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Abstract 

Ebola virus (EBOV) is a deadly pathogen of global concern. Cellular EBOV 

infection is initiated by the viral surface glycoprotein (GP), which coordinates fusion of 

the viral and cellular membranes.  This fusion event, during which GP irreversibly 

triggers from a metastable pre-fusion conformation to a ground-state post-fusion 

conformation, occurs in the acidic late endosome. Although the functional requirements 

of GP glycan cap cleavage and receptor binding have been characterized through 

structural studies and biochemical assays, the relative contributions of protein maturation, 

glycan cap cleavage, receptor binding, and endosomal acidification to GP triggering 

remain poorly understood. Specifically, a characterization of the impact these inputs have 

on GP conformation remains incomplete. This work utilizes infectivity studies with 

pseudoviral particles and single-molecule Förster Resonance Energy Transfer (smFRET) 

studies with GP ectodomain constructs to clarify the levels of thermodynamic and/or 

kinetic control that these inputs exert over GP function and conformation. Through the 

exposure of GP-bearing pseudoparticles to low pH, we find that the direct protonation of 

GP at physiologic temperature can trigger GP away from a pre-fusion conformation, both 

prior to and following glycan cap cleavage. Our results also suggest that glycan cap-

cleaved GP faces a lower activation energy barrier to this protonation-mediated triggering 

event. Protonation of GP at room temperature does not trigger GP to post-fusion but, by 

smFRET analysis, appears to promote the pre-fusion sampling of fusion-correlated 

conformations. This indicates that protonation exerts a degree of thermodynamic control 

over GP function. Finally, while the furin-mediated proteolytic maturation of GP has 

been shown to be dispensable for GP-mediated infection, furin cleavage appears to 
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potentiate GP for protonation-induced conformational sampling, likely through a 

liberation of the N-terminus of GP adjacent to the internal fusion loop of the GP2 fusion 

subunit. Together, these results support a synergistic role for proteolytic maturation, 

glycan cap cleavage, receptor binding, and direct protonation in GP-mediated fusion. 
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1. Introduction  

1.1 Ebola virus is a deadly pathogen of global concern 

Ebola virus (EBOV) is the causative agent of Ebola virus disease, a multi-system 

illness characterized by hemodynamic instability and organ failure. First characterized in 

1976, Ebola virus disease continues to resurge in Africa and threatens spread beyond the 

continent.1 Before the recent 2013-2016 West African epidemic, Ebola virus disease 

outbreaks were largely isolated to remote rural areas in equatorial Africa and lasted only 

in periods ranging from a few weeks to months.2 Analogous to the well-documented 

spread of Human Immunodeficiency Virus (HIV) in eastern Africa along the trans-

African highway, the relatively recent infrastructural development of central Africa has 

allowed EBOV to travel along commercial supply chains to new regions.2,3 When the 

first-ever Ebola virus disease cases in West Africa appeared in late 2013, the resulting 

two-and-a-half-year pandemic yielded more than 28,000 cases and 11,000 fatalities 

across ten countries and three continents.4 The current epidemic in the Democratic 

Republic of the Congo (DRC) has claimed over two thousand lives, and, thanks to the 

efforts of local governments and international aid, the pandemic appears to be 

approaching an end.5,6 

The first EBOV strain to be isolated in 1976 was EBOV-Mayinga, named after 

nurse Mayinga NôSeka, who succumbed to the illness after treating patients in Kinshasa, 

Zaire (now the DRC). That initial outbreak, which was centered around a mission outpost 

run by Flemish nuns in Yambuku and spread through the community in part through the 

use of contaminated injection needles, was originally believed to be caused by a strain of 

yellow fever.7 After the deaths of several immunized nuns, as well as the presentation of 
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symptoms unusual for yellow fever, the causative agent was identified as a virus related 

to Marburg virus, a pathogen that had caused an outbreak in Germany nine years prior. 

Established as distinct from Marburg virus by serology, the new virus was named Ebola 

(ñBlack Riverò) after a river near to Yambuku.7 Since the discovery of Ebola Zaire in 

1976, five other Ebola species have emerged ï Sudan (which emerged simultaneously to 

Ebola Zaire in 1976), Taï Forest, Bundibugyo, Reston, and Bombali. Of these six species 

of genus Ebolavirus, four are known to cause human disease ï Zaire, Sudan, Taï Forest, 

and Bundibugyo ï with Ebola Zaire causing the greatest disease burden.8 Within the 

species Zaire ebolavirus, EBOV-Mayinga remains the prototype virus. 

Since the simultaneous epidemics of Ebola Zaire and Ebola Sudan in 1976, Ebola 

virus disease has emerged in twenty-four documented epidemics, including the current 

outbreak in the DRC (Fig. 1.1).1 Subsequent outbreaks of Ebola virus disease were 

largely confined to the equatorial belt of Africa, with outbreaks of Ebola Zaire being the 

most common in Central and West Africa, and Ebola Sudan and Ebola Bundibugyo the 

most common in eastern Central Africa.1 Of geographic distinction is Ebola Reston, 

which emerged in Southeast Asia and whose export to Virginia via research primates was 

famously chronicled in Richard Prestonôs The Hot Zone.9 Although this narrative 

captivated readers with lines like, ñThe earth is attempting to rid itself of an infection by 

human parasite,ò and metaphors comparing the filamentous virions to the snakes of 

Medusaôs hair, Ebola Reston is not associated with human disease.1,9 A real cause for 

concern, perhaps, is that the emergence of Ebola Reston from Southeast Asia, as well as 

the recent emergence of related cuevavirus species from Spanish bats, indicates that 

filoviruses exist in multiple distinct reservoirs across the globe.1 
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Figure 1.1. Known Ebola Virus Disease outbreaks, 1976-2016. This map of the 

African continent shows the geographic distribution of all known Ebola virus disease 

outbreaks from 1976-2016. Colors indicate the four different ebolavirus species that 

cause disease within humans (Zaire, Sudan, Taï Forest, and Bundibugyo). Circled 

numbers indicate cases resulting from travel of infected persons across international 

borders. Prior to 2013, all Ebola virus disease outbreaks were confined to central Africa. 

Reprinted with permission from Baseler, L., Chertow, D. S., Johnson, K. M., Feldmann, 

H. & Morens, D. M. The Pathogenesis of Ebola Virus Disease. Annu. Rev. Pathol. Mech. 

Dis. 12, 387ï418 (2017). 

 

1.2 Ebola Virus Disease transmission and pathogenesis 

Human-to-human EBOV transmission occurs via the exposure of mucous 

membranes or non-intact skin to infectious bodily fluids or tissues. Historically, 
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outbreaks have been mediated through many vectors, including hospital spread, person-

to-person community spread, vertical transmission from mother to fetus, and adherence 

to traditional burial practices.1 In addition, viral particles on inert surfaces can act as 

infectious fomites. EBOV affects individuals of all ages, with demographic attack rates 

associated with exposure to ill persons and the highest burden usually among caregivers.1 

Some epidemics have seen index ñpatient zeroò cases associated with hunters or other 

wild animal exposures, providing supporting evidence for an animal reservoir, the 

identity of which remains unconfirmed but is thought to include multiple species of fruit 

bat.1 

Following a latent asymptomatic phase of replication within lymph nodes, EBOV 

rapidly disseminates to end organs, particularly the liver and spleen, via the bloodstream. 

As a consequence of direct viral-induced cytopathic effects and the indirect effects of 

inflammation, endothelial dysfunction, and disordered coagulation, end-organ failure 

leads to a clinical picture of fever, hepatic injury, diarrhea, respiratory failure, renal 

failure, and, often within ten days of symptom onset, death.1 Autopsies of Ebola virus 

disease patients, of which only a few have been performed, reveal a picture of non-

specific bleeding. Mucous membranes, parenchymatous organs, and the gastrointestinal 

tract all display petechiae, ecchymoses, and frank hemorrhage.1 Eosinophilic viral 

inclusion bodies are frequently found in the liver alongside signs of hepatocellular 

necrosis and congestion. Analysis of the lymphatic system also shows system-wide 

destruction.1  

The case-fatality ratio of Ebola virus disease has varied between outbreaks. Those 

of the original 1976 outbreaks were 88% (Ebola Zaire) and 60% (Ebola Sudan). A 
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subsequent outbreak of Ebola Zaire, Kikwit 1996, had a case-fatality ratio of 81%. The 

low case-fatality ratio of the recent 2013-2016 epidemic (in the 40% range) is possibly a 

reflection of better case detection, admission, and supportive care in the relatively 

advanced medical facilities of West Africa.1 Despite multinational relief and research 

efforts, treatment is limited to supportive care, although promising early data out of 

clinical trials in the DRC have shown success for antibody-based therapies, and a vaccine 

is currently being administered.10,11 

1.3  Ebola virus is an RNA virus of family Filoviridae  

The genus Ebolavirus is one of four enveloped, negative-sense RNA viruses in 

the Filoviridae family along with Marburgvirus, Cuevavirus, and the recently-discovered 

Dianlovirus.1 The virus exhibits a filamentous form, its family namesake, of variable 

length and 80 nm diameter, and possesses an approximately 19 kb genome that encodes 

seven structural proteins and two non-structural proteins (Fig. 1.2).1 The nucleoprotein 

(NP) of EBOV encapsidates the genome and forms the ribonucleoprotein (RNP) complex 

with polymerase (L), polymerase cofactor VP35, and transcriptional activator VP30. 

VP40, the membrane-associated matrix protein, forms the filamentous structure of the 

viral particle and anchors the nucleocapsid to the lipid membrane via VP24.  

Finally, the outer viral envelope is studded with many copies of the viral envelope 

glycoprotein (GP), which anchors into the lipid membrane via a C-terminal 

transmembrane domain and coordinates fusion of the viral and target cell membranes to 

initiate infection. GP also appears to play a poorly-defined role in inducing 

cytopathology.12 The GP gene is polycistronic, and also encodes for the non-structural 

proteins soluble and small soluble glycoprotein (sGP and ssGP, respectively), the 
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functions of which are unknown but are thought to involve immune evasion.1 Together, 

these proteins coordinate various steps within the infection cycle of EBOV (Fig. 1.3). 

 
Figure 1.2. Ebola virus genome and morphology. a, The EBOV genome contains 

seven genes that encode nine proteins, as well as flanking 3ô- and 5ô-UTR sequences. b, 

Digital reconstruction of EBOV virion morphology, using solved crystal structures of 

isolated protein components. Image source: PDB-101 Molecule of the Month series, 

David S. Goodsell, RCSB PDB.13 c, Scanning electron micrograph of an infected Vero 

E6 cell (yellow) and associated EBOV filamentous particles (blue). Courtesy: National 

Institute of Allergy and Infectious Disease; NIAID Flickr Stream, Fort Detrick, MD.14 

 

1.4 The EBOV replication cycle 

EBOV particles enter target cells by non-specific adhesion to the cell surface and 

subsequent clathrin-mediated, caveolin-mediated macropinocytosis (Fig. 1.3).15 Many 

cell surface receptors have been implicated in this initial attachment step, all of which 

appear to interact with GP on the viral surface. Protein members of the C-type lectin 

family can bind carbohydrate side chains on the heavily glycosylated GP glycan cap. 

Notably, liver asialoglycoprotein receptor (ASGP-R) can bind GP and benefit viral 
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endocytosis. Other lectins implicated in GP binding include dendritic cell-specific 

ICAM-3-grabbing nonintegrin (DC-SIGN), human macrophage galactose and 

acetylgalatosamine-specific C-type lectin (hMGL), and lymph node sinusoidal 

endothelial cell C-type lectin (LSECtin/CLEC4G).15 However, glycan cap-mediated 

attachment does not appear to be essential for EBOV entry, as viral particles lacking the 

GP glycan cap, through in vitro treatment with proteases or as a result of genetic 

manipulation, are capable of efficient infection.16 A glycan cap-independent mechanism 

for EBOV attachment to the cell surface involves the Tyro3 protein kinase (TAM) and T-

cell immunoglobulin mucin domain (TIM) protein families. TAM, TIM-1, and TIM-4 are 

all capable of binding phosphatidylserine that resides within the outer leaflet of the 

EBOV membrane.15  

Following cellular uptake, EBOV is trafficked through the endo-lysosomal 

system. In the acidified late endosome, GP undergoes a proteolytic priming step that 

enables receptor binding, and subsequently coordinates the fusion of the viral and host 

lipid membranes. This fusion event allows the RNP to escape from the late endosome 

into the target cell cytoplasm. The release of genomic RNA from the RNP is facilitated 

by VP35, although the mechanism by which this release occurs remains largely 

unknown.15 Transcription of viral proteins from the RNA genome then occurs over two 

phases (primary and secondary), followed by viral genome replication within inclusion 

bodies. The packaging of new EBOV virions and their budding from the cell surface is 

then coordinated by VP40, with an unknown additional accessory role for VP24 (Fig. 

1.3).1,15 This process begins in the perinuclear region with the formation of new 

nucleocapsids, which are then transported along cytoskeletal networks to budding sites at 
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the plasma membrane, and continues as VP40 coordinates cell surface GP and nascent 

RNPs to form buds.15 Progeny virions spread through lymphatic and blood vessels 

throughout the host. The direct cytopathic effect of GP as well as reactive inflammation 

cause end-organ damage.1 

 
Figure 1.3. EBOV replication cycle. EBOV enters cells via macropinocytosis, and GP-

mediated fusion occurs in the late endosome. Transcription, translation, and genome 

replication occurs in the cytoplasm. Budding at the plasma membrane produces progeny 

virions. Reprinted with permission from Yu, D. S. et al. The lifecycle of the Ebola virus 

in host cells. Oncotarget 8, 55750ï55759 (2017).15 

 

1.5 The Ebola virus glycoprotein coordinates fusion 

The significance of EBOV GP in disease spread and pathogenesis came to the 

forefront of scrutiny in the 2013-2016 pandemic. A new, more infectious EBOV strain 

came to dominate the pandemic early in 2014 and was termed Makona after a river in 
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Sierra Leone. A defining feature of the EBOV-Makona strain that came to dominate the 

pandemic is a single amino acid substitution, A82V, in GP that appears to bestow 

heightened infectivity.17 This mutation, as well as others within GP that remain 

unexplored, may explain how EBOV-Makona was able to infect over 28,000 people 

before the end of the epidemic.17 

The surface of the EBOV virion is studded with hundreds to thousands of the GP 

protein.1 GP is the sole surface antigen of EBOV and mediates virus-host membrane 

fusion. All enveloped viruses enter host cells via a membrane fusion process mediated by 

one or more proteins embedded in the viral membrane. The role of these proteins is to 

bring the viral and host membranes into close approximation, a feat that requires 

overcoming a significant kinetic barrier caused by a repulsive ñhydration forceò between 

the two membranes.18 Pre-fusion viral fusion glycoproteins, therefore, must provide a 

source of free energy to overcome this kinetic barrier. This energy is stored in the form of 

hydrophobic and electrostatic contacts within the protein structure that hold the fusion 

machinery in a metastable, high-energy conformation. Most viral fusion glycoproteins are 

ñsuicide enzymesò that transition only once from a metastable pre-fusion state to a low-

energy post-fusion conformation.18 This is in contrast to many intracellular fusion 

proteins like SNAREs, which are recycled by cellular factors into pre-fusion 

conformations.19 For many viral fusion glycoproteins, this transition is believed to be 

singular and stochastic, and the actions of multiple nearby glycoproteins must cluster to 

overcome the energy barrier to membrane fusion (Fig. 1.4).18,20  

The transition of a viral fusion glycoprotein from pre- to post-fusion is ñtriggeredò 

by a biochemical perturbation, the identity of which differs from virus to virus. For 
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hemagglutinin (HA), the surface glycoprotein of the influenza virus (IAV), the fusion 

trigger is the simple protonation of side chain residues that disrupt the interface between 

the head and stalk subunits.20 In HIV entry, the binding of two distinct receptors (CD4 

and CCR5/CXCR4) provide the molecular trigger.18 Despite the diversity of fusion 

triggers, all viral fusion glycoproteins mediate fusion through a similar mechanism.21 

Triggering causes a relieving of the pre-fusion constraints on the fusion machinery, and 

allows the fusion subunit(s) to unfold into a pre-hairpin intermediate able to insert a non-

polar stretch of residues, termed the ñfusion loopò or ñfusion peptideò, into the target 

membrane. This pre-hairpin intermediate is highly unstable, and quickly refolds into a 

compact rod-like ñtrimer-of-hairpinsò that characterizes the post-fusion conformation 

(Fig. 1.4).21 

 
Figure 1.4. Enveloped viral fusion. (i) A viral glycoprotein possessing receptor binding 

domains (rb) and a separate fusion subunit (f) is depicted. (ii)  The pre-hairpin 

intermediate is shown with the fusion subunit fully extended and the fusion loops inserted 

into the target membrane. (iii)  More than one fusion subunit is required to create a fusion 

pore, so clustering of pre-hairpin structures is required. (iv,v,vi) The unstable pre-hairpin 

structure collapses to bring the membranes into close apposition, then hemifusion, and 

the formation of a fusion pore. The final six-helix bundles (6HB) of the post-fusion 

structures form the canonical ñtrimer-of-hairpinsò. Reprinted with permission from 

White, J. M., Delos, S. E., Brecher, M. & Schornberg, K. Structures and Mechanisms of 

Viral Membrane Fusion Proteins. Crit. Rev. Biochem. Mol. Biol. 43, 189ï219 (2008).21 
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GP exists as a trimer of GP1-GP2 heterodimers on the viral surface, and the 

individual GP subunits play distinct roles in fusion function (Fig. 1.5). GP1 forms a 

ñheadò subunit that possesses a receptor binding domain shielded by a glycan cap and a 

mucin-like domain (MLD) thought to be involved in immune evasion.22ï24 The canonical 

role of GP1 is to coordinate receptor binding, an event that occurs after the proteolytic 

cleavage of GP1 exposes a receptor binding domain shielded by the glycan cap.25 Besides 

receptor binding, a role of GP1 suggested by the model of class I fusion is to provide 

stabilizing contacts that keep the ñspring-loadedò fusion machinery in its high-energy, 

metastable pre-fusion conformation. That fusion machinery resides within GP2, the 

ñstalkò subunit composed of heptad repeat regions and an internal fusion loop (IFL). The 

IFL forms a notable structural element in GP2, as it is nestled within a hydrophobic 

pocket formed by adjacent GP protomers. Often referred to as a hydrophobic ñfistò, the 

IFL is flanked by two beta strands that form a ñwristò, upon which, via electrostatic 

contacts, the GP1 subunit acts as a molecular clamp.23,26 During the fusion process, 

relieving of this clamp by biochemical and/or allosteric perturbations along the GP1-GP2 

interface is believed to allow the GP2 subunit to undergo a dramatic refolding event in 

which it unfolds into an extended intermediate, translating the IFL far from the viral 

membrane to insert into the target membrane of the late endosome. This intermediate is 

short-lived, and its collapse as GP2 refolds to the classic ñtrimer-of-hairpinsò 

conformation brings the viral and target membranes into close approximation. 

Subsequent fusion of the two membranes is thermodynamically favorable, as the 

approximation of the two membranes closer together than the 20 Å spacing at which the 

hydration force acts overcomes the kinetic barrier to fusion.23  
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Figure 1.5. EBOV GP structure. a, b, GP is a trimer of heterodimers of disulfide-linked 

GP1 (cyan) and GP2 (blue). GP1 possesses a glycan cap (light cyan) and mucin-like 

domain (grey, not crystallized) which must be cleaved to expose the receptor binding 

domain and GP2 forms the fusion machinery core with an internal fusion loop (purple) of 

hydrophobic residues that embed into the target cell membrane. Crystal structure PDB 

5JQ3.27 Transmembrane domain modeled by blue rectangle. c, Reducing SDS-PAGE and 

Coomassie stain of recombinant GP ectodomain. Immature GP0, as well as the GP1 and 

GP2 subunits are resolved. 

 

Unlike some other viral fusion glycoproteins, GP requires a specific stepwise 

activation process in order to successfully mediate membrane fusion. Following virion 

uptake by macropinocytosis, the sequential activation of GP proceeds within the 

endosome of the target cell (Fig. 1.6).28 Acidification of the late endosome by vacuolar 

ATPase leads to the activation of membrane-bound cathepsin proteases B and L.29 These 

cathepsins act sequentially to remove the GP1 glycan cap to expose the receptor binding 

domain the luminal domain C of the Niemann-Pick Disease, Type C1 protein (NPC1, or 
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domain NPC1-C).22,24,29ï33 In addition to exposing the receptor binding site, glycan cap 

cleavage is believed to represent a priming step for fusion triggering, which will be 

discussed later.29,34 While the binding of NPC1 is required for efficient infection in cell-

based models, it is not thought to be required for triggering, as crystal structures of GP 

bound to NPC1 display the pre-fusion conformation.22,29,30,34 Following receptor binding, 

an unknown trigger causes GP to dramatically refold to facilitate membrane fusion (Fig. 

1.6). The identity of this fusion trigger has long been a mystery to the field, although 

several candidate fusion triggers have been proposed. 

 
Figure 1.6. EBOV GP-mediated fusion. (1) Mature native GP exists on the viral surface 

as a trimer of heterodimers shielded by mucin-like domains (PDB 5JQ3). (2) Acid-

activated cathepsin-mediated cleavage removes the mucin-like domains and glycan caps 

from GP, and exposes the NPC1 binding site (PDB 5JQ3, modeled). (3) NPC1 binds the 

exposed GP (PDB 5F1B), and an unknown trigger brings about (4) the GP2 post-fusion 

conformation (PDB 1EBO).   
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1.6 The crystallization of EBOV GP provided a basis for further study 

The three-dimensional structure of the EBOV GP ectodomain has been solved 

many times in many different forms. First to be resolved was an ectodomain construct of 

post-fusion GP2 which adopted the classic ñtrimer-of-hairpinsò conformation common to 

post-fusion glycoproteins (Fig. 1.7, PDB 1EBO).35 This 1998 finding, as well as earlier 

circular dichroism and electron microscopy data, provided further confirmation of the 

model that GP2 is the class I fusion subunit of GP.36 As this construct was created 

through the expression of GP2 in isolation, its crystallization and structural 

characterization also suggested that GP1 holds the GP2 subunit in its pre-fusion 

conformation (i.e., ñclampingò), which is a model of triggering common to many fusion 

glycoproteins.18,21,37 Years later, in 2008, the more challenging pre-fusion ectodomain of 

GP was solved in complex with the neutralizing antibody KZ52, revealing a structure 

thereafter referred to as a óchaliceô (Fig. 1.8, PDB 3CSY).23 Notably, this construct, 

GPȹmuc, lacked the MLD, which is dispensable for function and disrupts crystal 

contacts.23,38 This structure illustrated, for the first time, the nature of the GP1-GP2 

interaction and brought focus to the hydrophobic ñfistò and ñwristò of the GP2 subunit as 

potential points where the perturbations of fusion triggering are brought about. The 

solving of this structure promised to provide a template for further mechanistic insights 

into GP function.  

