded tightly into a pocket of surrounding residues from both the GP1 and 

GP2 subunits (Figure 19).  Even slight perturbations to structure or chemistry could have 

significant effects on correct folding. This may very well be the case for P533D substitution. The 

time course of thermolysin cleavage (Figure 16), indicated that the GP P533D is degraded in as 

little as fifteen minutes. Misfolding associated with the P533D mutation might mean that the 

initial cleavage activity of thermolysin exposes additional cleavage sites on the protein that are 

not accessible in the wild type conformation.  The cleavage of these sites might then expose yet 

more cleavage sites, and so on. The complete degradation of the protein would then follow in a 

process that can be analogized to the unraveling a sweater by pulling a single thread. Such  
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Figure 19: Residues I532, P533, Y534, and F535 of GP2 are nestled within the GP1 structure. These residues 
(Red) of GP2 (Blue) appear to interact closely with surrounding GP1 (Gray) residues, suggesting the effects of 
amino acid substitution on infectivity and cleavage may have been the result of the altered physical or chemical 
properties of these interactions. The loop that is targeted for proteolytic cleavage (Green, shown cleaved) passes 
closely to these structures. 
 

 

misfolding could also be the cause of the loss of function associated with Y534A which, like  

P533D, demonstrates altered cleavage of GP1 by thermolysin.  Disruption of secondary 

structures associated with P533 may also affect fusion loop function (Krieger, Moglich, & 

I532 
 

P533 
 

Y534 
 

F535 
 



 49 

Kiefhaber, 2005). In particular, replacement with the aspartic acid may disrupt the local structure 

that is required for entry into target membranes. Alternatively, the negative charge of the aspartic 

acid side chain may prevent insertion into target membrane with phospholipid head groups. 

 

Future Directions 

The studies reported here outline a protocol to identify, create and test the effects of 

amino acid substitutions in the fusion loop of Ebola virus GP2 that can be used as key reagents in 

future studies of how binding of GP1 triggers virus membrane fusion and infection.    

Given that each residue substitution in these experiments resulted in some reduction in 

infectivity there is a significant likelihood that all are important with respect to infection. Though 

other alterations to P533 are likely to have similar outcomes, in light of its probable importance 

in the formation of the loop, future experiments might seek to alter the I532 and Y534 residues to 

arginine as well, and characterize the effects. Other residues within the loop that should be 

considered for arginine substitution and characterization include L529, A530, W531, G536, and 

P537. 

Amino acid residues in the hr1/hr2 segments of GP2 that form the six-stranded helical 

bundle are also candidates for substitutions that disable membrane fusion and infection. This 

would result in viruses that could insert into the membrane but are unable to complete infection.  

Substitutions with these properties have been identified in influenza HA and were integral in 

determining the critical importance of the six-helix bundle for pore formation (Chen, Skehel, & 

Wiley, 1999; Eckert & Kim, 2001). Another useful non-functional mutant would be one that can 

be triggered even in the absence of NPC1. This would potentially allow for the isolation of 
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attachment from triggering, and aid in the determination of whether NPC1 is an attachment 

factor as well as a trigger. 

One of the next critical experiments is to test whether NPC1 is indeed the trigger for the 

spring-loaded mechanism. With this in mind, another key assay for the study of GP’s interactions 

with putative triggering factors will be one that tests when the fusion peptide inserts into the 

membrane. Liposome floatation, a method that involves the centrifugation of virus and liposomal 

membranes in a sucrose gradient, could potentially serve this purpose. Because virus particles 

contain RNA, they are sufficiently dense that they will sink to the bottom of the gradient. The 

comparatively less dense liposomes, however, will float to the top. Since the insertion of the 

fusion loop is irreversible, viruses that have been triggered should attach to the liposome 

membrane and travel to the top of the gradient (Smith & Cunningham, 2007).  Use of this assay 

will be crucial to confirming that the F535R substitution fails to insert. If confirmed, F535R will 

serve as an important control in assays of effect of NPC1 binding on membrane fusion.  One 

possibility that could be identified is that Y535R supports assocition of virus and target 

membranes, but formation of fusion pore required for infection is blocked.  This would provide a 

reagent to investigate intermediate steps in virus entry pathway.  
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Chapter V 

Conclusion 

 

A key reagent to test the role of cathepsin and NPC1 in the triggering of GP fusion is a 

mutant virus that is blocked in the step of fusion peptide insertion or bundle formation. The goal 

of this project was to identify such a mutant and to characterize it to sufficiently demonstrate that 

it is otherwise fully functional with respect to cathepsin cleavage, NPC1-binding, and 

infectibility. Through tests of incorporation, infection, thermolysin cleavage, and co-

immunoprecipitation with NPC1 I have shown that the Y535R mutant GP meets these criteria. 

In addition to demonstrating the function of the fusion loop, this non-permissive GP 

mutant is also useful as a tool to further interrogate GP function. Critically, it provides 

researchers with a negative control that is functional in all other aspects of GP expression and 

function aside from membrane fusion itself.  

An example of the application of this negative control is in the imaging of viral entry and 

trafficking within the cell. As the results of the co-localization of VLP-GPs and Vero cells 

suggest (Figure 18), the movement of viruses across the membrane and into the cell may be 

discernable based on loss of GFP signal, and differences in localization patterns between 

functional and non-functional viruses may help to determine how they operate. The preliminary 

results here indicate that while the wild type and partially functioning mutant viruses appear to 

have fused with their target cells, as evidenced by the lack of fluorescence, the Y535R mutant 

remains detectable even after four hours. Such an assay might be useful, for example, in the 
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determination of whether compounds intended to block viral entry work by impeding membrane 

fusion or, rather, by affecting uptake or endosomal trafficking. 

Another example of the potential application of the F535R mutant is in its use as a 

control for membrane fusion assays. To test whether NPC1 binding to cleaved GP1 is sufficient 

to trigger membrane fusion, an assay must be developed to explicitly show when fusion has 

occurred. Lipophilic dyes that self-quench under high concentration conditions will fluoresce 

when they diffuse. When virus particles the membranes of which have been loaded with such a 

dye fuse with their host targets, their membranes merge and the dye molecules spread across the 

much larger surface area. The consequent dequenching can then be detected through fluorescent 

spectrophotometry. The non-functional Y535R mutant will be a critical to this experiment by 

serving as a negative control for fusion peptide insertion or six-helix bundle formation. 
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