Figure 1.7. Post-fusion 

structure of GP2. A construct of 

EBOV GP2 was crystallized in 

isolation and adopted the classic 

ñtrimer-of-hairpinsò 

conformation. PDB 1EBO.35 
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Figure 1.8. The EBOV GP chalice in complex with Fab KZ52. A construct of EBOV 

GPȹmuc was created for crystallization with the mucin-like and transmembrane domains 

excised, two N-linked glycosylation sites mutated, and complexed with Fab KZ52. One 

GP1-GP2 monomer in the trimer is shown in color, with GP1 (cyan) and GP2 (blue) 

possessing an internal fusion loop (purple). One KZ52 Fab is shown (green) making 

contacts with a single GP monomer. PDB 3CSY.23 

 

 Ensuing studies using variations of the EBOV GPȹmuc construct have yielded 

many pre-fusion structures, both in isolation and with binding partners (Table 1.1). The 

first to emerge were x-ray crystal and cryo-EM structures of GP in complex with other 

neutralizing antibodies, but 2016 saw the publication of the first unliganded structure of 

GP, as well as several antibody-bound, glycan cap-cleaved, and receptor-bound 

structures. Today, despite the existence of at least twenty-three distinct structures of 

EBOV GP, a definitive identification of the GP fusion triggers remains to be realized. 

Structural characterization of GP in complex with a fusion trigger would be expected to 

display conformations distinct from the pre-fusion chalice, perhaps involving some 

translocation of the internal fusion loop out of its hydrophobic pocket. The structures of 

glycan cap-cleaved GP (GPCL) and the GPCL-NPC1 overlay nearly seamlessly onto that 

of unliganded GP, with only minor differences in conformation (Fig. 1.9).27,31,39,40 This 
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suggests that the conformations promoted by glycan cap cleavage and NPC1 binding are 

no different from the conformation of the pre-fusion uncleaved and unliganded trimer. 

That glycan cap cleavage and receptor binding are conformationally silent events, yet are 

required for the execution of an inherently conformationally dynamic process is a 

dissonance that further work must rectify. Furthermore, structural data suggests that 

every antibody-bound structure of GP is superimposable on the unliganded structure.23,40ï

44 These findings imply that GP is conformationally static, suggest that cleavage, NPC1, 

and neutralizing antibodies (nAbs) exert biological effect without altering GP 

conformation, and fail to shed light on the mechanism of fusion triggering. 

Figure 1.9. Crystal structures of 

uncleaved, cleaved, and NPC1-bound 

GP. Monomeric GP is shown unliganded 

(blue, PDB 5JQ3), cleaved and stabilized 

by KZ52 (red, PDB 5HJ3), and cleaved 

and bound to NPC1 (yellow, PDB 5F1B, 

and green, PDB 5JNX). 5F1B reflects a 

structure obtained via X-ray 

crystallography, whereas 5JNX reflects a 

cryo-EM structure. As can be seen, the 

four structures overlay nearly identically, 

aside from truncations attributable to 

differences between crystallization 

constructs. 
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Year Construct Co-Crystal 

Partners 

Methodology Group(s) Publication PDB 

1998 GP2 - X-Ray Wiley Molecular 

Cell 

1EBO 

2008 GPȹmuc Fab KZ52 X-Ray Saphire Nature 3CSY 

2016 GPȹmuc Fab 100,  

Fab 114 

X-Ray McLellan Science 5FHC 

2016 GPȹmuc Toremifene X-Ray Stuart Nature 5JQ7 

2016 GPȹmuc Ibuprofen X-Ray Stuart Nature 5JQB 

2016 GPȹmuc - X-Ray Stuart Nature 5JQ3 

2016 GPȹTM, 

thermolysin-

cleaved 

NPC1 X-Ray Gao Cell 5F1B 

2016 GP  

(with MLD) 

Fab c2G4, Fab 

c13C6 

Cryo-EM Saphire, Ward Nature 

Micro. 

5KEL 

2016 GP  

(with MLD) 

Fab c13C6, 

Fab BDBV91 

Cryo-EM Saphire, Ward Nature 

Micro. 

5KEM 

2016 GP  

(with MLD) 

Fab c4G7, Fab 

c13C6 

Cryo-EM Saphire, Ward Nature 

Micro. 

5KEN 

2016 GP, 

thermolysin-

cleaved 

KZ52 X-Ray Saphire mBio 5HJ3 

2016 GP, 

thermolysin-

cleaved 

NPC1 Cryo-EM Yan Cell 5JNX 

2018 GPȹmuc Benztropine X-Ray Stuart J. Med. 

Chem. 

6F6S 

2018 GPȹmuc Bepridil X-Ray Stuart J. Med. 

Chem. 

6F5U 

2018 GPȹmuc Paroxetine X-Ray Stuart J. Med. 

Chem. 

6F6I 

2018 GPȹmuc Sertraline X-Ray Stuart J. Med. 

Chem. 

6F6N 

2018 GPȹmuc Imipramine X-Ray Stuart J. Med. 

Chem. 

6G9B 

2018 GPȹmuc Clomipramine X-Ray Stuart J. Med. 

Chem. 

6G9I 

2018 GPȹmuc Thioridazine X-Ray Stuart J. Med. 

Chem. 

6G95 

2018 GPȹmuc Fab CA45 X-Ray Fuerst, Ofek Nature 

Comm. 

6EAY 

2019 GPȹmuc Inhibitor 118 X-Ray Stuart J. Med. 

Chem. 

6HS4 

2019 GPȹmuc Inhibitor 118a X-Ray Stuart J. Med. 

Chem. 

6HRO 

2019 GPȹTM, 

thermolysin-

cleaved 

Fab ADI-

15946 

X-Ray Saphire Nature 

Struct. Mol. 

Bio. 

6MAM 

Table 1.1. Published structures of EBOV GP. To date, at least twenty-three structures of 

EBOV GP have been published. The only unliganded structure, 3CSY, was published in 2016 by 

David Stuartôs group.27 The construct used in that work forms the basis for the studies performed 

in this report. 
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1.7 Motivations for the discovery of the EBOV GP fusion trigger 

Discovery of the EBOV GP fusion trigger will engender a mechanistic 

understanding of GP function. Our structural understanding of EBOV GP is still in its 

nascent stages, and it was only crystallized in its pre-fusion conformation within the last 

12 years, and we know very little about how specific regions and residues contribute to 

protein function. This was alarmingly highlighted by the emergence of the A82V mutant 

in the recent West African epidemic. This mutation, which lies in a seemingly 

inconsequential region of the glycoprotein, bestowed heightened fusogenicity and 

became the dominant circulating strain quickly after its emergence.17 Similarly, the I544T 

mutation has been thought to be involved in immune evasion, but its impact remains 

largely unexplored.17,45 

1.7.1 Ebola virus disease prevention and therapy 

Viral pathogens present many unique challenges to medical research. One 

challenge lies in the fact that viruses carry few unique components and rely on host 

machinery to reproduce. Thus, there are limited viral targets against which effective and 

selective treatment and prevention strategies can be designed, and the mainstay of therapy 

for many viral infections is supportive care. With some notable exceptions, including HIV, 

modern medicine lacks antiviral therapies with concrete bases in mechanistic inhibition. 

When faced with limited opportunities for intervention, a functional understanding 

of each viral element is critical to the development of new antiviral therapies and 

prevention strategies. In enveloped viruses, among the most promising targets are the 

surface viral envelope glycoproteins, which are exposed for targeting. EBOV GP is one 

such target. 
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The design of an EBOV GP vaccine antigen has been explored, most notably with 

the recently approved recombinant vaccine, Ervebo, by Merck. This vaccine is a simple 

viral pseudotype ï the vesicular stomatitis virus (VSV) core bearing the EBOV GP surface 

virion. This vaccine effectively prevented cases of laboratory-confirmed Ebola virus 

disease, with an efficacy of 100% in a trial across Guinea and Sierra Leone, and is currently 

being administered in the DRC outbreak.46 Despite the success of this vaccine, we must 

remain vigilant that EBOV GP may mutate in response to it, necessitating reformulations 

that require a mechanistic understanding. This is currently the major challenge facing the 

influenza vaccine; the simple presentation of HA on an inactivated virion is only modestly 

effective as a vaccine antigen, and does not bestow broad-spectrum immunity.47 

In addition, the presence of a vaccine should not preclude the development of 

therapies against Ebola virus disease. While many small molecules have been co-

crystallized with GP (Table 1.1), none have been established as potent therapies against 

Ebola virus disease. Understanding the necessary conditions for GP function can assist in 

the mechanistic design of inhibitors. 

1.7.2 Learning fundamentals of class I fusion 

Another reason to pursue the GP fusion trigger is to gain a more complete 

understanding of class I membrane fusion. Besides EBOV, class I viruses include 

influenza, paramyxovirus, HIV, and Lassa virus. As they belong to the same class, 

lessons about the fusion triggering of one virus can inform the study of others. The full 

fusion triggering pathway of class I fusion has never been fully characterized.  

For decades, the existence of an extended intermediate between the pre-fusion and 

post-fusion states has been postulated. For membrane fusion to proceed, an intermediate 
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must exist to bridge viral and target membranes (Fig. 1.4).  Studies on class I fusion 

glycoproteins involving mutagenesis, epitope mapping by conformational antibody 

binding, comparisons of proteolytic sensitivity, and structural and biophysical techniques 

have provided evidence of intermediate states, some of which may be reversibly 

populated.48  Further support for the existence of this intermediate comes from studies in 

HIV, where inhibitory peptides were shown to bind and stabilize the gp41 extended 

intermediate.20 Thus, while ample evidence exists to support its existence, this extended 

intermediate has never been visualized or characterized. 

By characterizing the fusion trigger for EBOV GP, we stand a chance at 

stabilizing the intermediate conformation for three-dimensional characterization. 

Discussed later, this endeavor is a major future direction stemming from the work 

presented here. 

1.8 Energetic control of class I membrane fusion 

The fusion triggering process is one of many examples in nature of the throwing 

of a biological switch.49 Generally, biological switches are under thermodynamic or 

kinetic control (Fig 1.10). When a reaction is said to be under thermodynamic control, 

the relative stability of reactants and products determines the extent of the reaction, as the 

inherent nature of a system is to collapse to the lowest possible energy state, based on the 

energies of the various possible states available to it. Factors that favor the reaction, 

therefore, alter the energy landscape to shift the reaction towards the formation of 

products, i.e. to increase the stability of products relative to reactants. Kinetic control, 

instead, involves a modulation of the rate of transitions between states. When an object is 

held in a thermodynamically unfavorable state by a large activation energy that prevents 
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transitions out of that state, it is said to be under kinetic control. Factors that favor the 

reaction, therefore, lower the activation energy for reactants to become products. 

Figure 1.10. Kinetic and 

thermodynamic control of 

biological switches. Possible 

free energy diagrams are shown 

for the fusion triggering of 

influenza HA from pre-fusion at 

neutral pH (HA-N) to post-

fusion at low pH (HA-L). a, A 

thermodynamically controlled 

transition, in which low pH 

changes the relative stabilities of 

HA-N and HA-L to make HA-L 

the more favorable state. b, A 

kinetically controlled system, in 

which low pH lowers the 

activation energy for the 

exothermic transition from HA-N to HA-L. Reprinted with permission from Baker, D. & 

Agard, D. A. Influenza hemagglutinin: kinetic control of protein function. Structure 2, 

907ï910 (1994). 

 

Class I membrane fusion is a process under kinetic control. Energetically, class I 

fusion triggering is an exothermic process, and is singular and irreversible (Fig. 1.11). 

Removal of the fusion trigger, or restoration to the environmental conditions of pre-

fusion, does not return the glycoprotein to its pre-fusion conformation. Thermodynamic 

control, conversely, is óhistory independentô ï when the starting conditions are regained, 

the initial distribution of states must also return.49 In class I fusion, no such thing occurs. 

To use influenza HA as an example, the stable coiled-coil conformation of post-fusion 

HA is the low energy state both at neutral and low pH ï returning post-fusion HA to 

neutral pH does not restore its pre-fusion conformation.49 This is in contrast to other 

proteins that exhibit biological switching, for example hemoglobin (Hb), which has a 

higher affinity for oxygen at neutral pH (R state) than it does at low pH (T state). This 
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switching facilitates the delivery of oxygen to acidic, metabolically-active muscle tissue 

(i.e. the Bohr Effect).50 This is a thermodynamically controlled process, as protonation 

induces a conformational change in Hb which translocates a key histidine residue closer 

to a nearby aspartate residue, increasing the pK of the histidine and lowering the overall 

affinity of Hb for oxygen. Return to neutral pH reverses those changes. Protonation 

changes the relative stabilities of the R and T states, reflecting thermodynamic control.49  

In kinetically controlled class I membrane fusion, once the height of the activation 

energy barrier is lowered, thermodynamic concerns govern the transition to post-fusion. 

Therefore, the most critical state for triggering is the high-energy transition state that 

exists at the peak of the barrier (Fig. 1.11). Factors that lower the activation energy for 

fusion triggering increase the likelihood of the pre-fusion conformation adopting the 

transition state conformation. These factors are fusion triggers. 

1.9 The fusion ótriggerô for Ebola is likely not a single factor 

When considering the factors necessary and sufficient for GP triggering, it is clear 

that, unlike IAV  HA, the fusion trigger for GP is likely not a singular input like low pH, 

but more likely is a combination of various hereafter-termed ñfusogenic inputsò, e.g. 

proteolytic cleavage, receptor binding, low pH, reduction, and endosomal calcium. Since 

no single input has been identified as the fusion trigger (i.e. both necessary and sufficient 

for fusion), evidence suggests that a number of simultaneous inputs present in the 

environment of the late endosome act together to decrease the energy of activation of 

fusion triggering (Fig. 1.11). In fact, recent data from studies sensitive to time-resolved 

protein dynamics suggest that GP is conformationally dynamic and responds to a variety 

of candidate factors.51,52 The identification of which of these factors are bona fide 
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fusogenic inputs is a major goal of EBOV research. The following sections provide a 

brief discussion of what those fusogenic inputs may be. 

Figure 1.11. Reaction coordinate of 

EBOV GP triggering. Pre-fusion GP exists 

in a metastable conformation, in which 

energy is stored within electrostatic contacts 

between amino acid side chains. 

Perturbation of these contacts by fusogenic 

inputs decreases the activation energy of the 

triggering reaction and favors the adoption 

of a high-energy extended intermediate 

conformation. When the collapse of this 

extended intermediate to the post-fusion 

conformation coincides with the successful 

engagement of the IFL with the target 

membrane, a productive membrane fusion 

event occurs. PDB 5JQ3 and 1EBO. 

 

First, however, it is important to note the role of temperature in the energetics of 

membrane fusion. Temperature does not raise or lower the activation energy for fusion 

triggering, but rather influences reaction rate by defining the kinetic energy of the protein 

sample. At a given temperature, a certain number of molecules in the sample possess 

enough kinetic energy to overcome the activation energy for fusion triggering. The 

distribution of kinetic energies of all molecules in a sample, i.e. the Boltzmann 

distribution, is heavily influenced by temperature and defines the rate of the reaction. In a 

reaction coordinate such as that shown in Figure 1.11, kinetic energy can be visualized as 

the propensity of molecules to agitate horizontally and vertically within their local energy 

wells, as water in a held cup sloshes over the edges. The pre-fusion conformation of a 

fusion glycoprotein exists within a kinetic trap, in which the kinetic energy of the protein 

determines its ability to overcome the energy of activation for exothermic collapse to 

post-fusion (Fig. 1.11). Thus, while temperature itself is not a fusogenic input, it can be 
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controlled to modulate the kinetic energy of the sample, thereby identifying the existence 

and relative depth of a kinetic trap.   

1.10  The role of furin maturation  in GP function is not fully understood 

EBOV GP undergoes two separate cleavage events prior to coordinating fusion. 

The first cleavage, which occurs in the producer cell shortly after translation of the GP0 

proprotein, is the furin-mediated maturation of GP0 to the GP1-GP2 dimer.  Furin is a 

proprotein convertase located in the trans-Golgi, and proteolytically activates several 

proprotein substrates in the secretory pathway.53 The consensus site for furin cleavage is 

RX-K/R-R, although the minimal furin cleavage site is RXXR.53 This furin cleavage is 

critical for the function of many class I fusogens, including IAV  HA, which is 

synthesized as an inactive precursor HA0 that is then cleaved to mature HA1-HA2 

dimers (Fig. 1.12). Low-pathogenicity strains of IAV  contain a monobasic cleavage site 

between HA1 and HA2 and are therefore not cleavable by furin; instead they are cleaved 

by trypsin-like serine proteases that are either secreted into the extracellular space or 

reside at the plasma membrane. This greatly restricts their tissue tropism to the 

respiratory tract, where Club cell tryptase is present to activate low-pathogenicity HA.54 

Conversely, high-pathogenicity IAV  strains bear a polybasic cleavage site, RRKKR, at the 

HA1-HA2 interface that is recognized by furin. The ubiquitous expression of furin means 

that these high-pathogenicity strains are not restricted to a single tissue type.54 

EBOV GP-Mayinga contains a polybasic cleavage sequence, RRTRR, at the GP1-

GP2 interface (Fig. 1.12). The endoproteolytic furin cleavage of GP0 was initially 

thought to be required for the function of EBOV GP in the same way as it is for HA, as it 

liberates the N-terminus of GP2 adjacent to the IFL.37 It was even postulated that the 
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lower human pathogenicity of Ebola Reston, compared to Ebola Zaire, was due to its 

lower susceptibility to furin cleavage.55,56 However, early infectivity assays in both cell-

based and non-human primate models showed that a non-cleavable GP0 mutant precursor 

protein is efficiently recruited to the viral surface and is capable of mediating infection 

and disease to the same degree as mature GP1-GP2.57,58 Indeed, work presented later in 

this document supports that finding. Thus, unlike many other viral fusion glycoproteins, 

furin maturation is not required for GP function and, by some definitions, jeopardizes its 

status as a class I fusion glycoprotein. However, because the polybasic furin recognition 

sequence is highly conserved in circulating GP strains, furin maturation may play an 

unknown role in in vivo EBOV infection, perhaps within the animal reservoir. Further 

studies in candidate reservoir species, most notably fruit bats, may reveal this role. 

 
Figure 1.12. Furin cleavage in class I fusion glycoproteins. Furin cleavage is a 

common hallmark across fusion glycoproteins. Above, precursor protein sequences for 

EBOV GP (Uniprot Q05320), HIV env (Uniprot P03377), and IAV  H5 (Uniprot 

D9I6N5) are shown with the polybasic furin sequence highlighted in red.  
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1.11 Glycan cap cleavage is a priming  event in GP activation 

The second cleavage event in the stepwise activation of EBOV GP is the removal 

of the glycan cap and mucin-like domain from GP1. This occurs following 

macropinocytosis within the late endosome of the target cell through the successive 

actions of cathepsins B and L. Cathepsins B and L are serine proteases with pH optima of 

~5; consequently the acidification of the late endosome through the actions of vacuolar 

ATPase supports their function.21 Successive cleavages bring 130-kDa GP1 down to a 

19-kDa fusion-competent primed form via 50-kDa and 20-kDa intermediates.29 The 50-

kDa intermediate retains a large portion of the glycan cap and largely resembles GPȹmuc 

constructs used in crystallography and in vitro assays, and the 20-kDa possesses some 

degree of fusion function.29 19-kDa GP is the most fusion-competent.29 Characterization 

of these intermediates was performed by Brecher and colleagues in a 2012 publication, 

which included liposome binding studies using GP ectodomain cleavage intermediates. 

The mixing of biotinylated liposome with 20-or 19-kDa GP in the presence of low pH 

promoted membrane binding, a proxy indicator for fusion function, as detected by 

streptavidin pulldown. The addition of urea or heat to low pH conditions further 

increased membrane binding. This study found that 19-kDa GP could bind liposomes at 

temperatures about 10°C lower than could the 20-kDa intermediate, indicating that 

stepwise cathepsin cleavage unlocks progressively greater fusion function in EBOV 

GP.29  

A major role of glycan cap cleavage is to expose the binding site for NPC1, the 

receptor for EBOV GP.22 NPC1 is a membrane protein that is trafficked to late 
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endosomes and lysosomes, and is involved in cholesterol homeostasis. As such, it is 

present in the late endosomal membrane after cathepsins B and L have removed the GP1 

glycan cap. The role of cellular receptors in viral fusion varies from virus to virus. For 

many retroviruses and coronaviruses, binding to a host cell receptor is sufficient to trigger 

fusion.21 For others, the receptor acts merely as a docking factor that engages the viral 

glycoprotein and increases the spatial probability that the triggering of that glycoprotein 

will be productive for membrane fusion.18,21 A more complete model for these viruses 

includes some consideration that receptor binding acts as an allosteric activator ï that 

receptor binding is neither a simple docking phenomenon nor a full fusion trigger, but 

rather something in between. NPC1 certainly serves as an attachment factor for cleaved 

EBOV GP, and studies show that it is not the fusion trigger for GP.59 Furthermore, 

crystallographic data suggest that it does not induce conformational changes in GP (Fig. 

1.9).39,40 However, results from cell-cell fusion assays indicate that NPC1 may 

conformationally prime cleaved GP for fusion, as the addition of soluble NPC1 (not 

associated with membrane) in these assays augmented GP-mediated fusion.60 Thus, while 

crystallographic data suggest that neither glycan cap cleavage nor receptor binding are 

conformationally significant events, biochemical and infectivity data suggest otherwise. 

1.12 Late endosomal acidity may play multiple roles in GP function 

Evidence suggests that EBOV virion uptake initiates via clathrin-mediated, 

caveolin-mediated macropinocytosis.15,28 Through the actions of the small GTPase Rab5, 

virions are trafficked into nascent endosomes where they are sorted for lysosomal 

degradation. As the endosome matures, luminal pH decreases via the function of vacuolar 

ATPase to dissociate receptor-ligand pairs and promote the activity of a variety of acid 
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hydrolases. In some cell types, the pH of the lysosomal lumen can reach as low as 4.5.61 

Some viruses, like IAV , have evolved to take advantage of the physiologic acidification 

of the endosome; protonation of specific residues on HA trigger viral-endosomal 

membrane fusion.  

In the case of EBOV, the role of low pH remains contested. The necessity of the 

acid-activation of cathepsins B and L is widely accepted, but the relative importance of 

any direct protonation of EBOV GP is a subject of debate. Some studies aver that low pH 

is not a trigger for GP-mediated fusion, as GP-mediated cell-cell fusion can occur at 

neutral pH.60 However, the same studies and others use low pH pulses as part of the 

experiment to trigger cell-cell fusion and GP-liposome binding, as well as in studies on 

the isolated fusion peptide.26,29,60,62 Furthermore, fusion by glycan cap-cleaved GP 

pseudovirions is sensitive to bafilomycin, an agent that raises endosomal pH, indicating 

that low pH plays a role in GP function subsequent to cathepsin activation.16 Thus, it is 

reasonable to hypothesize that direct protonation of GP contributes directly to GP fusion 

triggering in a similar, albeit less dramatic, way as it does for HA. 

1.13 Certain histidine residues in GP may coordinate pH responsiveness 

The side chain imidazole of histidine, with pKa ~ 6.0, allows histidine the 

property of acting as both an acid and a base, and a hydrogen bond donor and acceptor, 

within the  physiological pH range.63,64 Therefore, the placement of histidine residues 

within a protein structure can have large, conformationally-relevant effects. The theme of 

histidine as a pH-sensing residue is ubiquitous in protein biology, including the notable 

roles of histidine in IAV  HA triggering and a surface-exposed histidine triad important 

for Lassa virus GP triggering.64ï69 
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 Figure 1.13. Histidines within GP may 

contribute to pH sensing. Nine histidines lie 

within the cleaved GP polypeptide. Histidines in 

GP1 are shown in red, and GP2 histidines are 

shown in yellow. PDB 5JQ3. 

 

 

 

 

 

 

 

 

There are nine histidines within the glycan cap-cleaved GP polypeptide, five of 

which are poised to potentially coordinate pH sensing (Fig. 1.13). Histidine 139 lies in a 

beta sheet that forms part of the NPC1 receptor-binding domain and may help relate the 

conformational changes brought on by NPC1 binding to those brought on by endosomal 

acidification. Histidine 154 lies adjacent to the fusion loop of the neighboring protomer, 

and its protonation may induce repulsive forces that push the IFL out of its hydrophobic 

pocket during triggering. Histidine 197 lies inferior to the beta-strand ñwristò that flanks 

the IFL and may make contacts to stabilize the wrist. Thus, its protonation may relieve 

the clamp that GP1 places on GP2. Relatedly, histidine 516 and histidine 549 lie within 

the GP2 wrist, and their protonation may induce repulsion between the GP2 wrist and 

GP1 clamp. Histidines unlikely to participate in pH sensing are His39, which lies at the 
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outer edge of the GP1 chalice, and H602, H613, and H628, which lie in the GP2 stem 

(Fig. 1.13). 

1.14 Endosomal calcium plays a role in GP function 

Recent studies have also suggested a role for calcium in GP function.70,71 The 

identification of selective estrogen receptor modulators (SERMs) as potential anti-EBOV 

drugs led to the discovery that these drugs may act to induce the accumulation of endo-

lysosomal calcium.70 In addition, the chelation of luminal endocytic calcium also 

specifically inhibited EBOV infection.70 Later, more direct infectivity assays performed 

by Nathan et al. in Susan Danielôs group at Cornell showed that EBOV entry is 

significantly reduced when extracellular calcium is depleted or intracellular calcium is 

chelated.72 Within the same publication, researchers found that isolated fusion peptide 

consisting of residues 501-560 (i.e. the full ñfistò and ñwristò of GP2) can coordinate the 

fusion of large unilamellar vesicles when exposed to low pH buffer at physiologically-

relevant calcium levels (2mM). When calcium is chelated away, the degree of fusion 

drops by nearly 50%.72 Direct biophysical studies from the same group showed that 

calcium directly interacts with residues D522 and E540, which flank the IFL (Fig. 

1.14).72 Other acidic residues that may participate in this interaction are E523 and E545. 

These observations have created a hypothetical model under which the IFL of EBOV GP 

coordinates Ca2+ ions, thereby adopting a more Ŭ-helical character favorable for 

membrane insertion.72 
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Figure 1.14. Acidic residues in the internal fusion loop ñwristò. The IFL ñfistò and 

ñwristò are shown in purple and blue, respectively, with acidic residues D522, E523, 

E540, and E545 highlighted in red. These residues may act to coordinate calcium cations. 

PDB 5JQ3. 
 

1.15 smFRET is sensitive to time-resolved protein dynamics 

Despite the conclusions suggested by structural analyses of EBOV GP, the role of 

GP as a viral fusion glycoprotein necessitates that it is conformationally dynamic, as class 

I fusion is an inherently conformationally dynamic process. The post-fusion crystal 

structure of GP is radically different from pre-fusion structures, indicating that it is 

capable of the dramatic conformational translocations common to all viral fusion 

glycoproteins (Fig. 1.6).35 Furthermore, experimental data detailed above, including 

NPC1 binding and glycan cap cleavage, have suggested GP dynamics, but have not 

directly demonstrated it.29,60 Thus, while crystallography and cryo-EM methodologies 

have been invaluable in understanding GP structure, more sensitive approaches are 

required for a complete characterization of GP dynamics. These approaches include the 

use of single-molecule Förster Resonance Energy Transfer (smFRET) methodology. 
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First developed in 1996, smFRET is a novel variant of standard FRET, which is 

itself an extension of conventional fluorescence microscopy.73 FRET relies on the ability 

to indirectly excite a fluorescent dye molecule, or fluorophore, via another fluorophore 

through intermolecular long-range dipole-dipole coupling (Fig. 1.15).73 The indirectly 

excited fluorophore, termed the óacceptorô, is selected such that its excitation matches the 

emission of the primary fluorophore, termed the ódonorô. Thus, excitation of the donor 

leads to emission by the acceptor. One functional readout of FRET is the intervening 

distance between the two dyes, as reported by the extent of non-radiative energy transfer 

between the dyes. This value is estimated by the efficiency of the energy transfer, E, or the 

ratio of acceptor emission to total emission intensity. For the calculation of inter-dye 

distance, the following relationship is used: 

Ὁ  ρ Ὑ
Ὑ  

Where R is the inter-dye distance and R0 is the inter-dye distance at which E = 0.5 

(i.e. the Förster radius). The Förster radius depends on the overlap between the donor 

emission and acceptor excitation spectra, as well as the molecular orientations of the dyes 

in three-dimensional space and the quantum yield of the donor.74  

 
Figure 1.15. Förster Resonance Energy Transfer. A) Dipole-dipole coupling of two 

fluorophores with compatible spectra is required for FRET. B) FRET efficiency scales 

inversely with inter-fluorophore distance. From Lerner, E. et al. Toward dynamic 

structural biology: Two decades of single-molecule Förster resonance energy transfer. 

Science (80). 359 (2018). Reprinted with permission from AAAS.73 
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For decades, FRET has been used to study biological processes in real time. The 

technique has given researchers an unprecedented degree of power in observing dynamic 

phenomena like binding kinetics, enzymatic catalysis, and macromolecular complex 

formation, to name a few. More recently, the technique was adapted such that individual 

dye pairs can be both spatially and temporally resolved, creating smFRET. Real-time 

tracking of dye pairs allows for the correlation of FRET states to short-lived conformational 

states, a significant advantage over previous bulk assays, in which short-lived states are 

averaged out due to the asynchronicity of kinetic transitions.20 The first demonstration of 

smFRET was with dye pairs linked by short DNA strands, and was then used to monitor 

the colocalization of ligands to streptavidin on an immobilized surface.75,76  From there, 

the field jumped into the study of conformational changes within larger macromolecules 

like enzymes and structured RNA.73 Thus, smFRET has evolved into a powerful tool to 

study conformational dynamics.  

The application of smFRET to viral glycoproteins began with assays on env, the 

fusion glycoprotein of HIV. Consistent with the assumed dynamics of viral glycoproteins, 

Munro et al. found that unbound pre-fusion HIV env sampled multiple discrete FRET 

states.77 The introduction of soluble ligand (CD4) enriched some FRET states, which, as 

expected, corresponded to ligand-bound conformations. Conversely, the introduction of 

neutralizing antibody favored a FRET state that corresponded to a closed, ligand-free, 

ground state conformation. These findings indicated that intrinsic access to ligand-bound 

conformations is required for HIV env function, and that a potential mechanism of action 

for neutralizing antibodies is to prevent the conformational capture of pre-existing ligand-
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bound conformations.77 Fundamentally, the finding that free, unbound, pre-fusion HIV env 

is intrinsically capable of sampling multiple functionally-relevant conformations proved 

smFRET as a viable technique for the study of other viral glycoproteins. 

1.16 Note on protein dynamics 

When attempting to conceptualize how viral envelope glycoproteins respond to 

proteolytic priming, bind ligand, and coordinate fusion, what one finds is that the 

essential natures of protein dynamics and the protein-ligand interaction can be 

conceptualized in multiple ways. Prevailing thought holds that free proteins exist in static 

óunboundô conformations until the introduction of ligand triggers a change to a óboundô 

conformation, as a lock is engaged by a key or a trap is released by a mouse. While this 

ñmousetrap-and-triggerò model is easy to conceptualize, there is evidence to suggest that 

this is not what occurs. A more accurate understanding is one of dynamic conformational 

sampling - that instead of existing in a static óunboundô conformation, a free protein 

exists at an equilibrium state in which it may sample many discrete conformations. These 

states include, but are not limited to, ligand-bound and ligand-free conformations. Under 

this model, rather than triggering a conformational change, the introduction of ligand 

engenders a shift in the conformational energy landscape that favors select 

conformational state(s) over others.  Thus, thermodynamic control can exist within a 

system that is more globally controlled kinetically, i.e. while one pre-fusion conformation 

may be the prevailing occupancy, other ñpre-fusionò conformations may also exist. 

Characterizing the range of these conformations can shed light, therefore, on protein 

function. Conceptually, this can be thought of as ñconformational captureò by ligand of 

preexisting protein conformations.  
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1.17 IAV  HA is the canonical class I fusogen 

Hemagglutinin, the surface envelope glycoprotein of the influenza virus, is the 

most heavily characterized viral fusion protein, and is the canonical model-driving class I 

viral fusion glycoprotein. Therefore, conclusions drawn from the study of HA for decades 

have been regarded as applicable to many, if not all, class I fusion glycoproteins. 

HA binds to sialic acid moieties on a target cell surface and mediates entry of the 

virus into the host cell by coordinating membrane fusion. Furthermore, HA is the major 

surface antigen against which anti-influenza antibodies are produced, and as a result it 

undergoes significant antigenic variation.78 Synthesized as an inactive precursor, HA0, 

hemagglutinin requires cleavage in the trans-Golgi by endogenous furin proteases into its 

active subunits, HA1 and HA2 (Fig 1.16). These subunits remain associated through 

extensive non-covalent interactions and a disulfide bond near the N-terminus of HA1. 

Like EBOV GP1 and GP2, HA1 governs the recognition and binding of sialic acid and 

HA2 contains the fusion machinery that coordinates the merging of the viral and host 

membranes. This fusion machinery includes a C-terminal transmembrane domain 

anchored in the viral membrane and a highly conserved, N-terminal, 25-residue fusion 

peptide that inserts into the target membrane during fusion. On the viral surface, HA 

assembles into trimers of HA1-HA2 heterodimers. The three HA1 subunits are globular 

head domains that form a cage around the triple-stranded, membrane-anchored coiled coil 

of alpha helices formed by the HA2 stalk subunits (Fig 1.16).79 
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Figure 1.16. The pre-fusion conformation of HA. 

HA is a trimer of heterodimers, with each head domain 

(red) in possession of a sialic acid receptor-binding 

site, while the stalk machinery (blue) coordinates the 

dynamic refolding events of fusion. The stalk domains 

possess an N-terminal fusion peptide (green) that 

inserts into the target cell membrane. PDB 2FK0.80 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1.18 HA study can reveal universal themes for class I fusogens 

For no other protein is the ñmousetrap-and-triggerò model more held as canon as 

it is for HA. HA coordinates fusion by first binding sialic acid moieties on the cell 

surface via the receptor-binding domain (RBD) on HA1, after which the virus is 

internalized into a cellular endosome via receptor-mediated endocytosis. As the pH of the 

mature endosome drops to approximately pH 5, a cascade of dramatic refolding events by 

the HA2 fusion machinery brings about fusion. Current belief holds that pre-fusion HA is 

a tightly wound trap, and that the introduction of ligand (protons) triggers a snap into a 

post-fusion state - an irreversible transition without the existence of long-lived 

intermediates.18,20 Besides its promise as a target for anti-influenza therapy, this makes 
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HA a daunting object of study against which to test the hypothesis of dynamic 

conformational sampling. 

The X-ray crystal structure of bromelain-cleaved HA (BHA) was first elucidated 

in 1981.81  Bromelain cleavage releases the soluble domain of HA from the viral 

membrane and allows for crystallization and other structural studies. Pre-fusion BHA is 

held in a metastable, high-energy configuration. The HA1 subunit surrounds and 

stabilizes the HA2 subunit through extensive hydrophobic interactions, with the primary 

focus of stabilization between HA1 and the B-loop of HA2. This interaction is 

traditionally thought of as an HA1 ñclampò which holds back the ñspringò mechanism of 

HA2 - i.e. that the disordered B-loop contains the potential energy required to overcome 

the kinetic barrier to membrane fusion.49,81 In addition, HA1 forms a hydrophobic pocket 

in which the HA2 fusion peptide is sequestered.81 

The X-ray crystal structure of post-fusion BHA allows us to infer the 

rearrangements of fusion. As the endosome acidifies, protonation of different residues on 

HA cause fusion peptide release and HA1 cage clamp dissociation, enabling the B-loop 

of HA2 to undergo a loop-to-helix transition and release its stored potential energy. This 

swings the fusion loop at the N-terminal tip of HA2 out of its pocket and towards the host 

endosomal membrane. Part of helix -D melts to form the turn in the post-fusion hairpin 

structure. Finally, the C-terminal end containing the transmembrane domain of HA2 

partially unfolds and zippers up the core helices to from the canonical ñtrimer-of-

hairpinsò and draw the viral and endosomal membranes together.20  Thus, the kinetic 

barrier to membrane fusion is overcome and the viral replication cycle continues. 
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1.19 Open questions in HA function 

Although the crystal structures for pre- and post-fusion HA were discovered 

thirty-five years ago, the real-time refolding of HA has never been observed in a native 

environment on the surface of a virion. As a result, many questions regarding the 

transition from pre- to post-fusion remain. 

A major question in HA conformational dynamics is whether activation is driven 

by the dissociation of the HA1 head domains or by release of the fusion peptide from the 

hydrophobic pocket, both of which are thought to be driven by protonation. The two 

competing models are shown in Figure 1.17.48 In 2015, Kelly Leeôs group at the 

University of Washington performed innovative assays on HA as it approached the pH of 

membrane fusion using hydrogen-deuterium exchange mass spectrometry (HDX-MS). 

Briefly, HDX-MS is a technique in which a protein is immersed in deuterated water such 

that hydrogen at backbone amides can exchange with deuterium in the water. The 

reaction conditions are controlled such that rate of hydrogen-deuterium exchange 

depends on the flexibility and exposure of that region. This step is followed by 

proteolysis and mass spectrometry. By studying HDX-MS profiles of HA at different pH, 

they found evidence to suggest that dissociation of the HA1 head domains is not involved 

in initial activation, and instead that exposure of the fusion peptide is the initial step in 

HA activation. This result agreed with previous work by White and Wilson in 1987, 

which showed that antibodies could bind the fusion peptide and the N and C termini of 

HA1 at a pH higher than what was required for an antibody to bind the HA1-HA1 inter-

protomer interface.48 
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Figure 1.17. Uncaging vs. FP release models of HA function. A) The crystal structure 

of the HA1-HA2 heterodimer with notable domains highlighted. B) Competing models of 

HA activation. Either uncaging of the head domains or fusion peptide release is the 

primary step of activation, which leads to the formation of an extended intermediate and 

ends in the post-fusion state. Reprinted with permission from Garcia, N. K., Guttman, M., 

Ebner, J. L. & Lee, K. K. Dynamic changes during acid-induced activation of influenza 

hemagglutinin. Structure 23, 665ï676 (2015). 

 

Another question in HA function is regarding the role of sialic acid, the cellular 

receptor for HA. For decades, sialic has been considered a simple docking factor, but 

recent data suggests that it may play an allosteric role in conformational triggering and/or 

head domain uncaging.48 Thus, a more nuanced view of sialic acid binding may yield 

mechanistic insights into HA triggering. 

1.20 Neutralizing Antibodies Against HA 

A clinical goal of studying HA is to develop better strategies to prevent and treat 

influenza infection. Current vaccination strategies are aimed at the production of 

antibodies that block the binding of HA to the sialic acid host receptor. These HI-active 

antibodies (HI = hemagglutinin inhibition) are very strain specific, and lose efficacy due 
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to antigenic drift by the HA globular head domain, necessitating annual reformulation 

based on surveillance data.47 

Relatively recently, research into broadly neutralizing antibodies has yielded 

several exciting candidates with applications for antibody-based therapy and vaccine 

design. The first broadly neutralizing antibody, C179, was isolated from a mouse and was 

found to bind the stalk domain of several HA variants. In contrast to the head domain, the 

stalk domain of HA is largely conserved and is a more lucrative target for vaccination. 

Stalk-reactive antibodies have shown broad neutralizing activity by binding 

conformational epitopes that 1) prevent pH-induced conformational changes, 2) prevent 

HA cleavage in certain influenza strains, and/or 3) trigger antibody-dependent cell-

mediated cytotoxicity (ADCC) and complement-mediated cytotoxicity.47,82  The ability 

for these antibodies to lock HA into neutralized conformations is of particular interest, as 

they exploit specific structure-function relationships within the HA molecule. 

1.21 Thesis research goals & overview 

1.21.1 The study of IAV HA  

The first parts of the rest of this document introduce and detail the two and a half 

years that I spent attempting to develop and validate a smFRET construct of IAV HA 

(Chapter 3 and Chapter 4). This work began with the aim of using single-molecule 

FRET to visualize the conformational dynamics of HA on the pseudoviral surface. It 

aimed to continue to look at more nuanced aspects of HA function, specifically whether 

pre-fusion HA1 acts as a static clamp on HA2, what, if any, conformational role sialic 

acid binding plays in HA function, and whether an allosteric connection exists between 
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the HA1 head domain and the HA2 fusion loop. Finally, I hoped to examine how head-

reactive neutralizing antibodies bind HA and alter its conformational dynamics. 

I hypothesized that the head domain are not static clamps on the stalk and have 

intrinsic access to an uncaged conformation that allow them to reversibly sample the 

pathway to fusion. Imaging the HA head domain at neutral pH would reveal whether the 

head domain is intrinsically dynamic, and imaging at the pH of fusion (pH 5.2) would 

allow for the identification of the uncaged FRET state. Mutations in HA, including those 

that 1) introduce disulfide linkages to cross-link the head domains and 2) prevent HA0 

cleavage into HA1 and HA2, would provide negative controls to identify pre-fusion 

FRET states. 

Sialic acid, the host receptor for HA, is thought to act as an attachment factor for 

IAV binding and endocytosis. I hypothesized that the HA-sialic acid binding event is not 

just a docking phenomenon distinct from the conformational changes of fusion, but rather 

induces specific conformational changes in HA that promote fusion. By imaging the head 

domain in the presence of sialic acid, the effect of receptor binding on head domain 

dynamics would be elucidated. Imaging HA in the presence of antibodies that block sialic 

acid binding would provide for the identification of FRET states and lead to a better 

understanding of their mechanism of action. 

I also hypothesized that an allosteric connection exists between the HA fusion 

peptide and head domains. Evidence to suggest this connection comes from studies that 

discovered certain point mutations in the HA2 fusion peptide which restrict HA1 

flexibility, bestowing resistance to an HA1-binding neutralizing antibody.83 Site-directed 
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mutagenesis of the HA2 fusion peptide and subsequent imaging of head domain motion 

would allow for the testing of this allosteric connection. 

The achievement of these aims required the development of an smFRET construct 

of IAV HA that would report on HA1 head domain movement. To this end, I developed 

smFRET constructs with multiple labeling sites about the head and stalk domains of HA, 

and spent significant time testing them for functionality. Over time, for a variety of 

reasons outlined below, these specific aims shifted with the scope of the project, and in 

the end completion of these aims failed before the completion of Aim 1.  

Additional work within HA emerged thanks to the successful work of a post-doc, 

Dibyendu (Dev) Das. Dev developed and studied an HA2 smFRET construct which 

reported on motion of the fusion loop and fusion machinery of HA, which was published 

in Cell in 2018 (Fig. 1.18).84 In this construct, the pre- to post-fusion transition of IAV 

HA was accompanied by a transition from high FRET to low FRET. Using this tool, Dev 

was able to examine the effects of low pH exposure and target membrane introduction on 

IAV triggering. Furthermore, he was able to show that IAV triggering is, to a degree, 

reversible, and that reversible exchange can occur between the canonical pre-fusion 

conformation and two intermediate conformations of HA2. Only upon prolonged 

exposure to low pH, or in the presence of target membrane, would the conformational 

changes become irreversible.84 These findings were foundational in HA research, 

provided real evidence against the canonical ñmousetrap-and-triggerò model, and 

supported the hypothesis of dynamic conformational sampling.84 My contributions to this 

work were largely in supportive and instructive roles; I taught Dev, who only had a 

background in microscopy, how to perform molecular biology techniques that included 
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PCR, gel electrophoresis, cell culture, immunoassays, and infectivity experiments. In 

addition, I provided him with reagents and labor in the form of plasmids, western blots, 

and infectivity assays. For these contributions, I was listed as second author on his paper. 

 

Figure 1.18. An smFRET construct to report on HA fusion peptide movement. This 

smFRET construct contains a dye pair within the HA stalk fusion machinery (blue). In 

the pre-fusion conformation, dye proximity reports as high FRET, which lowers as the 

glycoprotein transitions to post-fusion. To the right, probability histograms showing an 

increase in low-FRET state occupancy as pH is lowered. Adapted with permission from 

Das, D. K. et al. Direct visualization of the conformational dynamics of single influenza 

hemagglutinin trimers. Cell 1ï12 (2018) doi:10.1016/j.cell.2018.05.050. Figures were 

cropped and rearranged to organize smFRET histograms on the right. PDB 2FK0.80 

 

Because of difficulties in the development and validation of the HA head domain 

smFRET construct (detailed below), I attempted to use Devôs validated HA2 smFRET 

construct to examine the influence of neutralizing antibodies on HA2 fusion peptide 
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motion. I planned to study the effect of both stalk-reactive and head-reactive neutralizing 

antibodies on fusion peptide dynamics. I hypothesized that both classes of antibodies 

would act to inhibit formation of the low-FRET post-fusion state and would do so by 

stabilizing different intermediate conformations. This endeavor added a fourth aim to my 

overall aims within influenza research. Unfortunately, after several months of 

troubleshooting, I was unable to recreate Devôs HA2 smFRET signal. These attempts are 

detailed below in Chapter 4. 

In summary, the major goals of my work on IAV HA were to observe the intrinsic 

dynamics of HA, to probe how sialic acid binding affects HA head domain motion, and 

to observe the effects of different neutralizing antibodies on HA conformation. Using a 

self-generated smFRET construct to report on head domain motion, I hoped to elucidate 

how head-reactive antibodies act, and whether they prevent head domain uncaging. In 

addition, I hoped to pursue how sialic acid binding influences HA conformation. Using 

Devôs smFRET construct to report on fusion peptide motion, I hoped to observe how 

stalk-reactive antibodies act, and whether they block HA2 refolding. Unfortunately, as 

outlined below (Chapter 3 and Chapter 4), none of these projects reached completion. 

1.21.2 The study of EBOV GP 

Following the failure of the IAV projects, I changed to study EBOV GP. Open 

questions in EBOV GP function were fundamentally different to that of IAV HA, 

partially due to the relatively recent discovery and characterization of EBOV GP; the first 

pre-fusion HA structure was elucidated in 1981, and pre-fusion GP was only crystallized 

in 2008. Inheriting a labeling strategy to report on the motion of the GP IFL, I first 

attempted to characterize the GP ectodomain (GPȹTM; TM = transmembrane domain) 
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for its conformational dynamics and explore its utility as a vaccine antigen. The initial 

questions driving my work in EBOV GP were as follows: 

1. Does soluble EBOV GP display the same conformational dynamics as native GP? 

2. Do the A82V and I544T mutations from the 2013-16 pandemic increase the 

antigenicity of EBOV GP? 

3. Can specific mutations in GP centered about the fusion loop increase its 

antigenicity? 

 

This work aimed toward the structure-based design of a recombinant glycoprotein 

vaccine for Ebola virus and is outlined in Chapter 6. By utilizing smFRET, I hoped to 

characterize how neutralizing antibodies bind and stabilize soluble GP, and then use 

mutagenesis to engineer a stable presentation of neutralization-sensitive epitopes on GP. 

Utilizing the information matrix for structure-based vaccine design put forward by the 

NIH Vaccine Research Center in their development of an RSV vaccine, I hoped to 1) 

explore existing and previously-studied mutations in EBOV GP for increased 

antigenicity, 2) evaluate structurally-designed mutants for antigenicity via ELISA, 3) 

evaluate structure via cryo-EM and SEM with collaborators, and 4) evaluate 

immunogenicity in animal studies with collaborators.85,86 

While this project was exciting and challenging, the high bar of designing and 

testing a vaccine antigen, in the face of the logistical challenges of animal models and the 

1-1.5 year timeline for graduation and return to medical school, I later amended my aims 

to focus more on studying the function of GP: 

1. What is the dynamic profile of the GP ectodomain and how does it 

respond to cleavage and NPC1 binding? 

2. What is the effect of pH on GP conformational dynamics and function? 

3. What is the effect of calcium on GP conformational dynamics and 

function? 
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This shift in focus to concentrate less on antibody-based studies and more on the 

effects of cleavage, receptor binding, pH, and calcium on EBOV GP was also, in part, 

due to early ELISA data (discussed later) showed that the smFRET construct of GPȹTM 

was less reactive to neutralizing antibodies than was wild-type GPȹTM. This data 

suggested that the modification of GP for smFRET altered GP reactivity to the base-

binding antibodies KZ52, 2G4, and 4G7, and the glycan cap-binder 13C6. This finding 

reduced the external validity of using smFRET to study nAb-mediated GP neutralization 

and presented an insurmountable challenge to using this smFRET construct to inform the 

development of a structure-based vaccine. 

A third shift in focus occurred late in my PhD thesis, after I realized that my 

smFRET construct would not report on the conformational effects of calcium (discussed 

later). Thus, I decided to explore the role of pH in GP triggering more closely and 

observe how furin cleavage and glycan cap cleavage influence the effects of low pH. 

Thus, the final aims of the EBOV GP work were as follows:  

1. What is the dynamic profile of the GP ectodomain, and how does it 

respond to cleavage and NPC1 binding? 

2. What is the effect of pH on GP conformational dynamics and function? 

3. What are the effects of furin maturation and glycan cap cleavage on the 

pH responsiveness of GP? 

 

The first phase of this work was to perform smFRET on GPȹTM to characterize 

its conformational dynamics at steady-state. The hypothesis driving this phase was that 

the homogeneity of published GP structures lied in an inherent static nature of GPȹTM. 

An analysis of the conformational dynamics of the GP ectodomain, therefore, would also 

include an analysis of whether the transmembrane domain of the native trimer and/or its 

proximity to the viral membrane influence its ability to sample multiple conformations. 
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This work was published in parallel with analogous work performed by post-doc Natasha 

Durham and fellow student Angela Howard, who both worked on a smFRET construct 

bound to the pseudoparticle surface, designed with the same labeling strategy as my 

GPȹTM construct. By comparing observations across the two constructs, we were able to 

draw conclusions about the conformational fidelity of GPȹTM. This work appeared in 

the January 2020 edition of Viruses and is outlined in Chapter 5.51 

This work then moved on to measure the responsiveness of GPȹTM to glycan cap 

cleavage and NPC1 binding. The motivations for this work were two-fold: 1) I wished to 

evaluate the published structures of glycan cap-cleaved GP and NPC1-bound GP for their 

conformational fidelity, and 2) I wished to evaluate GPȹTM as a research tool for the 

further study of GP conformation, as the use of soluble protein presents logistical 

advantages for continued work in both smFRET and single-particle cryo-EM. This work 

is presented and outlined in the first sections of Chapter 7. 

After validating GPȹTM as faithfully reflecting ónativeô dynamics, my work 

moved on to subsequent aims, in which I characterized the effects of furin maturation and 

glycan cap cleavage on GP function and conformation and evaluated their roles in the pH 

responsiveness of GP, as outlined in the later sections of Chapter 8. A central philosophy 

behind the techniques used here is that smFRET can be used to monitor the pre-fusion 

conformational sampling of GP to identify potential fusogenic inputs by their ability to 

promote fusion-correlated conformations. By identifying those factors which have 

thermodynamic control over the pre-fusion conformational sampling of GP, we can also 

identify factors relevant to altering the energy landscape for GP triggering.  
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The central hypothesis guiding this work is that direct protonation is a 

thermodynamic and kinetic modulator of EBOV GP function, and that the 

proteolytic maturation of EBOV GP potentiates its response to protonation.  

1.22 Contributions to this chapter 

In this Introduction, I created all figures unless indicated that they were adapted 

from publications. All structural representations were generated in PyMOL. Table 1.1 

was created on my own after a PDB search of relevant EBOV GP crystal structures. 

  



49 

 

2. Materials and Methods 

2.1 General smFRET experimental workflow 

Before introducing methods below, I feel that it is warranted to explain, in 

general, the workflow for developing smFRET constructs. These endeavors begin with 

the identification of a macromolecule of interest and end with the collection and analysis 

of smFRET data. 

1. Modify or mutate the macromolecule of interest to allow for the site-specific 

ligation of fluorophores to the macromolecule. For protein targets, our lab has 

historically done this by inserting specific amino acid sequences at or after the 

desired residues. These eight- or twelve-residue sequences are recognized by 

bacterial phosphopantethienyl transferases (PPTases), which ligate CoA-

conjugated dye to a serine side chain in the sequence.87,88 More recently, we have 

also used an amber stop suppression method that uses mutagenesis to replace 

specific residues with TAG amber stop codons. During protein production, an 

appropriate aminoacyl-tRNA synthetase, tRNA, and non-canonical amino acid 

(NCAA) with a click-chemistry functional side chain are supplemented. The 

NCAA occupies the site of the desired residue, and can be labeled efficiently via 

click chemistry.89ï91 This technique is thought to be less disruptive to protein 

function than the insertion of peptide stretches into the protein sequence, but more 

difficul t and expensive due to the use of NCAAs and additional plasmids in the 

transfection process, as well as the limited efficiency of read-through of the amber 

stop codon. For RNA targets, labeling has been achieved through direct chemical 

methods. 
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2. Affirm the functionality of the modified construct. Because we want to study 

wild-type dynamics, we wish for mutant labeled construct to approximate the 

behavior of the wild-type target. For the study of viral glycoproteins, we confirm 

that pseudotyped particles bearing the mutated protein are fusogenic. Our goal is 

at least 50% fusogenicity relative to wild type. Fusogenicity assays consist of 

standard viral entry assays, including BlaM-Vpr delivery, luciferase expression, 

and EGFP expression. For RNA molecules, we have shown that they are capable 

of dimerizing and binding protein at similar levels as wild-type constructs.92 

3. Produce, label, and purify construct for smFRET. For the study of viral 

glycoproteins, sample produced for smFRET bears a mixture of wild type and 

mutant construct, and the ratio is determined empirically such that each imaged 

particle (virion or isolated protein trimer) contains a single mutant, labeled 

protein. This key step enables the single-molecule spatial resolution that our 

technique offers; our microscope cannot resolve beyond individual fluorescent 

particles on the functionalized quartz surface. The number of fluorescent moieties 

within a single particle can be quantified by the number of observed 

photobleaching events in the resulting fluorescence traces. 

4. Conduct smFRET Experiments. The smFRET construct is bound to a 

functionalized quartz slide and imaged under wide-field TIRF in the presence of 

buffer (10 mM Tris, 50 mM NaCl) containing triplet state quenchers (1 mM COT, 

1 mM NBA, 1 mM Trolox) and reactive oxygen species scavengers (2 mM PCA 

& PCD enzyme). Imaging is executed through the acquisition of image stacks at a 
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desired exposure and length. For the imaging of protein dynamics, 40 ms 

exposures were taken for 500 frames, resulting in movies lasting twenty seconds. 

5. Analysis of smFRET data can take many forms depending on the application, but 

involves the use of SPARTAN (Single-molecule Platform for Automated Real-

Time ANalysis) software, developed by Scott Blanchard (St. Judeôs Research 

Hospital, formerly at Weill Cornell Medicine) within MATLAB. This software 

package is set for the streamlined processing of smFRET data from image stacks. 

First, it identifies particles as point spread functions (PSFs) and extracts traces 

from the image stacks (gettraces). Next, traces are filtered for adherence to 

defined criteria to select those with sufficient lifetime and signal-to-noise ratios, 

remove those with well-defined artifacts, and summarize their ensemble behavior 

(autotrace). These criteria include FRET lifetime, donor-to-acceptor correlation, 

signal to noise, background noise, and other criteria customizable by the user. 

Subsequent analysis is further detailed later. 

2.2 Cell lines 

HEK 293T, A549, and Vero cells (American Type Culture Collection; ATCC) 

were maintained at 37°C and 5% CO2 in Dulbeccoôs Modified Eagle Medium (DMEM, 

ThermoFisher 11995-065) with 10% Cosmic Calf Serum (Hyclone SH30087.02), 1% L-

Glutamine (ThermoFisher 25030-081), and 1% penicillin-streptomycin (ThermoFisher 

15140-122). FreeStyle 293F cells (ThermoFisher R79007) were maintained at 37°C and 

8% CO2 with orbital shaking at 125 RPM in FreeStyle 293 Expression Medium 

(ThermoFisher 12338026).  
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2.3 Plasmids  

pVRC9195, encoding the A/Vietnam/1203/2004 H5N1 HA was a gift from Peter 

Kwong (Vaccine Research Center, MD). For retroviral pseudotyping, an HIV-1 Gag/Pol 

construct was used (gift from Walter Mothes Lab, Yale). pCMVȹR8.2 plasmid and 

pHRôCMV-Luc plasmid were gifts from Carol Weiss (FDA). pCMV-BlaM-Vpr plasmid 

(Addgene plasmid #21950) was used in the production of beta-lactamase-carrying 

pseudoparticles.93 VSV-G plasmid was a gift from the John Coffin Lab (Tufts University 

School of Medicine). 

pHLsec-GPȹTM, created by collaborator Kartik Chandran (Albert Einstein 

College of Medicine) within pHL-sec (Addgene plasmid #99845, Edith Yvonne Jones), a 

mammalian expression plasmid with a secretion signal sequence, was used for expression 

of GPȹTM.94 pHL-sec-GPȹTM encodes the EBOV GP-Mayinga sequence (UniProt 

Q05320) with deletions of residues 313-463 of the mucin domain and residues 633-676 

of the transmembrane domain. In place of the transmembrane domain, a C-terminal T4 

fibritin foldon trimerization peptide (GSGYIPEAPRDGQAYVRKDGEWVLLSTFLGT) 

and a 6X-His tag were added (Fig. 2.1.). This construct closely resembles a construct 

used in the first crystallization of unliganded pre-fusion GP (Fig. 1.3., PDB 5JQ3).27 An 

EBOV GPȹmuc-Mayinga (Genbank accession number NP_066246) plasmid was used 

for pseudoparticle generation. Modifications to GPȹTM to generate GPȹTM-HRV3C 

and a GP0ȹTM mutant were performed via site-directed mutagenesis using the New 

England Biolabs Q5 Site-Directed Mutagenesis kit (E0554S). 
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Plasmid encoding the luminal domain C of NPC1 (NPC1-C) was obtained from 

collaborator Kartik Chandran (Albert Einstein College of Medicine) and used to express 

soluble NPC1-C.22 

2.4 Immunoblots 

Denatured protein and pseudoparticle samples were run on 4-20% polyacrylamide 

gels (Bio-Rad 4561094) at 150-180V for 60-90 minutes or until the sample dye front 

migrated to the bottom of the gel. The gel-membrane sandwich was assembled and 

placed in a cassette and transferred to nitrocellulose membranes at 500mA for 90 

minutes. Membranes were blocked with 5% milk in PBST overnight at 4°C or for one 

hour at room temperature. Primary antibody incubation was performed after blocking for 

one hour at room temperature. 

¶ IAV H5 was detected with mouse mAb (Abcam ab135382) at 1:3,000 in 

5% milk in PBST. 

¶ HIV p24 was detected with mouse mAb (GeneTex B1217M) at 1:2,500 in 

5% milk in PBST. 

¶ Beta-lactamase was detected with mouse mAb (QED Bio QED1570) at 

1:200 in 5% milk in PBST. 

¶ EBOV GP1 was detected using either mAb 2E595 at 1:1,000 or mAb 

H3C896 at 1:120.  

¶ VSV matrix protein (VSV-M) was detected with mAb 23H12 (Kerafast 

EB0011) at 1:2,000.  

After primary antibody incubation, blots were washed three times with PBST for 

5 minutes per wash at room temperature. Secondary antibody incubation was performed 



54 

 

using horseradish peroxidase-conjugated rabbit anti-mouse IgG Fc (ThermoFisher 31455) 

at 1:2,500 in 5% milk in PBST. Following secondary antibody incubation, blots were 

washed three times with PBST for 5 minutes per wash at room temperature. Blots were 

developed with SuperSignal West Pico PLUS Chemiluminescent Substrate 

(ThermoFisher 34580) for five minutes at room temperature. Blots were imaged on a 

Syngene G Box. 

2.5 Overlap extension PCR 

Overlap extension PCR was used to insert A1 and A4 sequences into plasmids for 

smFRET construct generation. Primers were designed to read from cut sites upstream and 

downstream of the peptide insertion point towards the insertion point (Fig. 2.1, A & D). 

Another set of primers were designed to flank the peptide insertion point and contain the 

A1 or A4 sequence as a free-hanging tail (Fig. 2.1, B & C). Rounds of amplification were 

performed independently with each set of primers (one upstream set, one downstream 

set) to generate overlapping fragments. A final round of PCR was performed to create the 

full insert, which was then digested and sub-cloned into the parent plasmid.  

 
Figure 2.1. Overlap extension PCR. One of many techniques used to insert peptide 

sequences into a known sequence of interest. 
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Primer Sequence %GC 

   

VN04_BlpI_F Gcacctgctgagcagaatc 58 

VN04_BlpI_R Gattctgctcagcaggtgc  58 

VN04_BamHI_R Cacagcagatctggatccg 58 

VN04_XbaI_F ccgctctagagatatcgc 56 

VN04_HA1Glu78_R CCACTCCAGCATGTCCAGGCTGTCGCCctcatcgcacataggatt 58 

VN04_HA1Glu78_F GCCTGGACATGCTGGAGTGGAGCCTGATGttcatcaatgtgcctgag 55 

VN04_HA1Asp37_R CCACTCCAGCATGTCCAGGCTGTCGCCatcggcggcgtatccgct 67 

VN04_HA1Asp37_F GCCTGGACATGCTGGAGTGGAGCCTGATGaaggagagcacacagaag 57 

VN04_HA1Arg127_R CCACTCCAGCATGTCCAGGCTGTCGCCtctcagctgcagtctcac 62 

VN04_HA1Arg127_F GCCTGGACATGCTGGAGTGGAGCCTGATGgataatgccaaggagctg 57 

VN04_HA1Lys143_R CCACTCCAGCATGTCCAGGCTGTCGCCcttgtggtagaactcgaa 58 

VN04_HA1Lys143_F GCCTGGACATGCTGGAGTGGAGCCTGATGtgcgataatgagtgcatg 55 

VN04_HA1Asp158_R CCACTCCAGCATGTCCAGGCTGTCGCCatcgtatgttccatttct 53 

VN04_HA1Asp158_F GCCTGGACATGCTGGAGTGGAGCCTGATGtaccctcagtacagcgag 60 

Table 2.1. Primers used for generation of HA head domain smFRET construct. 

Primers used for overlap extension PCR to insert A1 sequences at HA1 E78 and HA2 

D37, R127, K143, and D158 are listed. 

 

2.6 GagPol-H5 pseudoparticle production 

GagPol-H5 pseudoparticles were generated to assess pseudotyping conditions for 

H5 plasmid, and for the creation of smFRET constructs in H5. On day 1, HEK 293T cells 

at 60-80% confluency were transfected with H5 plasmid and HIV GagPol plasmid. For a 

6-well plate, 45 ɛL of Lipofectamine 3000 reagent (7.5 ɛL per well) and 705 ɛL 

OptiMEM were combined. For a 10 cm dish, 43.4 L of Lipofectamine 3000 Reagent 

(ThermoFisher L3000001) and 456.6 ɛL of OptiMEM (ThermoFisher 31985062) were 

combined. In a separate tube, plasmid and P3000 reagent were combined. For a 6-well 

plate, 0.1 ɛg of HA plasmid, 1 ɛg of GagPol plasmid, 2.2 ɛL of P3000 Reagent, and 125 

ɛL of OptiMEM were combined per well. For a 10 cm dish, 0.5 ɛg of H5 plasmid, 5 ɛg 

of GagPol plasmid, 11 ɛL of P3000 Reagent, and 500 ɛL of OptiMEM were combined 

per dish. For a 6-well plate, 125 ɛL of the Lipofectamine 3000-OptiMEM mixture was 

combined with the plasmid-P3000 mixture and allowed to incubate for 10-15 minutes at 

room temperature. For a 10 cm dish, 500 ɛL of the Lipofectamine 3000-OptiMEM 
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mixture was combined with the plasmid-P3000 mixture and allowed to incubate for 10-

15 minutes at room temperature. Meanwhile, media was exchanged on the cells. 

Following incubation, the transfection mix was added slowly, dropwise to the cells. Cells 

were returned to the 37°C, 5% CO2 incubator. 

On day 2, media was removed and replaced with fresh media containing 7 

mU/mL bacterial neuraminidase from V. cholerae (Sigma N6514).  

On day 3, viral supernatant was collected. Cellular supernatant was filtered 

through a 0.45 ɛm filter and spun at 20,000 x g for 2 hours to pellet the viral 

pseudoparticles. Supernatant was discarded, and pseudoparticles were resuspended in an 

appropriate buffer.  

2.7 BlaM-Vpr fusion assay 

HIV-BlaM-Vpr-H5 pseudoparticles were generated similarly to GagPol-H5 

particles, but with the additional co-transfection of 5 ɛg of pCMV-BlaM-Vpr plasmid in 

a 10 cm dish. On Day 2, media was exchanged with fresh DMEM containing 7 mU/mL 

bacterial neuraminidase. On this day, target cells were seeded into a 96-well clear-bottom 

polystyrene plate (Corning #3903) with 100 ɛL/well of target cells at 50,000 cells/well. 

On Day 3, viral supernatant was harvested and filtered through a 0.45 ɛm filter to remove 

cellular debris. 

Infection was performed following the protocol set forth by the Greene Lab.93,97 

Briefly, target cells were cooled on ice for three minutes, and then media was aspirated. 

Cells were infected with a titration of viral supernatant and spinoculated at 3700 rpm for 

thirty minutes at 4°C. Cells were then cooled again, and wells were washed with 100 ɛL 
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of cold HBSS. 50ɛL of cold phenol red-free complete media was added to each well and 

the plate was incubated at 37°C, 5% CO2 for 90 minutes. 

Using the LiveBLAzer FRET ï B/G Loading Kit with CCF4-AM (Invit rogen), 

cells were incubated with Solution 1 or Solution 3 per experimental condition overnight 

at 11°C. The next morning, fluorescence intensity at 400 nm excitation and 460 nm and 

528 nm were read using the BioTek Synergy H1 plate reader. Degree of fusion, as 

measured by the degree of delivery of beta lactamase and loss of FRET, was calculated as 

a function of the ratio 450 nm to 520 nm fluorescence signal (Fig. 2.1). Results are 

displayed as a response ratio (RR) of FRET signal divided by background. This assay 

was developed by Warner Greene. 

 
Figure 2.2. The BlaM-Vpr infectivity assay. A schematic overview of the BlaM-Vpr 

assay. Delivery of beta-lactamase enzyme leads to the cleavage of a fluorescent substrate, 

which is detected via plate reader. Reprinted with permission from Cavrois, M., De 

Noronha, C. & Greene, W. C. A sensitive and specific enzyme-based assay detecting 

HIV-1 virion fusion in primary T lymphocytes. Nat. Biotechnol. 20, 1151ï4 (2002). 
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2.8 Luciferase infectivity  assay 

HIV-Luc-H5 pseudoparticles were generated with co-transfection of viral 

envelope, pCMVȹR8.2 for the retroviral backbone, and pHRôCMV-Luc. In a 10cm dish 

of HEK293T cells, 0.5 ɛg of H5 plasmid, 5 ɛg of pCMVȹR8.2, and 5.5 ɛg of 

pHRôCMV-Luc were transfected. On Day 2, media was exchanged with fresh DMEM 

containing 7 mU/mL bacterial neuraminidase. On this day, target cells were seeded into a 

96-well clear-bottom polystyrene plate (Corning #3903) with 100 ɛL/well of target cells 

at 50,000 cells/well. On Day 3, viral supernatant was collected and filtered through a 0.45 

ɛm filter to remove cellular debris. Target cells were infected with a titration series of 

viral supernatant. 48 hr or 72 hr after infection, cells were lysed following the Promega 

Luciferase Assay System (Promega #E1500).  Bioluminescence was measured on a 

BioTek Synergy H1 plate reader, automated to dispense Luciferase Assay Reagent into 

each well.  

2.9 VSVȹG-GFP-GP pseudoparticle production 

HEK 293T cells at 80% confluency were transfected with 10 ɛg GPȹmuc plasmid 

in a 10 cm dish. Polyethyleneimine (PEI MAX, Polysciences 24765-1) was used for 

transfection at a mass ratio of 4:1 of PEI MAX  to plasmid DNA. 24 hours post-

transfection, cells were infected with VSVȹG-GFP-VSVG pseudoparticles (gift from 

Heldwein Lab, originally from Kerafast, EH1019-PM). Supernatant was collected 24 

hours post-infection, filtered through a 0.45 ɛm filter (ThermoFisher 09-720-005), and 

frozen in aliquots at -80°C. Bald particles were generated as described but with mock 

water plasmid transfection. 
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2.10 VSVȹG-GFP pseudoparticle infectivity assays 

Vero cells at 80% confluency in a 6-well plate were infected with 20 ɛL of 

thawed pseudoparticle supernatant diluted into 500 ɛL fresh media and incubated for one 

hour at 37°C. For that hour, the plate was gently agitated every 15 minutes to assist in the 

spread of pseudoparticles across the well area. 1 mL of fresh media was then added to 

each well and infection was allowed to proceed for a total of six hours. Cells were then 

collected by trypsinization and assayed for GFP expression using flow cytometry 

(MACSQuant Analyzer 10). Flow cytometry results were averaged across technical 

replicates and standard error was calculated across biological replicates. For plotting, data 

was normalized to an appropriate comparison condition. 

For pH neutralization assays, thawed pseudoparticle supernatant was exposed to a 

5-fold volumetric excess of low pH buffer for 30 minutes at 37°C, room temperature, or 

ice. Acidity was then neutralized by dilution into a ten-fold volumetric excess of DMEM, 

and pseudoparticles were used for infection immediately. For evaluation of glycan cap-

cleaved GPȹmuc, pseudoparticle supernatant was exposed to 250 ɛg/mL thermolysin 

(Promega V4001) for one hour at 37°C before manipulation or infection. For evaluation 

of GPȹmuc-HRV3C, pseudoparticles were exposed to 1U/mL HRV3C protease for 1 

hour at 37°C before infection. 

2.11 Production and labeling of pseudovirus for smFRET 

HIV-1 pseudovirus for smFRET was produced as GagPol particles, with the 

transfection of an empirically determined ratio of wild-type construct to smFRET-

modified construct on the GagPol HIV-1 backbone. Depending on requirements for 

amber stop suppression, PylRS plasmid was included during transfection, and non-
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canonical amino acid (NCAA) was added during transfection and supplemented on the 

second day of transfection.  

On day 3 post-transfection, viral supernatant was collected, filtered through a 0.45 

ɛm filter, and spun down at 35,000 RPM for 2 hr at 4°C. Supernatant was discarded and 

the viral pellet was resuspended in 500 ɛL PBS supplemented with 10mM MgOAc. Virus 

was incubated overnight at room temperature with 0.5 ɛM each of fluorophores LD550 

and LD650 (Lumidyne Technologies) conjugated to coenzyme A (CoA; Millipore 

Sigma) and 5 ɛM of the labeling enzyme Acyl carrier protein synthase (AcpS).87,88 

DSPE-Biotin lipid was then added to the labeling reaction at 0.2 ɛg/ɛL and incubated for 

30 minutes at room temperature with rotation. Free dye was purified away from virus by 

gradient purification over a 6-30% OptiPrep gradient, at 35,000 RPM for 1 hr at 4°C. The 

gradient was manually fractionated, and virus-containing fractions were identified by 

western blot. Pseudovirus was then aliquoted and frozen at -80°C.  

2.12 GPȹTM expression in HEK 293T cells 

HEK 293T cells at 60-80% confluency were transfected with 100 ɛg of plasmid 

and 300 ɛg of PEI MAX. 100 ɛg of GPȹTM plasmid in 5 mL OptiMEM was mixed with 

300 ɛg of PEI in 5 mL OptiMEM, incubated for 30 minutes, and added to each flask. 

Transfection proceeded for five days, after which supernatant was collected and filtered 

through 0.45 ɛm filters (ThermoFisher 09-720-005). Ni-NTA purification was performed 

on the filtered supernatant. 

2.13 Protein production in HEK 293F cells 

FreeStyle 293F cells at 2 x 106 cells/mL were transfected with 1.5 mg GPȹTM 

plasmid in a 500 mL culture. 1.5 mg of GPȹTM plasmid was diluted into 3 mL of 
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FreeStyle 293 Expression Medium and 4.5 mg of PEI MAX was diluted into 9 mL of 

FreeStyle 293 Expression Medium. Diluted plasmid and PEI were combined and allowed 

to incubate for 15 minutes at room temperature. 250 mL of FreeStyle 293F cells at 2 x 

106 cells/mL was pelleted at 400 xg for 5 minutes and resuspended in fresh FreeStyle 293 

Expression Medium. Transfection mixture was added dropwise to cells. The next day, 

250 mL fresh FreeStyle 293 Expression Medium was added supplemented with valproic 

acid to a final concentration of 2.2 mM in the 500 mL culture. At 6 days post-

transfection, supernatant was collected by spin centrifugation and subsequent 0.45 ɛm 

filtration. Protein was purified through a two-step process with Ni-NTA purification 

followed by size exchange chromatography as described below.  

2.14 GPȹTM labeling for smFRET studies 

Following Ni-NTA purification, protein destined for smFRET studies was 

exchanged into PBS supplemented with 10mM MgOAc using Vivaspin 10K 

concentrators (Sartorius VS0601). Protein was incubated overnight at room temperature 

with 5 ɛM each of fluorophores LD550-CoA and LD650-CoA and 5 ɛM of the labeling 

enzyme AcpS.87,88 Labeled protein was purified away from free dye and enzyme via size 

exclusion chromatography as described below.  

2.15 Ni-NTA purification of His -tagged protein 

PerfectPro Ni-NTA Agarose beads (PRIME GmbH) was prepared in a Bio-RAD 

Econo-Column and washed with 5x column volumes of deionized water and 5x column 

volume of PBS. Filtered cellular supernatant was passed over the column 3-5 times via 

gravity flow at room temperature, or supernatant was allowed to recirculate over the resin 

overnight at 4°C via peristaltic flow. Following protein binding, resin was washed with 
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15x column volumes of imidazole wash buffer (50 mM imidazole, 50 mM KH2PO4, 300 

mM NaCl, 0.05% Tween20, pH 8) and eluted with 5x column volumes of imidazole 

elution buffer (250 mM imidazole, 50 mM KH2PO4, 300 mM NaCl, 0.05% Tween20, 

pH 8). Purified protein was concentrated and exchanged into PBS using Vivaspin 

centrifugation and either frozen or used in subsequent purification steps. 

2.16 Size-exclusion chromatography of protein 

A Superdex 200 Increase 10/300 GL column (GE Healthcare) was prepared for 

size-exclusion chromatography (SEC) by equilibration into PBS on a GE AKTA Pure 

Protein Purification System. Ni-NTA-purified protein was loaded into an injection loop 

and sample was flowed at 0.75 mL/min, with 1.5 mL fractionation. Fractions containing 

GPȹTM were identified by chromatography and SDS-PAGE, pooled and concentrated to 

1-2 mg/mL using Vivaspin concetrators. Concentration was measured across a dilution 

series using 280 nm absorbance on a Nanodrop. Aliquots were flash-frozen in liquid 

nitrogen and stored at -80°C. 

2.17 smFRET imaging 

smFRET constructs were immobilized on a functionalized quartz slide either 

using biotin-streptavidin affinity (for pseudovirus) or using Ni-NTA affinity (for protein). 

For immobilization of pseudovirus, a sandwich of biotin-PEG on the slide surface, 

blocked streptavidin, and biotin-DSPE within the viral membrane was assembled. For 

immobilization of protein, a sandwich of biotin-PEG on the slide surface, biotin-NTA, 

and 6xHis at the C-terminus of the protein construct was assembled. Imaging was 

performed using wide-field prism-based TIRF with a 532-nm wavelength laser 

(Coherent, Santa Clara, CA, USA) (Fig. 2.2). All protein constructs were imaged at 5nM. 
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smFRET data was acquired at room temperature using ɛManager software for 500 frames 

at 25 frames/s (40 ms exposure).98 For low-pH imaging, GPȹTM was immobilized at 

neutral pH, and then exposed to low pH for five minutes prior to imaging. All imaging 

was performed in phosphate or acetate buffer, depending on desired pH, containing 

triplet-state quenchers 1mM cyclooctatetraene (COT; Millipore Sigma 138924), 1mM 

(±)-6-hydroxy-2,5,7,8-tetramethylchromane-2-carboxylic acid (Trolox; Millipore Sigma 

238813), and1mM 4-nitrobenzyl alcohol (NBA; Millipore Sigma N12821) to attenuate 

blinking and photobleaching.99 Also included in imaging buffer was oxygen scavenging 

system 2mM protocatechuic acid (PCA; Sigma-Aldrich) / protocatechuate-3,4-

dioxygenase (PCD; Sigma-Aldrich).99 Prior to imaging, GPȹTM smFRET constructs 

were treated overnight with 1U of furin protease (NEB P8077S) to remove residual GP0. 

Glycan cap-cleaved GPȹTM-HRV3C constructs were imaged following overnight 

cleavage with 1 unit of HRV3C Protease in 1X HRV3C Reaction Buffer (Pierce 88946). 

Figure 2.3. Acquisition, 

analysis, and presentation of 

smFRET data. a, Prism-

based TIRF was used to create 

the evanescent field for donor 

dye excitation. Emitted light is 

detected at 550 nm (donor) 

and 650 nm (acceptor) and 

particles are detected from 

movies using SPARTAN 

software. Flow cells are 

prepared on functionalized quartz slides. b, (Top) Raw donor and acceptor fluorescence 

traces extracted from smFRET movies, (Bottom) Calculated FRET trace overlaid with 

idealization after HMM. c, (Left) Population FRET histogram of raw FRET traces 

summed over acquisition window. Gaussian distributions overlaid and fit at each FRET 

state as determined by HMM. (Right, top) State occupancy histogram. (Right, bottom) 

Transition density plots displaying the relative frequencies of observed transitions 

generated from idealizations of individual FRET trajectories. 
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2.18 Analysis of smFRET data 

smFRET data was processed and analyzed using the SPARTAN software package 

(https://www.scottblanchardlab.com/software) in MATLAB (Mathworks). Briefly, 

fluorescent particles were detected within acquired movies by identifying and aligning 

point spread functions (PSFs) between donor and acceptor channels. Fluorescence traces 

were extracted by integrating pixels around each PSF and smFRET trajectories were 

identified from those traces according to thresholds of FRET lifetime, correlation 

coefficient between donor and acceptor signals, signal-to-noise ratio, background noise, 

donor fluorescence blinks, and minimum acceptor intensity. To define a model describing 

the behavior of the ensemble of particles, Hidden Markov Modeling (HMM) was 

performed with the segmental k-means algorithm, with correction of the maximized log-

likelihood for different numbers of model parameters using the Akaike information 

criterion.100ï102 Observed smFRET trajectories were idealized to states within the model 

using the segmental k-means algorithm. 

To generate population FRET histograms, raw smFRET trajectories were summed 

over the observation window, and Gaussian distributions with means reflecting the model 

states of HMM analysis were overlaid (Fig. 2.2).  

FRET state occupancy histograms were generated by bootstrapping from 

idealized traces and standard errors of the mean occupancy of each state for each trace. 

Results were plotted as bar plots representing occupancy averages with standard errors as 

error bars (Fig. 2.2, Appendix 6.1).  

Transition density plots (TDPs) displaying the relative frequencies of observed 

transitions were generated from idealizations of individual FRET trajectories. TDPs read 

https://www.scottblanchardlab.com/software
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as heat maps, with initial FRET state on the x-axis and final FRET state on the y-axis. 

Also displayed are the number of transitions per second, a measure of overall kinetics 

(Fig. 2.2). Quantification of transition rate was performed using the SPARTAN software 

suite, in which model rates were fit to idealized traces using Maximal Interval Likelihood 

criteria.  

2.19 Statistics 

Flow cytometry data quantifying EGFP expression in infected cells were averaged 

across technical replicates, and standard error was calculated across biological replicates. 

Error bars reflect standard error of means. For plotting, data was normalized to an 

appropriate comparison condition. 

Statistics on single-molecule FRET data was quantified through bootstrapping of 

idealized FRET traces to extract state occupancy and standard errors.  Results were 

plotted as bar plots representing occupancy averages with standard errors as error bars 

(Appendix). Statistical significance was determined using one-way analysis of variance 

(ANOVA). In all figures, asterisks reflect results of multiple pairwise comparisons of 

group means for between-group variance using Tukeyôs honestly significant difference 

criterion. * = p < 0.05, ** = p <0.01, *** = p < 0.001. 

2.20 Contributions to this chapter 

Figure 2.1 was reprinted with permission from Cavrois, M., De Noronha, C. & 

Greene, W. C. A sensitive and specific enzyme-based assay detecting HIV-1 virion 

fusion in primary T lymphocytes. Nat. Biotechnol. 20, 1151ï4 (2002). All panels in 

Figure 2.2 were created by me, and it reflects data that I collected on the soluble GP 

ectodomain (GPȹTM).  
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3. Conformational dynamics of the HA head domain 

3.1 Introduction  

The following sections detail my attempts to develop an smFRET construct of 

influenza hemmaglutinin that would report on the conformational dynamics of the HA1 

head domain. My goal was to study how HA uncaging is tied to fusion triggering, and 

how perturbations like the binding of sialic acid or the binding of head-reactive 

neutralizing antibodies influence HA1 motion (discussed in Chapter 1). As outlined 

below, this work began with creation of four candidate smFRET constructs designed to 

report on the HA head domain and languished for multiple years before I was able to 

successfully create fusion-competent HIV pseudotypes bearing HA. I was able to perform 

preliminary imaging of one head domain reporter smFRET construct, but infectivity data 

later demonstrated that the modifications required for fluorescent labeling had rendered it 

insufficiently fusion-competent.  At this point, the strategic choice was made to modify 

my goals to include the study of an smFRET construct that would report on HA2 stalk 

domain conformational dynamics (outlined in section 3.2). 

3.2 Construction and validation of HA head domain smFRET construct 

Single-molecule FRET requires the labeling of target macromolecule(s) with 

fluorescent dyes capable of successfully achieving intermolecular dipole-dipole coupling 

(i.e. a FRET pair). A standard FRET pair used in smFRET studies is Cy3 and Cy5, which 

are cyanine dyes with excitation/emission of 550/570 (Cy3) and 650/670 (Cy5), as donor 

and acceptor, respectively.103 For our purposes, we use LD550 and LD650, analogs of Cy3 

and Cy5, respectively, that have covalently attached triplet-state quenchers to increase 

fluorescence lifetime and stability (see Materials and Methods). The fluorescent labeling 
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of proteins can be achieved with the insertion of specific polypeptide sequences, called A1 

and A4, that are recognized by bacterial phosphopantetheinyl transferases such as Sfp from 

B. subtilis and AcpS from E. coli. These enzymes transfer CoA-conjugated fluorophores 

to the third serine residue in the target peptide sequence with high substrate specificity, 

allowing for the labeling of multiple sites in one reaction vessel.87,88 

To create an smFRET construct to report on HA head domain motion, I used 

overlap extension PCR to insert the A1 peptide sequence (GDSLDMLEWSLM) into five 

candidate sites in the A/Vietnam/1203/2004 H5N1 HA protein (VN04 H5) (Fig. 3.1). This 

protein was chosen as it is a highly-pathogenic influenza strain that is currently threatening 

pandemic in Southeast Asia. In addition, it contains the polybasic furin cleavage sequence 

that drives the maturation of HA0 to HA1/HA2 to near-completion in cell culture 

models.104 It also has been shown to successfully pseudotype onto the HIV-1 core, which 

is the standard viral core used for smFRET experiments due, in part, to its propensity for 

recruiting a low number (~12) of protein trimers to each virion.77,104 This propensity 

facilitates the stoichiometric dilution of tagged protein with wild-type protein to create 

singly-labeled virus for smFRET (see Methods and Materials). 

The A1 peptide sequence is recognizable by E. coli AcpS, which site-specifically 

conjugates a CoA-linked dye to the first serine residue in the A1 sequence.87 Thus, four 

candidate smFRET constructs were created to report on HA1 head domain uncaging. One 

site was inserted in the HA1 head domain and four sites were placed in the HA2 stalk 

domain (Fig. 3.1). In HA1, site Glutamine 78 was chosen away from the receptor-binding 

domain in a non-conserved region of the head domain. In HA2, sites were chosen at 

residues that do not undergo significant translocations in the post-fusion structure and 
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retain disordered three-dimensional structures in both pre-fusion and post-fusion (they do 

not incorporate into an a-helix or b-sheet). Non-conserved sites were selected, as they are 

less likely to be critical to HA function. This labeling strategy was expected to report on 

HA1 head domain motion relative to a relatively stationary locus within the HA2 stem, 

with a hypothesized low FRET efficiency in the pre-fusion state that I hypothesized would 

rise as the head domain uncages (Fig. 3.1). 

Figure 3.1. Peptide insertion sites in HA monomer crystal 

structure. Four dye insertion site pairs have been constructed 

in HA. One site has been placed in the HA1 head domain (red) 

at E78 (green), and four have been placed in the HA2 stalk 

domain (blue): D37, R127, K143, and D158 (yellow). 

Permutations of these labeling sites have thus yielded four 

double-tagged constructs. PDB 2FK0.80 

 

 

 

 

 

 

 

 

 

 

 

3.3 Functional assessment of HA head domain constructs 

The functional assessment of these four candidate smFRET constructs was to be 

performed using cell-based infectivity assays. Viral infectivity assays with pathogenic 

viruses require the generation of pseudovirions or pseudoparticles, which undergo many 

steps of viral infection but lack the genes necessary to form infectious progeny. Retroviral 

pseudotypes can be created through the transfection of retroviral core-encoding genes (e.g. 

HIV-1 gag) alongside viral proteins of interest (e.g. HA). The components assemble in 

trans, producing pseudovirions with a retroviral core that bear any other proteins of interest 



69 

 

whose genes have been co-transfected. To this end, I first pseudotyped H5 on a retroviral 

core using the plasmid HIV-GagPol, a gift from the Walter Mothes Lab at Yale. During 

this time, I also created a non-furin cleavable HA mutant in which the furin cleavage site 

is deleted (H5ȹCS) to use as a non-infectious negative control for pseudoviral infectivity 

assays.  

What became clear early on is that even though VN04 H5 bears the polybasic furin 

cleavage sequence, the transfection of VN04 H5 still produces some amount of non-

functional HA0 (Fig. 3.2) To address this, I explored ways in which the co-transfection of 

cellular proteases human airway tryptase (HAT) and furin could reduce the amount of non-

functional HA0 on the pseudoviral surface. I also explored how exogenous trypsin 

treatment of pseudotypes could drive the maturation of HA0 forward. This pseudotyping 

was successful, and I found that the co-transfection of either human airway tryptase (HAT) 

or furin protease alongside H5 drove the HA0 cleavage reaction to near completion (Fig. 

3.2) 

 
Figure 3.2. Successful pseudotyping of HA and HA0 on pseudoviral surface. Co-

expression of protease with less transfected DNA yields more effective cleavage in trans. 

HA is synthesized as an inactive precursor (HA0) that is cleaved by proteases in the 

trans-Golgi into disulfide-linked HA1 and HA2. Pseudovirus with fully cleaved, wild-

type HA has been created. The use of human airway trypsin (HAT) protease or furin 

protease in trans drives HA cleavage to completion. 
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Towards the goal of establishing H5 pseudotype functionality, I first employed the 

BlaM-Vpr assay, an assay published by the Warner Greene lab in 2002 and shown in 

Figure 2.1 (see Materials and Methods).93 In Warner Greeneôs assay, a fusion construct 

of beta-lactamase (BlaM) and Vpr, an HIV nuclear import protein that gets packaged 

during assembly, is transfected alongside HIV core and the glycoprotein of interest when 

producing pseudoparticles.93 The resulting pseudovirions thereby carry protein copies of 

BlaM within the viral core. When exposed to target cells that have been pre-loaded with a 

synthetic intra-molecular FRET substrate, these pseudovirions deliver BlaM-Vpr, which 

cleaves the substrate at a beta-lactam ring. This cleavage event causes a loss of FRET and 

can be monitored via spectroscopy. Thus, this scheme presents a spectroscopic read-out for 

viral fusion.  

I was successfully able to create pseudoparticles bearing H5, with a p24 HIV 

(GagPol) core, and BlaM-Vpr (Fig. 3.3). While this assay is reported to be robust, however, 

I found it technically difficult to perform, with multiple incubation steps at multiple 

temperatures and the use of a proprietary kit whose components were hard to understand. 

Although I performed the assay several times, my results using wild-type H5 were hard to 

reproduce, and only sometimes displayed any signal at all. Figure 3.4 shows the results 

from one such attempt, where a viral titration produced an inverted signal by BlaM-Vpr 

assay, in which more virus led to less infectious signal, and another attempt where no signal 

was seen on any H5 pseudotype. The positive control of VSV-G-bearing pseudotypes, 

however, often displayed a high infection signal. VSV-G is a highly fusogenic viral 

envelope glycoprotein. 
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Figure 3.3. Successful pseudovirus production with gagpol, HA, and BlaM-Vpr 

constructs.  HA-pseudotyped retroviral vectors were produced by 293T cells co-

transfected with Lipofectamine and the following plasmids: 0.5ɛg HA construct (VN04 

H5), 5ɛg retroviral backbone (HIV gagpol) and 5 ɛg BlaM-Vpr fusion construct 

(pCMV_BlaM-Vpr, Warner Greene). At 18hr post-transfection, cells were fed fresh 

medium containing 7mU/mL of bacterial neuraminidase from Vibrio cholera to induce 

the release of HA-pseudovirions from the cell surface. Supernatants were collected 48hr 

post-transfection, filtered through 0.45ɛm filters, pelleted at 20,000xg for two hours, 

resuspended in LDS sample buffer containing 10% ɓ-ME, and boiled for five minutes at 

95°C. Western blot was performed using anti-H5 mouse mAb (Abcam, ab135382), anti-

HIV p24 mouse mAb, and anti-BlaM mouse mAb (QED Biosciences, 15720) and 

detected by chemiluminescence ECL. 

 

 
Figure 3.4. Attempts of BlaM-Vpr Assay using HIV -BlaM-Vpr -H5 pseudoparticles. 

Left, A dilution series of H5 pseudovirions were assayed for fusogenicity. A dilution 

series of VSV-G pseudovirions was included as a positive control. Vertical axis shows 

the signal, calculated as a ratio between blue and green fluorescence (FRET signal) and 

displayed as a fold-change over background controls (Response Ratio, RR), and the x-

axis reflects conditions and level of concentration above supernatant. Right, results of 

infectivity using wild-type H5 and mutants, with numbers reflecting A1 and A4 insertion 

sites, with VSV-G pseudotyped positive controls and bald (Gag) negative controls. 
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Repeated failures with the BlaM-Vpr assay, as well as a general unfamiliarity with 

the assay within the lab, led me to adopt a luciferase-based assay which our post-doc 

Natasha Durham had already successfully used for querying the infectivity of wild-type 

and mutant EBOV GP pseudotypes (See Materials and Methods). This assay utilizes a 

pseudoparticle backbone vector, pCMVȹR8.2, which has the CMV promoter driving the 

expression of the HIV provirus with env and Vpu deleted. The packaging signal us also 

deleted, and a polyA site replaces the 3' LTR to prevent packaging, reverse transcription, 

and integration of any transcripts from this plasmid. Another plasmid, transfer vector 

pHRôCMV-Luc, contains a HIV sequences required for packaging, reverse transcription, 

and integration, with a firefly luciferase gene inserted after a CMV promoter on a Rev 

response element. Thus, the delivery of pseudoparticles containing these elements leads to 

the integration and expression of firefly luciferase, which can be detected by 

bioluminescence after incubation with luciferin substrate.104ï106 Additionally, this system 

had been shown to work with influenza HA pseudotypes bearing H1, H3, and the very 

same VN04 H5 that I was seeking to study.104 

Unfortunately, attempts at quantifying a luciferase signal with H5 pseudotypes also 

did not yield a signal (Figure 3.5). In each attempt, I tried modulating another variable, 

including factors like cell density, cell age, pseudoparticle age, relative amounts of 

transfected plasmid, and target cell identity. VSV-G-bearing positive control pseudotypes 

almost invariably yielded a very high signal, as did one attempt with Lassa virus (LASV) 

GP-bearing pseudovirions made by Uriel Bulow, but I never received an infectious signal 

from HA. 
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Figure 3.5. Six of many 

attempts at quantifying 

H5 pseudoparticle 

infectivity by luciferase 

assay. Above documents 

six separate attempts at 

quantifying H5 pseudotype 

infectivity. Vertical axis 

reflects luminescence 

signal from luciferin. 

Horizontal axes reflect 

viral samples, with óWTô 

reflecting wild-type HA, 

numbering reflecting A1 

and A4 insertion sites, 

VSV-G reflecting positive 

controls, and Gag 

reflecting bald virions as 

negative controls. 

 

 

 

Thus far, I had seen a consistent lack of functionality of HA pseudovirions across 

multiple assays, despite the ability to detect H5 on the pseudoparticle surface via western 

blot. At this point, I had spent two years in lab, and I put together three separate hypotheses 

as to why I was not seeing any functionality from H5 pseudotypes. Copied from a 

committee report from the Spring of 2018: 

¶ I am performing some sort of fatal error with infection. Given that all of my positive 

controls (VSV-G pseudotypes) have worked and that I have performed these assays 

dozens of times this seems unlikely.  

¶ My H5 pseudotypes somehow prevent formation or expansion of a full fusion pore.  

Full pore formation and viral gene delivery and integration are required for the 

Luciferase and BlaM-Vpr assays.  

¶ HA pseudotypes do not produce at a high enough titer for infectivity assays. This is 

a thought I had during Susan Danielôs talk last month to the Microbiology 

department. She showed some data showing that without neuraminidase (NA), 

hemagglutinin remains sequestered in the ER and does not efficiently traffic to the 

cell surface. 
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The suggestion of neuraminidase as a factor in HA function, inspired by a talk 

from Susan Daniel at Cornell, led me to wonder if there was something fundamentally 

wrong with the H5 pseudovirions themselves, as they did not bear both HA and NA as 

native influenza does. However, my resource on influenza pseudotyping, a publication 

from Carol Weissôs lab at the FDA, showed that influenza could be successfully 

pseudotyped onto HIV cores without neuraminidase and yield an infectious signal, by the 

same luciferase assay that I had attempted.104 All that was required for the liberation of 

HA pseudotypes from the producer cells was the supplementation of soluble 

neuraminidase in trans, which I added to the media on the second day of transfection. 

After many more attempts at trying to exactly reproduce the Weiss lab methods, I 

contacted Carol Weiss and asked them for a step-wise protocol, from pseudoparticle 

generation to the reading of luciferin bioluminescence. Russell Vassell, a microbiologist 

in the Weiss lab, generously responded with a full protocol, and even proofread my 

protocol to search for any inconsistencies. One seemingly minor fact he noted is that I 

was using soluble bacterial neuraminidase from Vibrio cholerae from Sigma-Aldrich 

with a different catalog number than that used by the Weiss lab. Russell contacted the 

original scientist within his lab who performed these assays, who then responded, ñthe 

other one from Sigma didnôt workò.  

Accordingly, we ordered the other neuraminidase used by the Weiss lab (Sigma 

N6514) and I repeated the luciferase assay. To my amazement, the simple change in 

neuraminidase yielded highly infectious H5 pseudovirions, with infectivity levels 

comparable to VSV-G pseudotypes (Fig. 3.6). It became clear that my previous failures 
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had been due to a simple reagent issue; for some reason the other neuraminidase was not 

active against sialic acid on the HEK293T cell surface to liberate H5 pseudovirions.  

This success was short-lived, however. To my dismay, one of the H5 head domain 

smFRET constructs which I had tested and already imaged (VN04 H5A1A1-Glu78-

Arg127) was two orders of magnitude less infectious than wild-type H5 (Fig. 3.6) 

Figure 3.6. H5-bearing HIV 

pseudovirions are infectious. 

Volumetric titrations of HIV 

pseudovirions bearing surface H5 

and an integratable luciferase gene 

on a rev response element were 

used to infect A549 cells. After 48 

hours, luciferase activity was 

assayed through the addition of 

substrate and querying of 

bioluminescence. VSV-G bearing 

pseudovirions were used as 

positive controls, and nude 

pseudovirions were used as a negative control. 

 

3.4 Imaging of HA head domain smFRET construct 

Simultaneous to my efforts in infectivity assays, I had decided to push ahead with 

the smFRET imaging of one of the four HA head domain smFRET constructs which I 

had generated. To this end, I produced, labeled, and purified pseudovirus bearing VN04 

H5A1A1-Glu78-Arg127 for analysis by smFRET (see Methods). This production involved 

the stoichiometric mixing of wild-type and tagged VN04 HA plasmids such that only one 

labeled trimer exists on each pseudovirions. This is required for single-molecule 

resolution under wide-field TIRF and can only be determined empirically by attempting 

multiple stoichiometries and counting dyes by the number of observed photobleaching 

events. For this preliminary test, I used a simple 1:1 ratio of tagged to wild-type plasmid.  
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As hypothesized, this preliminary data suggested that pre-fusion HA 

predominantly occupies a low-FRET state (~0.3), as the inter-dye distance for this 

labeling strategy was estimated to be large. The construct also appeared to sample 

intermediate (~0.6) and high-FRET (~0.8) states as well (Fig. 3.7). This data provided 

preliminary evidence that HA is indeed dynamic and does not occupy a static 

conformation, as held by prevailing models of HA function. Although promising, this 

data remained preliminary, as the dilution parameters between A1-tagged and wild type 

HA had to be optimized before definitive conclusions could be drawn.  

Figure 3.7. Conformational dynamics of a 

HA head domain reporter. Top, heat map 

showing average FRET signal over time, over 

all traces collected. Bottom, summed histogram 

of FRET occupancy  over all traces collected. 

At neutral pH, the HA1 head domain 

predominantly occupies a low-FRET state and 

samples higher states. A population density 

histogram and heat map are shown. 

 

Despite the somewhat promising results 

from this preliminary smFRET data, it was 

decided that this project should not continue for 

two main reasons. First, VN04 H5A1A1-Glu78-

Arg127 displayed significantly reduced 

infectivity as compared to wild-type VN04 H5, 

even when accounting for differences in expression and recruitment to the viral core. 

Second, the low-FRET pre-fusion conformation displayed by VN04 H5A1A1-

Glu78-Arg127 was expected for the post-fusion conformation, given the large inter-dye 

distance suggested by the crystal structure. It was possible, and in retrospect probable, 
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however, that head domain uncaging would increase the separation between the dyes and 

cause a reduction in FRET efficiency. This would be fatal, as a zero-FRET state cannot 

be readily distinguished from other zero-FRET states and photobleaching events. To pre-

empt this possibility, I explored an alternative labeling scheme in which two adjacent 

HA1 head domains in a trimer were labeled with a FRET pair. Under this labeling 

scheme, a pre-fusion caged conformation would likely report a very high FRET state, and 

uncaging would reduce the FRET value as the head domains separate, but would likely 

not reach zero-FRET until complete triggering to post-fusion. This dye placement 

strategy presents a unique technical challenge, however, as it requires that two labeled 

head domains are expressed within the same trimer on the surface of a pseudovirion, with 

no other labeled HAs present on the rest of the pseudovirion. (Fig. 3.8). 

Troubleshooting these issues was not seen to be a viable use of the rest of my time 

in lab. At this time in my training, our post-doc Dev Das had developed an smFRET 

construct in VN04 HA in which the two ends of the HA2 fusion subunit were labeled 

with fluorophores. My PI, my committee, and I decided that I should try to replicate some 

of Devôs data and then set about on 

a new set of aims using that 

construct. 

Figure 3.8. A proposed alternative 

labeling strategy to report on 

HA1 uncaging. HA crystal 

structure with proposed labeling 

sites (green). Arrows display hypothetical uncaging motion of the HA1 head domains. 

Labeling head domains of adjacent protomers could report on head domain separation 

during uncaging. This dye placement strategy would be difficult to achieve on 

pseudovirions, but would be more feasible on soluble trimer constructs. PDB 2FK0.80 
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3.5 Contributions to this chapter 

All data and figures presented in this chapter were generated by me. 
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4. Conformational dynamics of the HA stalk domain 

4.1 Introduction  

The following section details my attempts to use a previously-validated smFRET 

construct that reports on the conformational rearrangements of the HA2 stalk domain. 

This construct had been developed and used by post-doc Dibyendu (Dev) Das, and was 

thus anticipated to be readily implementable. With this construct, I hoped to study how 

different perturbations like sialic acid binding and nAb binding alter the pre-fusion 

dynamics of the HA2 stalk domain (discussed in Chapter 1). Unfortunately, I was unable 

to successfully implement this construct, as detailed below, and I then moved on to the 

study of EBOV. 

4.2 Design of the HA2 stalk domain smFRET construct 

With a new smFRET construct in hand, I set about attempting to recreate Devôs 

smFRET signal (Fig. 1.16) by producing the smFRET construct and imaging it through a 

pH series. My eventual goal with this construct was to study how stalk-reactive 

antibodies bind and neutralize the HA2 fusion machinery of HA. My hope was to report 

these findings to help inform the design of an HA2 vaccine antigen for the development 

of a universal influenza vaccine. 

The labeling strategy employed in this construct, VN04 H52xTAG-17-127, is distinct 

from that used in the head domain constructs. Instead of relying on the insertion of 

peptide sequences for the enzymatic labeling of serine side chains, the design of VN04 

H52xTAG-17-127 utilizes a different labeling strategy in which amber stop codons (TAG) are 

placed within the protein sequence at the desired labeling sites. Upon protein expression, 

supplementation with an orthogonal aminoacyl tRNA synthetase and tRNA contained 
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within the PylRS plasmid, as well as soluble NCAA in the form of the lysine derivative 

trans-Cyclooct-2-en-L-Lysine (TCO*A) , causes the incorporation of TCO*A into the 

peptide sequence at the desired labeling site. TCO*A contains a functional group to 

which tetrazine-conjugated dyes can be linked via copper-free click chemistry.84,90,91 The 

benefit to this labeling strategy is that it is thought to be less disruptive to protein 

function, as the replacement of a single amino acid is generally more tolerated than the 

insertion of an eight- or twelve-residue peptide sequence. The drawback to this labeling 

strategy is that read-through of the amber stop codon, even with supplementation of 

orthogonal aminoacyl tRNA synthetase, tRNA, and NCAA, is much lower than wild-

type. Nonetheless, Dev was able to successfully use this construct in his paper, and 

showed that VN04 H52xTAG-17-127 retains functionality by BlaM-Vpr assay.84 

VN04 H52xTAG-17-127 contains labeling sites within HA2 at position 17 within the 

fusion peptide proximal region and at position 127 within the relatively stable base of 

HA2 (Fig. 4.1). At pre-fusion, the close proximity of these dyes (~40 Å) predicts a high 

FRET value. In the post-fusion structure, inter-dye distance grows to 105 Å which, based 

on the dyes used, predicts a low FRET value. Thus, this construct reports on the 

conformational rearrangements of fusion from pre- to post-fusion within HA2. In his 

2018 paper, Dev successfully used this construct to explore a number of features of HA 

fusion triggering (discussed in Chapter 1).  

The logistical hurdles of deploying the VN04 H52XTAG=17-127, which Dev 

overcame during his time in the lab, involved expression read-through of TAG codons 

and the purification of virus away from free dye. By modulating TCO concentration and 

plasmid ratios, as well as using standard OptiPrep purification, Dev solved these issues. 
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Figure 4.1. smFRET scheme for visualization of HA stalk dynamics. a, viral particles 

containing a single trimer labeled at positions 17 and 127 in HA2 are immobilized via 

biotin-streptavidin interaction on a quartz microscope slide. Constructs were imaged 

under TIRF microscopy. b, Molecular models of VN04 H52xTAG-17-127 at pre- and post-

fusion (PDB 2FK0 and 1HTM). Reprinted with permission from Das DK, Govindan R, 

Nikic-Spiegel I, Krammer F, Lemke EA, Munro JB. Direct visualization of the 

conformational dynamics of single influenza hemagglutinin trimers. Cell. 2018:1-12. 

doi:10.1016/j.cell.2018.05.050 

 

4.3 Attempts at imaging VN04 H52xTAG-17-127 

Following Devôs guidance, I set about producing and imaging the HA2 stalk 

domain smFRET construct. This involved the generation of HIV pseudoparticles bearing 

a mixture of wild-type H5 and VN04 H52xTAG-17-127, click-chemistry labeling, and 

purification on an OptiPrep gradient.  

Initially, I imaged an smFRET sample which I produced, labeled, and purified 

myself (Fig. 4.2). I imaged the construct under wide-field TIRF microscopy under Devôs 

guidance. Upon imaging, we discovered a high level of background acceptor 



82 

 

fluorescence on the movies we collected, which Dev recognized as abnormal based on his 

experience. We tried re-making our imaging buffers, as fluorescence contamination in 

imaging buffer can cause non-specific signals, and tried buffers prepared by Dev, but the 

background fluorescence persisted. When we passed the images through the SPARTAN 

analysis software, the output was predominantly low FRET (Fig. 4.2). Upon consulting 

with James, we determined that this low FRET signal was likely a misinterpretation of 

background fluorescence by the SPARTAN software. Subsequently, I imaged one of 

Devôs frozen virus samples which he had prepared five months prior and saw a similar 

low-FRET predominance (Fig. 4.2). Persistent background acceptor fluorescence and 

overall low-FRET was observed both in fresh sample prepared by me and five month old 

frozen sample prepared by Dev. Dev and I concluded that the high background was due 

to the presence of free dye in my samples. This dye was either sticking to the slide or had 

incorporated into the viral membrane and its presence was misconstrued as a low FRET 

state by our software. We believed that the low FRET signal from Devôs old sample was 

due to degeneration of the sample from long-term frozen storage at -80̄ C.  

 
Figure 4.2. Initial imaging of VN04 H52xTAG-17-127. Heat map of FRET occupancy over 

time, reflecting all traces collected.  

 

I next imaged a slightly newer VN04 H52xTAG-17-127 prep made by Dev three 

months prior, with the hopes of recapitulating his high-FRET pre-fusion signal (Fig. 4.3). 
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With this exact prep, Dev had been able to carry out experiments on the pH dependence 

of H5. However, in my hands this construct also yielded a persistent level of background 

fluorescence, as well as a low-FRET state as computed by the analysis software. I 

concluded from this result that the labeled VN04 H52xTAG-17-127 construct is not stable at -

80̄ C for a period of 3 months, either due to the virus itself degrading, or due to dye 

degradation. 

 
Figure 4.3. Imaging of VN04 H52xTAG-17-127 prepared by Dev. Heat map of FRET 

occupancy over time, reflecting all traces collected. 

 

With this conclusion in hand, Dev and I made virus together, with each of us 

making a prep of VN04 H52xTAG-17-127. We spent three days making virus together, and 

then I imaged each sample. The only discrepancy between our preps was that we used 

different aliquots of TCO*A, the non-canonical amino acid that provides the dye labeling 

site. I used a TCO*A aliquot prepared by myself the previous week, and Dev used an 

older aliquot prepared by him within the previous month. This seems to have made a 

difference, as Devôs sample displayed more high-FRET signal than did mine. Regardless, 

both of our samples had significant low-FRET contamination, more so than was 

acceptable for adequate study (Fig. 4.4). This led me to the conclusion that the Cy3-

Tetrazine and Cy5-Tetrazine dyes had degraded. These dyes were purchased in January 
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2017 and were stored in DMSO at -20̄ C, which we believed to be stable storage, but our 

collaborators Ivana Nikic-Spiegel and Ed Lemke, who helped to develop the eukaryotic 

amber stop suppression system, later confirmed that the dyes are only stable for a few 

months in the freezer.89,91 Upon learning this, we ordered new dyes.  

 
Figure 4.4. Imaging of VN04 H52xTAG-17-127 made side-by side. Heat map of FRET 

occupancy over time, reflecting all traces collected. VN04 H52xTAG-17-127 samples were 

prepared side-by-side by Dev and myself. Horizontal axis reflects time in seconds. 

 

Once we received new dye, I made VN04 H52xTAG-17-127 virus again, and, 

following Devôs advice, also performed a two-step purification which involves a second 

spin through a sucrose cushion after the labeling reaction. This second spin was intended 

to remove excess free dye, and extends the labeling protocol by two hours but still keeps 

it to a one-day process. In addition, I used a different batch of TCO*A that was made 

more recently. With this prep, I was finally able to partially recapitulate the pH 

dependence of H5, as pH causes a decrease in high-FRET occupancy and an increase in 

low-FRET occupancy (Fig. 4.5). However, I continued to see a persistent high-FRET 

state at low pH, which was not observed by Dev previously. In Devôs hands, exposure to 

pH 5.6 elicited a complete transition from high to low-FRET. We hypothesized that the 

persistent high-FRET state that I observed was in some way due to background noise 
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from the dye. In addition, Dev noticed that there was more background fluorescence in 

the acceptor channel than he was used to seeing. 

 
Figure 4.5. VN04 H52xTAG-17-127 responds to acidification but high-FRET persists. 

Heat map of FRET occupancy over time, reflecting all traces collected. Virus was 

prepared under Devôs guidance. Horizontal axis reflects time in seconds. 

 

To address this issue, we pursued two simultaneous strategies. First, we decided 

to use new dye that was more hydrophilic, and therefore less likely to associate with the 

viral membrane within our smFRET prep. The dyes that we previously used for click-

chemistry labeling of non-canonical amino acid were Cy3-Tetrazine and Cy5-Tetrazine 

(Fig. 4.6). Dev had success with these dyes during his study of HA, but we also noticed 

some low-FRET contamination in his preps (as shown above) as the dye began to 

degrade during -20̄ C storage. Furthermore, these dyes are hydrophobic, which increased 

the possibility of their non-specific insertion into the viral membrane. Cy5, specifically, 

is more hydrophobic than Cy3 and we correspondingly saw higher background in the 

Cy5 channel than in the Cy3 channel. The solution to this problem was to use hydrophilic 

dyes manufactured by Lumidyne (LD550 and LD650). These dyes are based on Cy3 and 

Cy5 and contain additional charged side groups to reduce their overall hydrophobicity. 

Other members of our lab use LD550/LD650 in their CoA-conjugated forms for on-virus 
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smFRET. In Jamesôs previous experience, switching from Cy3/Cy5 to LD550/LD650 for 

on-virus smFRET had caused up to a 90% reduction in background fluorescence. 

Accordingly, we ordered these dyes custom manufactured as tetrazine conjugates for use 

in click-chemistry labeling. 

 

Figure 4.6. Tetrazine-conjugated dyes. Cy3-Tetrazine (left) and Cy5-Tetrazine (right).  

 

The second method I pursued was the use of new neuraminidase that liberates 

virus from the cell surface more efficiently. Use of this new neuraminidase promised to 

boost the titers on my imaging preps and increase the signal-to-noise ratio of my samples, 

although Dev had used the older, seemingly inactive neuraminidase for preparation of his 

virus. The discovery of this neuraminidase was discussed in Chapter 3.12.  

Unfortunately, neither of these interventions led to success. I was unable to 

reproduce even the modest signal that I had previously achieved - the assay repeatedly 

yielded a low-FRET signal at neutral pH. At this point, after repeated failed attempts to 

recreate the VN04 H52xTAG-17-127 fusion signal, this project was abandoned. 

4.4 Contributions to this Chapter 

All data and figures in this chapter were generated by me, unless otherwise 

specified. 
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5. Conformational comparison of EBOV GPȹmuc and GPȹTM 

5.1 Introduction  

During the time of my efforts in IAV HA, parallel efforts in the lab on EBOV GP 

were raising scientific questions that demanded more attention (detailed below). 

Specifically, we had the beginnings of a story outlining the conformational dynamics of 

EBOV GPȹmuc on the pseudoviral surface. At the core of their findings was an 

indication that published GP crystal structures did not convey the complete 

conformational picture of GPȹmuc on the pseudoviral surface. smFRET studies on the 

soluble ectodomain of GP were warranted to fully develop this story. 

My new project on EBOV GP came out of work being done by post-doc Natasha 

Durham, senior student Angela Howard, and PREP scholar Fernando Senjobe. Together, 

they had generated convincing smFRET data showing that EBOV GP is dynamic, 

conflicting with evidence supported by published static GP crystal structures (discussed 

in Chapter 1.6). Natasha and Angela developed and validated an smFRET construct of 

pseudovirion-bound EBOV GPȹmuc in which A1 and A4 peptides for dye labeling were 

inserted at the N-termini of GP1 and GP2 (Fig. 5.1). This labeling strategy was designed 

to report on motions between the IFL and the GP1 head domain, and thereby thought to 

reflect fusion-related conformational changes. Based on a 50 ns molecular dynamics 

simulation trajectory generated by James, the inter-dye distance predicted by the GP 

crystal structure was 30 Å (Fig. 5.1). With the LD550 and LD650 dyes used for the 

labeling of GPȹmuc, a 30 Å inter-dye distance should display a high-FRET state. While 

FRET state is not entirely dependent on inter-dye distance, we felt confident that this 30 

Å separation would faithfully report high-FRET. 
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Figure 5.1. Fluorescent labeling of GPȹmuc for smFRET. A1 and A4 peptide 

sequences were inserted at the N-termini of GP1 and GP2, respectively, to report on 

movement of the EBOV GP IFL. Left, surface rendering of EBOV GP (PDB 5JQ3) with 

fluorophores attached. 30Å inter-dye distance is highlighted. Right, MD simulation of 

fluorescently-labeled GPȹTM predicts and inter-dye distance of 30Å over a 50-ns 

trajectory. Adapted with permission from Durham, N. D. et al. Real-Time Analysis of 

Individual Ebola Virus Glycoproteins Reveals Pre-Fusion, Entry-Relevant 

Conformational Dynamics. Viruses 12, 103 (2020). Panel was cropped from Figure 1 of 

the paper. 

 

At pre-fusion, this construct displayed three distinct FRET states ï low- (0.28 ± 

0.07), intermediate- (0.50 ± 0.08), and high-FRET (0.73 ± 0.08) (Fig. 5.2, panel B). Thus, 

it was apparent that GPȹmuc is capable of sampling conformations other than that 

displayed by published crystal structures. While the high-FRET state could be attributed 

to the crystallized conformation, the identities of the low and intermediate FRET states 

were unknown. 

In continuing her work, Angela generated strong data showing that the glycan cap 

cleavage of GPȹmucA1A4 selectively enriched the intermediate-FRET state over the high 

and low FRET states, and that the binding of NPC1 further stabilized that conformation 

(Fig. 5.2). This indicated that glycan cap cleavage and the binding of receptor induce 

conformational changes in GP, altering the energy landscape away from the crystallized 

conformation. Taken another way, her result suggested that the published crystal 

structures of GP following cap cleavage are inaccurate. This suggestion made intuitive 

sense, as removal of the GP glycan cap is an activating event for fusion triggering. 
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Figure 5.2. EBOV GPȹmuc responds conformationally to cap cleavage and NPC1 

binding. a, Surface immobilization of EBOV GPȹmuc pseudoparticles on streptavidin-

coated quartz slides for TIRF microscopy. b, (Left) Structure of GPȹmucA1A4. 

(Left/Center) Representative fluorescence trace (top) showing fluorescence intensities 

over time of donor (green) and acceptor (red) fluorophores. Corresponding FRET 

trajectory (bottom) with idealization from HMM analysis. (Right/Center) Population 

FRET histogram for GPȹmucA1A4 with overlaid Gaussian distributions reflecting HMM 

analysis means. (Right) Transition density plot showing relative frequencies of observed 

transitions between idealized FRET states. c, smFRET results shown for glycan cap-

cleaved GPȹmuc. d, smFRET results shown for glycan cap-cleaved GPȹmuc bound to 

NPC1. Reprinted with permission from Durham, N. D. et al. Real-Time Analysis of 

Individual Ebola Virus Glycoproteins Reveals Pre-Fusion, Entry-Relevant 

Conformational Dynamics. Viruses 12, 103 (2020). 

 

Another fallout of this data is the indication that the intermediate FRET state of 

GPȹmucA1A4 represents a functionally primed, fusogenic conformation. As this 

conformation is not reflected by published structures, its three-dimensional 

characterization was an unrealized goal for the field. Methodologically, this could most 

easily be achieved through cryo-EM, as advanced single-molecule cryo-EM methods are 

capable of identifying conformational sub-populations in a protein sample, and does not 

rely on the crystallization process to isolate a dominant conformation.107 Unfortunately, 
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this would most feasibly be facilitated by using ectodomain constructs of GPȹTM, as 

cryo-EM on the viral surface is not as well-established. The inherent conundrum to this is 

that the inaccuracy of published structural data may lie in the use of GPȹTM in those 

studies, as GPȹTM may not faithfully replicate the cleaved and receptor-bound 

conformations of EBOV GP. Thus, the need to characterize the conformational dynamics 

of GPȹTM prior to its use in future cryo-EM studies became apparent. 

Additional work by Natasha queried whether neutralizing antibodies remodel the 

conformational landscape of GP to prevent access to the fusion-associated intermediate 

FRET conformation. In particular, antibodies with binding epitopes proximal to the 

fusion loop of GP were studied. Her work showed that the binding of neutralizing 

antibodies to EBOV GP shifted the equilibrium away from the intermediate-FRET 

conformation, enriching high- and/or low-FRET states instead. This suggested a potential 

conformational mechanism of action 

for these antibodies (Fig. 5.3).51 

 

Figure 5.3. EBOV GPȹmuc 

responds conformationally to nAb 

binding. a, Base-binding nAbs 

KZ52, c2G4, c4G7, and ADI-15946 

promote the adoption of low and 

high FRET states. b, Base-binding 

nAbs that contact the GP2 fusion 

loop and adjacent GP1 protomer 

promote the high FRET state. c, 

Glycan cap-binding antibody ADI-

15750 promotes low FRET, and d, 

GP2 stalk-binding antibody 

promotes both low and high FRET. 

All imaging was performed with 

antibody concentration of 15 ɛg/mL 

unless otherwise indicated. 
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This data convincingly reported that EBOV GP is conformationally dynamic, and 

responds to glycan cap cleavage, receptor binding, and antibody binding through 

conformational changes. My role in this new project was to attempt to make those similar 

evaluations within the GPȹTM ectodomain. In the end, the work outlined in the rest of 

the chapter, along with the work from Natasha, Angela, and Fernando outlined above, 

was assembled and published in the January 2020 edition of Viruses.51 

5.2 Design of GPȹTM smFRET construct 

My first task in the study of EBOV GP was to explore differences in 

conformational dynamics between the GPȹTM ectodomain and transmembrane-intact 

GPȹmuc. The choice to work with GPȹTM as opposed to membrane-bound GPȹmuc 

arose out of the discrepancy between the structural data detailed in Chapter 1.6, which 

paint a picture of a static, conformationally-silent GP, and our conflicting dynamics 

observations by smFRET. All published structures of EBOV GP, whether obtained 

through X-ray crystallography or cryo-EM, were generated using constructs of the GP 

soluble ectodomain (Table 1.1), whereas the smFRET assays had been performed with 

transmembrane domain-intact constructs. We hypothesized that perhaps the 

transmembrane domain and associated membrane promote conformational dynamics that 

are not exhibited by GP ectodomain constructs. This lack of dynamics would therefore 

explain the conformational homogeneity reflected in published structural data. 

Our collaborator Kartik Chandran (Albert Einstein College of Medicine) gave us 

a GPȹTM construct, which makes the one used in the original crystallization of the 

unliganded pre-fusion GP by David Stuartôs lab.27 This construct, like many other 

crystallized constructs, has both the mucin domain and transmembrane domain deleted. 
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In place of the transmembrane domain is a foldon trimerization sequence to promote 

trimerization of the GP monomers, and a 6xHis tag for affinity purification (see 

Materials and Methods). 

GPȹTM was modified for fluorescent labeling by inserting the A1 and A4 

sequences within plasmid pHLsec-GPȹTM in the same locations as those used to create 

GPȹmucA1A4. The nucleotide sequences encoding A1 (GDSLDMLEWSLM) and A4 

(DSLDMLEW) were inserted at the N-termini of GP1 and GP2, respectively, to create 

GPȹTMA1A4 (Fig. 5.4). The insertion of these sequences allows for the site-specific 

labeling of CoA-conjugated fluorophores to a serine side chain via the actions of bacterial 

phosphopantethienyl transferases. As with GPȹmucA1A4, the choice of placing labeling 

sites at the N-termini of GP1 and GP2 was made to report on the relative motions of the 

IFL and GP1 while preserving the fusogenic function of GP, as assayed by testing 

infectivity of the same insertions in GPȹmuc.51 This smFRET had already been generated 

by Natasha. 

 
Figure 5.4. Labeling of GPȹTM. a, GPȹTM construct b, Modifications to GP1 and 

GP2 to insert A1 and A4, with the labeled serine residue highlighted in red. Adapted with 

permission from Durham, N. D. et al. Real-Time Analysis of Individual Ebola Virus 

Glycoproteins Reveals Pre-Fusion, Entry-Relevant Conformational Dynamics. Viruses 

12, 103 (2020). Panels were cropped from Figure 1. 

 

5.3 Expression and optimization of GPȹTM  

At first, expression of GPȹTM was attempted in HEK 293T cells in T225 flasks, 

with each flask receiving 100 ɛg of plasmid for PEI transfection. Five expressions were 

tested, including 100% wild-type protein, 100% A1A4-tagged protein, and three mass 
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ratio of the two (2:1, 5:1, and 10:1). Five days post-transfection, 293T supernatant was 

harvested, filtered through 0.45 ɛm filters, and purified by Ni-NTA affinity. SDS-PAGE 

and western blot analysis of these purified protein constructs revealed that purification in 

serum-dependent HEK 293T cells resulted in significant background impurities as both 

higher and lower molecular weight bands, and the decision was made to produce protein 

in FreeStyle 293F cells (Fig. 5.5). An additional benefit of FreeStyle 293F cells is that, 

because they grow in suspension to high densities, they can produce greater protein 

yields. 

 
Figure 5.5. Pilot Expression of GPȹTM in HEK 293T cells. Left, coomassie stain of 

SDS-PAGE of GPȹTM Ni-NTA purifications showing significant background bands. 

Right, western blot of same gel using anti-GP1 2E5 antibody. Lane labels reflect sample 

identities, and ratios of tagged to wild-type plasmid used in the transfection. 

 

Accordingly, I performed a pilot four-day transfection of FreeStyle 293F cells 

with wild-type GPȹTM plasmid. Two-step purification involving harvesting and filtering 

supernatant followed by a crude initial Ni-NTA-based isolation and subsequent size 

exclusion chromatography on a high-performance liquid chromatography instrument 

yielded protein of high purity (Fig. 5.6). With this result in hand, I moved on to the large-

scale production of GPȹTM in FreeStyle 293F cells. 
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Figure 5.6. Pilot expression and purification of GPȹTM in FreeStyle 293F cells. 

SDS-PAGE and Coomassie stain of samples taken at Ni-NTA purification steps and size 

exclusion chromatography (SEC) purification fractions. Protein sample shows high 

purity. 

 

One issue that became apparent from this and other expression runs of GPȹTM 

was the significant GP0 contamination of the final purified product, which, in certain 

preparations, could be as much as 50% of the total protein. Although GP0 is as functional 

as mature GP1/GP2, I did not want my sample to have residual GP0 in case furin 

maturation played a conformationally relevant role. Thus, similarly as I had done for 

influenza H5 (Fig. 3.2), I conducted a co-transfection of GPȹTM with a titration of furin 

plasmid (Fig. 5.7). This study revealed that the co-transfection of furin plasmid at around 

10% of GPȹTM plasmid yields satisfactory removal of GP0 from the final prep.  

Figure 5.7. Co-expression of furin 

alongside GPȹTM. Western blot of 

FreeStyle 293F supernatant six days 

after transfection, stained with an anti-

GP1 antibody. Percentages of furin 

indicate the mass of furin plasmid 

included in the transfection as a 

percentage of GPȹTM plasmid.  
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With both expression and furin maturation established, I created a large-scale 

single-molecule FRET preparation of GPȹTM. This preparation contained a 2:1 ratio of 

wild-type to tagged protein plasmid, with 10% additional furin plasmid (1 mg 

GPȹTMWT, 0.5 mg GPȹTMA1A4, and 150 ɛg furin plasmid, see Materials and 

Methods). This expression yielded a satisfactory removal of GP0 (Fig. 5.8). 

Figure 5.8. smFRET prep of 

GPȹTM shows minimal GP0 

contamination. A microscope 

preparation of GPȹTM with 10% co-

tranfection of furin was prepared. 

Fractions (F16-F25) from size-

exclusion chromatography following 

Ni-NTA purification were run on 

SDS-PAGE and stained with 

Coomassie blue. A previous prep 

with significant GP0 contamination 

was run in lane twelve as a 

comparison.  

 

5.4 Imaging of GPȹTM 

To query the conformational dynamics of the GP ectodomain, I imaged the 

GPȹTM smFRET construct at 5 nM under TIRF microscopy through surface 

immobilization using Ni-NTA chemistry and acquired movies with standard SPARTAN 

smFRET acquisition and analysis software (Fig. 5.9). Analysis of 380 particles revealed 

that GPȹTM occupies three FRET states ï low (0.27 ± 0.08), intermediate (0.50 ± 0.08), 

and high (0.74 ± 0.08). These FRET states closely match those displayed by GPȹmuc. 

However, the overall distribution of FRET state occupancy was shifted towards a 

preference for the high FRET state. As the high-FRET state likely reflects the crystallized 

conformation (30Å inter-dye distance), the observed propensity of GPȹTM for high-

FRET may explain the conformational homogeneity of published GP crystal structures. 
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Pre-fusion GPȹTM also samples the low- and intermediate-FRET conformations not 

associated with the crystallized conformation, suggesting that it can respond 

conformationally to glycan cap cleavage and receptor binding. This data indicates that 

while the GP ectodomain displays an altered propensity for a conformation associated 

with the high-FRET state, it may prove a useful tool for the study of GP function. 

One potential use of this tool is in the cryo-EM characterization of the 

intermediate-FRET conformation. Single-particle cryo-EM analysis of the GPȹTM 

ectodomain can potentially identify the three sub-populations (low-, intermediate-, and 

high-FRET) and characterize the three-dimensional conformation of each. This could 

lead to the structure-based design of an effective EBOV vaccine. The nature of the 

intermediate-FRET conformation is a mystery, although given dye placement it likely 

involves translocation of the internal fusion loop. This is further discussed later.  

With the establishment that the GP ectodomain is indeed conformationally 

dynamic and displays the same FRET states as membrane-associated GPȹmuc, we set 

about writing a manuscript summarizing our findings. This paper, which appeared in 

Viruses in January 2020, presented the conformational dynamics of GPȹTM at steady 

state, and went on to show that GPȹmuc on the pseudoviral surface occupies the same 

FRET states. Glycan cap cleavage and receptor binding enriched intermediate-FRET 

occupancy, whereas neutralizing antibodies appeared to pull the conformational 

landscape away from intermediate-FRET occupancy. Natasha, Angela, and I shared co-

first authorship for this paper. This paper was later summarized in a review by Mark 

Benhaim and Kelly Lee at the University of Washington.108 
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Figure 5.9. Steady-state dynamics of GPȹTM. a, Surface immobilization of purified 

GPȹTM on a quartz slide for TIRF microscopy. b, Western blot of GPȹTM with anti-

GP1 antibody. c, (Top) Raw donor and acceptor fluorescence traces extracted from 

smFRET movies, (Bottom) Calculated FRET trace overlaid with idealization after HMM. 

d, (Left) Population FRET histogram of raw FRET traces summed over acquisition 

window. Gaussian distributions overlaid and fit at each FRET state as determined by 

HMM. (Right) Transition density plots displaying the relative frequencies of observed 

transitions generated from idealizations of individual FRET trajectories. Reprinted with 

permission from Durham, N. D. et al. Real-Time Analysis of Individual Ebola Virus 

Glycoproteins Reveals Pre-Fusion, Entry-Relevant Conformational Dynamics. Viruses 

12, 103 (2020). 

 

5.5 Contributions to this chapter 

All data and figures in this chapter were generated by me, unless otherwise 

specified. Specifically, figures 5.1, 5.2, 5.3, 5.4, and 5.9 reflect collaborative efforts 

between Angela Howard, Natasha Durham, James Munro, and myself. 

 

 

  



98 

 

6. Design of an EBOV GP Vaccine Antigen 

6.1 Introduction  

My initial work with GPȹTM was to use smFRET studies to help inform the design 

of a recombinant vaccine for EBOV. By characterizing neutralization-sensitive 

conformations of GP, I hoped to design a vaccine antigen that could guide early B- and T-

cell maturation towards a neutralizing response.109 This work was planned to begin with 

the characterization of the dynamics and antigenicity of GPȹTM and then move forward 

to profile various GP mutants for their ability to present neutralization-sensitive epitopes. 

Specific mutants of interest were the circulating mutations A82V and I544T.  

 The general workflow of this project paralleled that put forth by the by the NIH 

Vaccine Research Center in their development of an RSV vaccine.85 The simplest form of 

structure-based vaccine design is the development of epitope scaffolds based on the 

mapping of binding epitopes of potent monoclonal antibodies. This was executed in RSV 

F, with the characterization of the motavizumab epitope and the placement of that epitope 

on a scaffold.110 A more advantageous method, however, would be to design a vaccine 

antigen that presents a ñsupersite,ò a collection of overlapping epitopes recognizable by 

multiple antibodies. For such a site to be ultrasensitive to neutralization would be all the 

better.85  

 Thus, I hoped to use smFRET to execute an analysis on how the binding of various 

neutralizing antibodies influenced GP. Should multiple potent antibodies stabilize the same 

conformation, I hoped to isolate that conformation through site-directed mutagenesis and 

continue their optimization. Potential schemes of site-directed mutagenesis included the 

deliberate introduction of disulfide bonds within GP to lock it into neutralization-sensitive 
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conformations. Of the proposed strategies, perhaps the most promising is depicted in 

Figure 6.1. I had hoped to introduce disulfide bonds between the GP1 clamp domains and 

the GP2 wrist to stabilize the IFL within its hydrophobic pocket and elicit antibodies that 

lock GPȹTM in the high-FRET state-associated conformation. Because this conformation 

is not the one associated with function (i.e. intermediate FRET; glycan cap cleavage and 

NPC1 binding), I hypothesized that any antibodies that hold the trimer in this conformation 

would prevent functionality. 

 

Figure 6.1. Disulfide bonding to lock the GP wrist. The introduction of disulfide bonds 

between the GP2 wrist and the GP1 clamp domains could potentially lock the trimer in 

the high-FRET, crystal structure-associated pre-fusion conformation. 

 

6.2 Antigenicity of GPȹTMA1A4 

One caveat of using smFRET for the design of a vaccine is that the antigenicity of 

the smFRET construct should match that of the wild-type protein. To design an antigen 

based in GPȹTMA1A4 that does not display the same antigenic properties as wild-type GP 

would be an exercise in futility, as nobody needs to be vaccinated against virus bearing 

A1A4-tagged GP. To this end, I performed an ELISA to assess the binding of four 
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popular antibodies against EBOV GP to GPȹTM and GPȹTMA1A4 (Fig. 3.17). Results 

from this ELISA suggested that the A1 and A4 insertions into GP greatly altered its 

reactivity to the base-binding antibodies KZ52, 2G4, and 4G7, and altered binding to the 

glycan cap by nAb 13C6. This finding reduced the external validity of using smFRET to 

study nAb-mediated GP neutralization and develop a structure-based vaccine. For this 

reason, as well as the high logistical bar for vaccine design, this project was abandoned.  

 

Figure 6.2. ELISA of GPȹTM and GPȹTMA1A4. Plates were coated with GPȹTM or 

GPȹTMA1A4 and blocked overnight in 3% BSA. Wells were then probed with 1 ɛg/mL 

nAb, and nAb presence was detected with anti-Human IgG Fc-HRP conjugated antibody. 

Signal was developed and absorbance measured at 450 nm.  

 

6.3 Contributions to this chapter 

All data and figures in this chapter were generated by me, unless otherwise 

specified.  
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7. Validation of GPȹTM as a research tool 

7.1 Introduction  

As outlined in Chapter 5, we discovered that GP is indeed a dynamic viral 

glycoprotein, and that it responds conformationally to glycan cap cleavage and receptor 

binding. Despite this discovery, however, a full characterization of the conformational 

landscape of GP was far from complete. While the conformational identity of the high-

FRET state could be inferred from crystal data and MD analysis, the identities of the 

intermediate- and low-FRET states remained entirely unknown. Given that the 

GPȹmucA1A4 and GPȹTMA1A4 constructs were designed to report on motion of the IFL, 

we hypothesized that the low- and intermediate-FRET states represented conformations 

in which the GP IFL has translocated out of its hydrophobic inter-protomer pocket. The 

intermediate FRET-associated conformation, as it was enriched by glycan cap cleavage 

and receptor binding, is likely representative of pre-fusion conformational sampling 

along the pathway to fusion. This data indicates that glycan cap cleavage exerts a level of 

thermodynamic control over GP, increasing the stability of the intermediate FRET-

associated conformation relative to that associated with the high-FRET state (discussed in 

more detail later). The identity of the low FRET-associated conformation remained 

unknown, as it was only perturbed by the binding of certain nAbs. 

Two major motivations lay behind the continued study of the GPȹTM 

ectodomain. First, I wished to evaluate the published glycan cap-cleaved and NPC1-

bound structures for their conformational validity. Based on published structures, I would 

expect GPȹTM to be conformationally unresponsive to glycan cap cleavage, and NPC1 

binding, and continue to predominantly occupy the high-FRET state associated with the 
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crystal structure. This finding would indicate that, somehow, the transmembrane domain 

and/or viral membrane itself influence GP dynamics. Similar observations have been seen 

in the study of HIV-1 env, where the intracellular C-terminus has been implicated in 

protein dynamics.111 A finding that GPȹTM is conformationally sensitive to glycan cap 

cleavage and receptor binding would indicate, on the other hand, that the homogeneity of 

published structures may be due to an artifact of crystallization. In either case, the 

validity of published structures has been called into question. 

The second motivation for the study of the GP ectodomain is to evaluate it as a 

research tool. Technological limitations make detailed structural analyses of membrane-

bound proteins difficult.112 With soluble proteins, however, the successful execution of 

cryo-EM, and even single-particle cryo-EM is possible.107 Thus, one motivation to 

characterize the conformational profile of GPȹTM is to evaluate the GP ectodomain as a 

tool for future study via smFRET and cryo-EM, with hope for the eventual 

characterization of the low and intermediate FRET-associated conformations. 

7.2 Generation of the GPȹTM-HRV3C smFRET construct 

Physiologically, the GP glycan cap is cleaved by endosomal membrane-bound, 

acid-activated cathepsins. In the laboratory, technical difficulties in using cathepsins have 

been bypassed by using the protease thermolysin, which cleaves at the VNAT cathepsin L 

cleavage motif with poor specificity but, unlike cathepsins, does not require acid 

activation.60 Upon treatment of fluorescently-labeled GPȹTMA1A4 with thermolysin 

under standard conditions (37°C for 1 hour), a dramatic loss of fluorescence signal was 

observed (Fig. 7.1). This loss of fluorescence prevented effective smFRET imaging ï 

whereas on an uncleaved sample, several hundred traces could be collected per movie, 
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throughput after thermolysin treatment dropped to less than 5 traces per movie. Although 

thermolysin is classified as an endopeptidase, I attributed this to non-specific degradation 

of the exposed A1 and A4 tags at the N-termini of GP1 and GP2, respectively.113 During 

previous studies of GPȹmucA1A4 on the pseudoviral membrane, loss of fluorescence due 

to thermolysin was less severe, perhaps due to a steric shielding effect by the membrane. 

The loss of throughput after thermolysin-treatment of GPȹmucA1A4 could be overcome, 

therefore, by the brute acquisition of more movies.  

With GPȹTM, I attempted several titration experiments in which I modulated the 

mass ratio of GP to thermolysin in the reaction, the temperature of the reaction, and the 

reaction time (Fig. 7.1). No level of modulation yielded satisfactory results. In fact, the 

results of these experiments suggested that thermolysin had greater activity against the 

fluorescent moieties of labeled GPȹTM than its intended glycan cap substrate.  

My first attempts to improve the thermolysin cleavage reaction began with 

reducing temperature and time to reduce nonspecific proteolysis. I ran simultaneous time 

courses at room temperature and at 37°C with GPȹTM in the presence of thermolysin 

(Fig. 7.1). As can be seen, a rapid loss of fluorescence is observed at 37°C and a more 

modest loss is seen at RT. By Coomassie stain, it was hard to tell how well cleavage had 

proceeded, so I repeated the time course at RT with more protein. Although the dye front 

for this gel was misshapen due to a leak in the running box, it was clear from this 

experiment that at RT at this concentration, thermolysin removes fluorescence from 

GPȹTM before it cleaves the glycan cap. To further attempt to optimize this, I next 

titrated the amount of thermolysin reduced in the cleavage reaction. A literature search 

revealed a great degree of heterogeneity in thermolysin cleavage protocols, with mass 
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ratios of GP:Thermolysin ranging from 50:1 to 1:4. I decided to try four different 

GP:Thermolysin ratios ï 10:1, 50:1, 100:1, and 1000:1. I ran the reactions at 37°C, ran 

them out by SDS-PAGE and analyzed the gels for fluorescence and via western blot 

using an antibody that recognizes both cleaved and uncleaved GP1 (Fig. 7). As can be 

seen, I was unable to find an optimal ratio of GP to thermolysin, as thermolysin removes 

fluorescence from GP well before it cleaves the glycan cap. It is possible that since the 

A1 and A4 peptide tags are placed at the N-termini of GP1 and GP2, they were being 

degraded by thermolysin 

 
Figure 7.1. Troubleshooting of thermolysin treatment of GPȹTM. a, Thermolysin 

cleavage time course at RT and 37°C. Top panel shows Cy3 fluorescence and bottom 

panel is the same gel stained with Coomassie blue. b, Thermolysin cleavage time course 

at RT. Top panel shows Cy3 fluorescence and bottom panel is the same gel stained with 

Coomassie blue. c, Thermolysin cleavage at RT with modulation of thermolysin:GP mass 

ratio. Top panel shows Cy3 fluorescence and bottom panel is the same gel transferred and 

blotted with anti-GP1-Cl antibody.  

 

To effectively image glycan cap-cleaved GPȹTM, I decided to replace the 

thermolysin cleavage sequence with a recognition sequence for a more specific protease. 

To this end, I created an smFRET construct in which the VNAT cathepsin L site (residues 
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203-206) is replaced with the LEVLFQGP Human Rhinovirus 3C (HRV3C) protease 

recognition site, creating plasmids GPȹTM-HRV3C and GPȹTM-HRV3CA1A4 (Fig. 7.2). 

HRV3C protease is a highly specific cysteine protease that is often used in protein work 

to cleave affinity tags.114 The substitution of residues 203-206 in GP is analogous to work 

in several published studies in which the VNAT sequence was replaced by a polybasic 

furin cleavage sequence to generate cap-cleaved GP from producer cells.30,59,60,115 To 

validate this insertion, the HRV3C recognition sequence was also inserted into GPȹmuc, 

and VSV-GFP-GPȹmuc-HRV3C pseudoparticles were generated (see Materials and 

Methods). Pseudoparticles were treated with HRV3C protease for one hour at 37°C, and 

then used for infection. Although HRV3C cleavage is not óscarless,ô the substitution of 

the VNAT sequence with the HRV3C recognition sequence in GPȹmuc did not affect 

infectivity in the context of VSV-GFP-GPȹmuc pseudoparticles (Fig. 7.2).  

Next, I imaged GPȹTM-HRV3C under wide-field prism-based TIRF and 

validated that the cleavage site replacement did not alter its pre-cleavage steady-state 

conformational landscape by smFRET (Fig. 7.2). GPȹTM-HRV3C occupied a 

predominant high-FRET state (0.75 ± 0.07) with 45% occupancy, as well as 

intermediate- (0.52 ± 0.07) and low-FRET (0.27 ± 0.07) states with 32% and 16% 

occupancy, respectively. GPȹTM with a native cathepsin cleavage site occupied a 

predominant high-FRET state (0.74 ± 0.08) with 52.6% occupancy, and intermediate- 

(0.50 ± 0.08) and low- (0.27 ± 0.08) at 26.9% and 20.5% occupancy, respectively. 

ANOVA analysis across groups shows no significant differences in low-, intermediate-, 

and high-FRET occupancy between GPȹTM and GPȹTM-HRV3C. These values are 

tabulated in Table 7.1 and graphically displayed in Figure 7.2.. Together, these 
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validation steps show that GP possessing an HRV3C glycan cap cleavage site is capable 

of the wild-type pre- to post-fusion transition, and that its pre-fusion conformational 

dynamics closely approximate that of wild-type GP. Thus, for the remainder of this work, 

I used GPȹTM-HRV3C for all smFRET experiments.  

 
Figure 7.2. GPȹTM-HRV3C. a, Design of the GPȹTM-HRV3C construct, in which the 

VNAT cathepsin cleavage site is replaced by the HRV3C recognition sequence. b, 

Infectivity of VSV-GFP-GPWT, VSV-GFP-GPHRV3C, and nude VSV-GFP pseudoparticles 

as assessed by flow cytometry. Data is normalized to VSV-GFP-GPWT infectivity. c, 

Population FRET histograms of GPȹTM and GPȹTM-HRV3C, with overlaid Gaussian 

distributions of low-, intermediate-, and high-FRET states. d, Quantified state 

occupancies of GPȹTM and GPȹTM-HRV3C. Statistical analysis was conducted by one-

way ANOVA. Significance was calculated through multiple pairwise comparisons of 

group means for between-group variance using Tukeyôs honestly significant difference 

criterion. 
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 Low Intermediate High 

GPȹTM 20.0% ± 1.4% 26.3% ± 0.6% 51.4% ± 0.2% 

GPȹTM-HRV3C 16% ± 1.2% 32% ± 0.6% 45% ± 1.4% 

Table 7.1. FRET state occupancies for GPȹTM vs. GPȹTM-HRV3C. Percentage 

values of FRET state occupancy are shown, with standard errors generated through 

bootstrapping. 

 

7.3 GPȹTM is responsive to glycan cap cleavage and receptor binding 

GPȹTM displays three FRET states indistinguishable from those displayed by 

GPȹmuc on the pseudoviral surface ï low-, intermediate-, and high-FRET ï albeit with 

different relative occupancies (Fig. 5.2, Fig. 7.2). However, the ability of GPȹTM to 

conformationally respond to glycan cap cleavage and receptor binding in the same 

manner as GPȹmuc had yet to be determined. The altered conformational propensity of 

GPȹTM versus GPȹmuc, suggested, in fact, that it would respond differently to 

fusogenic inputs.  

Consequently, I probed whether glycan cap cleavage and NPC1 binding promoted 

intermediate FRET occupancy in GPȹTM as it does in GPȹmuc on the pseudoviral 

surface. Following overnight cleavage with HRV3C protease, labeled GPȹTM was 

imaged under wide-field TIRF microscopy using smFRET acquisition and analysis (see 

Materials and Methods). Like cleaved GPȹmuc, glycan cap-cleaved GPȹTM displays 

decreased occupancy of the high-FRET state and increased occupancy of the 

intermediate-FRET state. In addition, cleaved GPȹTM displayed decreased transitions 

into and out of the high-FRET state, and increased transitions between low- and 

intermediate-FRET (Fig. 7.3). As glycan cap cleavage conformationally primes GP for 

fusion, the shift in conformation preference from high-FRET to intermediate- and low-

FRET likely reflects this priming event. 
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The introduction of a molar excess of NPC1-C further drew cleaved GPȹTM 

away from the high-FRET state and greatly increased the occupancy of the low-FRET 

state (Fig. 7.3). Furthermore, binding to NPC1 reduced overall dynamics, with the 

transitions per second changing from 1.00 t/sec to 0.81 t/sec (Fig. 7.3). This effect was 

also seen with GPȹmuc on the pseudoviral surface. The identity of the low-FRET state, 

which is also exhibited by the GPȹmuc construct on the pseudoviral surface, is unknown. 

On the pseudoviral surface, the low-FRET state is unperturbed by glycan cap cleavage 

and NPC1 binding (Fig. 5.2), but is promoted by the binding of certain neutralizing 

antibodies.51  The low-FRET state may reflect an NPC1-stabilized conformation distinct 

from that favored by glycan cap-cleaved GP, or may represent an artifactual 

conformational change exhibited by the ectodomain. The enrichment of this low-FRET 

state by NPC1 binding supports the hypothesis that NPC1 is not only a simple attachment 

factor but also that its binding induces conformational changes in GP.60   

Thus, GPȹTM displays three FRET states indistinguishable from those displayed 

by GPȹmuc on the pseudoviral surface ï low-, intermediate-, and high-FRET ï and 

responds to fusogenic inputs in a similar fashion to membrane-bound GP. This result 

identifies both the intermediate- and low-FRET states as reflective of fusion-active 

conformations for GPȹTM, and validates GPȹTM as an effective tool for the study of 

EBOV GP and as a potential basis for a structure-based vaccine.. With the 

characterization of pre-fusion GPȹTM dynamics, as well as an analysis of the effects of 

glycan cap cleavage and NPC1 binding on GPȹTM, the aim of assessing the GP 

ectodomain for fidelity of dynamics was complete. 
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Figure 7.3. GPȹTM responds conformationally to glycan cap cleavage and NPC1 

binding. GPȹTM-HRV3C was imaged at 5nM under wide-field TIRF microscopy before 

and after glycan cap cleavage, and after cleavage in the presence of 1 ɛM NPC1-C. 

Above, crystal structures with dye locations denoted by colored stars, and population 

FRET histograms overlaid with Gaussian distributions for low-, intermediate-, and high-

FRET. Below, FRET state occupancy for uncleaved GPȹTM, cleaved GPȹTM, and 

cleaved GPȹTM with NPC1. Statistical significance of occupancy was calculated across 

samples for each FRET state using one-way ANOVA. Asterisks reflect results of 

multiple pairwise comparisons of group means for between-group variance using Tukeyôs 

honestly significant difference criterion. (* = p < 0.05, ** = p < 0.01, *** = p < 0.001). 

Only significant pairwise comparisons are highlighted. PDB 5JQ3. 

 

7.4 Contributions to this chapter 

All data and figures in this chapter were generated by me, unless otherwise 

specified.  
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8. Kinetic and thermodynamic control of EBOV GP 

8.1 Introduction  

GP triggering reflects one of many examples in biology of a kinetically controlled 

process, with the exothermic collapse of pre- to post-fusion being rate-limited by a high 

activation energy barrier (Fig. 8.1, reprint of Fig. 1.11). Within this system, however, 

thermodynamic control still exists, dictating pre-fusion conformational sampling, and its 

elucidation can reveal insights into GP function. This thermodynamic control has already 

been observed via smFRET ï data presented in Chapters 5 and 7 has shown selective 

enrichment of different conformations by known fusogenic inputs.  

Figure 8.1. Reaction coordinate of EBOV 

GP triggering. Pre-fusion GP exists in a 

metastable conformation, in which energy 

is stored within electrostatic contacts 

between amino acid side chains. 

Perturbation of these contacts by fusogenic 

inputs decreases the activation energy of the 

triggering reaction and favors the adoption 

of a high-energy extended intermediate 

conformation. When the collapse of this 

extended intermediate to the post-fusion 

conformation coincides with the successful 

engagement of the IFL with the target 

membrane, a productive membrane fusion 

event occurs. PDB 5JQ3 and 1EBO. 

 

 Work in this chapter seeks to understand how acidity, perhaps the most defining 

characteristic of the late endosome, influences GP function. Bulk infectivity assays, in 

which VSV-GP pseudovirions are exposed to low pH buffer before use in cellular 

infection, reveal that the direct protonation of the GP trimer lowers the activation energy 

of fusion triggering. We find that thermolysin-cleaved GP has a lower barrier to 
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protonation-induced triggering, agreeing with the published model of glycan cap-cleaved 

GP being primed for fusion function.29,34 

 Single-molecule FRET assays on the soluble ectodomain seek to probe the pre-

fusion thermodynamic control of GPȹTM. We find that protonation induces the 

occupancy of intermediate-FRET and low-FRET, two states previously correlated with 

glycan cap cleavage and receptor binding. Furthermore, we find that exposure to low pH 

strengthens the sampling of intermediate- and low-FRET by glycan cap-cleaved GP, 

indicating that the two inputs act synergistically to prime EBOV GP for function. Finally, 

we see that furin-mediated proteolytic maturation is required to observe this sampling, 

suggesting, for the first time, a functional consequence of furin cleavage in EBOV GP. 

 The central hypothesis guiding this work is that direct protonation is a 

thermodynamic and kinetic modulator of EBOV GP function, and that the stepwise 

proteolytic maturation of EBOV GP potentiates its response to protonation.  

8.2 Protonation inactivates glycan cap-cleaved VSV-GP pseudoparticles 

Following glycan cap cleavage and NPC1 binding, an unknown trigger causes the 

refolding of EBOV GP from a metastable pre-fusion conformation to the ground-state 

post-fusion conformation. Any search for candidate fusion triggers for EBOV GP begins 

with an assessment of the late endosomal environment, which is most prominently 

marked by its acidity.  

To assess pH requirements for fusion, I performed a pH-induced inactivation 

assay similar to those performed early in the study of influenza HA.116 In these assays, 

influenza virus was exposed to low pH buffer, which triggered HA to transition from pre- 

to post-fusion and rendered the virions inactive.116 As the 19-kDa, glycan cap-cleaved GP 
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has been shown to be the most fusogenic form of GP, I treated VSV-GFP-GPȹmuc 

pseudoparticles with thermolysin to create VSV-GFP-GPCL pseudoparticles. These 

pseudoparticles were then exposed to a pH titration and assessed for infectivity on Vero 

cells (see Materials and Methods).29,34 Pseudoparticles were exposed to low pH for 30 

minutes at 37°C, room temperature, or on ice. Following incubation, pH was neutralized 

with buffered media and the treated pseudoparticles were used to infect Vero cells. While 

no effect was seen at pH 7.0, the exposure of pseudoparticles to pH 5.0 buffer at 37°C 

completely abrogated infectivity (Fig. 8.2). This effect was temperature-dependent, as 

low pH exposure on ice only inactivated the pseudoparticles by 50%. The role of 

temperature in this low pH-induced inactivation indicates the presence of a kinetic trap, 

i.e. that the process induced by low pH exposure involves overcoming an activation 

energy and is therefore likely to represent fusion triggering. Triggering occurs with much 

greater efficiency at physiological temperature, where GPCL possesses enough kinetic 

energy to overcome the energy of 

activation. 

Figure 8.2. Low pH inactivates VSV-

GPCL pseudoparticles. Thermolysin-

treated VSV-GP pseudoparticles were 

exposed pH 7.0, 6.0, and 5.0 for 30 

minutes at 37°C, room temperature, or 

on ice. Following exposure, pH was 

neutralized, and pseudoparticles were 

used to infect Vero cells. Percent GFP 

positivity as a proxy for infectivity was 

measured by flow cytometry. Data was 

normalized to the pH 7.0, 37°C 

condition. Error bars reflect standard error across biological replicates. Asterisks reflect 

results of multiple pairwise comparisons of group means for between-group variance 

using Tukeyôs honestly significant difference criterion. (* = p < 0.05, ** = p < 0.01, *** 

= p < 0.001). Only conditions significantly different from all others are highlighted. 
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8.3 Low pH inactivates uncleaved VSV-GP pseudoparticles 

Endosomal cathepsins B and L are active at low pH, so logic follows that some 

degree of endosomal acidification precedes cathepsin activation and glycan cap cleavage. 

Therefore, I wished to assess the effects of low pH exposure on GP prior to glycan cap 

cleavage. VSV-GFP-GPȹmuc pseudoparticles were generated and exposed to a pH 

titration at 37°C, room temperature, and ice. Like pseudoparticles bearing GPCL, VSV-

GFP-GPȹmuc pseudoparticles experienced a total loss of infectivity after 30 minutes of 

exposure to pH 5.0 buffer at 37°C (Fig. 8.3). Meanwhile, exposure to pH 5.0 buffer on 

ice led to no loss of infectivity. This result suggests that GP can trigger to post-fusion 

without glycan cap cleavage, contradicting published evidence that glycan cap cleavage 

is absolutely necessary for EBOV infection.25,29,34 It is important to note, however, that 

exposure to low pH for thirty minutes at 37°C is a significant kinetic and thermodynamic 

perturbation that may overcome any stabilizing effects of GP1 on GP2. Furthermore, the 

complete rescue of uncleaved pseudoparticles by reduced temperature, whereas cleaved 

particles only experienced a modest rescue, suggests a deeper kinetic trap for uncleaved 

GP, i.e. that GPȹmuc faces a higher energy of activation for fusion triggering than does 

GPCL. This supports the established model in which glycan cap cleavage primes GP for 

fusion.29,34 Thus, while this experiment may not recapitulate a physiologically accurate 

pH exposure in that it is unlikely that virions spend thirty minutes in such an acidic 

environment, this result supports a model in which low pH exposure independent of the 

activation of cathepsins (i.e. direct protonation of the GP trimer) contributes to the fusion 

triggering process. 
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Figure 8.3. Low pH inactivates VSV-GPȹmuc pseudoparticles. VSV-GP 

pseudoparticles were exposed pH 7.0, 6.0, and 5.0 for 30 minutes at 37°C, room 

temperature, or on ice. Following exposure, pH was neutralized, and pseudoparticles 

were used to infect Vero cells. Percent GFP positivity as a proxy for infectivity was 

measured by flow cytometry. Data was normalized to the pH 7.0, 37°C condition. Error 

bars reflect standard error across biological replicates. Asterisks reflect results of multiple 

pairwise comparisons of group means for between-group variance using Tukeyôs 

honestly significant difference criterion. (* = p < 0.05, ** = p < 0.01, *** = p < 0.001). 

Only conditions significantly different from all others are highlighted. 

 

8.4 Furin maturation is not required for infectivity or pH responsiveness 

Literature evidence has shown that while circulating strains of EBOV GP have 

retained the polybasic RRTRR furin recognition sequence, the maturation of GP0 to 

GP1/GP2 is not required for EBOV infectivity and pathogenicity.57,58 I confirmed this by 

generating VSV-GFP pseudoparticles bearing GP0ȹmuc, in which the polybasic RRTRR 

sequence is replaced by five glycine residues. This construct was created by Natasha 

Durham for earlier experiments. This mutation greatly reduces the degree of furin-

mediated maturation in the producer cell, creating pseudoparticles bearing mostly GP0 

instead of GP1/GP2 (Fig. 8.4, Panel A). In a supernatant titration, these pseudoparticles 

suffered no loss of infectivity as compared to pseudoparticles bearing wild-type 
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GPȹmuc, confirming published findings (Fig. 8.4., Panel B). Furthermore, when exposed 

to low pH buffer, GP0ȹmuc-bearing pseudoparticles responded in a similar fashion to 

GPȹmuc-bearing pseudoparticles (Fig. 8.4, Panel C). Incubation at 37°C in pH 5.0 buffer 

caused a total loss of infectivity, which was rescued in the ice condition. These results 

support a model in which the furin maturation of GP0 to GP1/GP2 does not play a 

significant role in GP function. 

 
Figure 8.4. Infectivity and pH responsiveness of GP0ȹmuc pseudoparticles. a, 

Western blot of VSV-GFP-GP0ȹmuc and VSV-GFP-GPȹmuc pseudoparticles. 

GP0ȹmuc only undergoes limited furin-mediated maturation. b, Infectivity of VSV-GFP-

GPȹmuc and VSV-GFP-GP0ȹmuc pseudoparticles. Titrations of direct supernatant were 

compared for infectivity. Data is normalized to 500 ɛL VSV-GFP-GPȹmuc condition. c, 

VSV-GP0 pseudoparticles were exposed pH 7.0, 6.0, and 5.0 for 30 minutes at 37°C, 

room temperature, or on ice. Following exposure, pH was neutralized and virus was used 

to infect Vero cells. Percent GFP positivity as a proxy for infectivity was measured by 

flow cytometry. Error bars reflect standard error across biological replicates. Asterisks 

reflect results of multiple pairwise comparisons of group means for between-group 

variance using Tukeyôs honestly significant difference criterion. (* = p < 0.05, ** = p < 

0.01, *** = p < 0.001). Only significant pairwise comparisons are highlighted. 

 

8.5 Revisiting furin cleavage 

As discussed earlier, the expression of GPDTM in Freestyle 293F cells can yield 

up to 50% GP0 instead of mature GP1-GP2 heterodimer. HEK 293 cells do not express 

furin at high levels, suggesting a reason for high GP0 levels in GPDTM preps.117 The co-

transfection of furin plasmid at around 10% of GPDTM plasmid yielded satisfactory 
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removal of GP0 during pilot assays and some smFRET preparations (discussed in 

Chapter 5). However, I found over time that furin co-expression was not a dependable 

method for the removal of GP0 in large-scale preps. Furthermore, I found that the co-

transfection of furin reduced overall GPDTM yield. To deal with this issue, I purchased 

recombinant furin (NEB P8077S) and treated purified GPDTM with it. After some trials, 

I found that overnight incubation of GPDTM with furin at 37°C yielded satisfactory GP0 

maturation (Fig. 8.5). Thus, for ensuing smFRET experiments, I performed an overnight 

furin cleavage before imaging to ensure complete removal of GP0. 

 
Figure 8.5. In vitro furin maturation and glycan cap cleavage of GPȹTM and 

GPȹTM -HRV3C by exogenous enzyme treatment. SDS-PAGE with Coomassie blue 

staining. Treatment of GP with furin overnight at 37°C forces the maturation of GP0 into 

GP1-GP2, while thermolysin and HRV3C protease catalyze glycan cap cleavage in 

GPȹTM and GPȹTM-HRV3C, respectively. Thermolysin treatment was performed for 

1hr at 37°C, and HRV3C protease treatment was performed overnight at 37°C 

simultaneous with furin protease treatment. 
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8.6 Low pH promotes sampling of fusion-active conformations by GP 

The finding that low pH inactivates GP pseudoparticles merited a more sensitive 

evaluation of the conformational effects of low pH exposure on the GP trimer. Here, I 

used smFRET to monitor the pre-fusion conformational sampling of GP to identify 

protonation as a potential fusogenic input by its ability to promote fusion-correlated 

conformations identified in Chapter 5 (i.e. low- and intermediate-FRET). To this end, I 

implemented the GPȹTM-HRV3CA1A4 construct for smFRET imaging across a pH 

titration (Fig. 8.6). As observed before, GP at pH 7.0 adopts low-, intermediate-, and 

high-FRET states, with a preference for the high-FRET conformation associated with the 

crystal structure. Exposure to pH 6.0 causes a modest, but not statistically significant 

increase in the occupancy of intermediate-FRET. Notably, exposure to pH 6.0 causes a 

significant increase in low-FRET occupancy and a significant decrease in high-FRET 

occupancy. Intermediate-FRET occupancy further increased at pH 5.6. At pH 5.0, a 

significant increase in low-FRET was also observed. Together, these observations 

suggest that direct protonation of the GP trimer as brought about by exposure to an acidic 

environment, pull GP away from its high-FRET conformation and towards low- and 

intermediate-FRET conformations. These FRET states are indistinguishable from those 

promoted by the fusion-activating steps of glycan cap cleavage and receptor binding. 

This finding, for the first time, shows that direct protonation of GP influences its 

conformation. The correlation of protonation-promoted conformational states and 

cleavage- and receptor-bound conformational states suggests that protonation plays a 

functionally significant role in GP-mediated fusion. Thus, the idea that EBOV has 

evolved to take advantage of late endosomal acidity is reinforced. 
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Figure 8.6. Low pH promotes low- and intermediate-FRET occupancy in GP. 

GPȹTM-HRV3C was imaged at 5nM under wide-field prism-based TIRF microscopy at 

pH 7.0, pH 6.0, pH 5.6, and pH 5.0. a, Crystal structure of pre-fusion GP (PDB 5JQ3) 

and population FRET histograms showing changes in overall FRET occupancy due to 

exposure to low pH. b, Quantified FRET state occupancy across the titrated pH range. 

Error bars represent standard error of the means calculated by bootstrapping from 

individual traces within the sample population. Asterisks reflect results of one-way 

ANOVA with multiple pairwise comparisons of group means for between-group variance 

using Tukeyôs honestly significant difference criterion. (* = p < 0.05, ** = p < 0.01, *** 

= p < 0.001). Only significant pairwise comparisons are highlighted. 

 

In addition, transition density plotting showed that as GP is exposed to lower pH, 

the number of transitions towards low- and intermediate-FRET increase (Fig. 8.7). 

Transition analysis showed that GP transitions along a pathway of Low ăĄ 

Intermediate ăĄHigh FRET, with no transitions observed directly between low-FRET 

and high-FRET. Complete transition data is reported in Appendix 10.1. As pH 

decreased, GP displayed a significant increase in transitions from high-FRET to 

intermediate-FRET and intermediate-FRET to low-FRET. This increase in number of 

transitions can be interpreted as increased sampling between fusion-correlated 

conformational states, most notably seen between pH 7 and pH 6. This effect is less 

substantial as pH continues to decrease. 
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Figure 8.7. Exposure to low pH increases transitions away from high-FRET and 

towards low- and intermediate-FRET states. Above, transition density plots (TDPs) 

are shown displaying FRET transitions. The horizontal axis shows initial FRET, and the 

vertical axis shows final FRET. Below, quantified transition rates of the high-FRET to 

intermediate-FRET transition (left) and the intermediate-FRET to low-FRET transition. 

Asterisks reflect results of one-way ANOVA with multiple pairwise comparisons of 

group means for between-group variance using Tukeyôs honestly significant difference 

criterion. (* = p < 0.05, ** = p < 0.01, *** = p < 0.001). Only significant pairwise 

comparisons are highlighted. 

 

Importantly, while exposure to pH 5.0 buffer at 37°C caused a total loss of 

infectivity of GPȹmuc pseudoparticles (Fig. 8.3), the more subtle effects of low pH 

exposure observable by smFRET can be attributed to temperature, as all smFRET 

experiments were carried out at room temperature (~20°C). Thus, this smFRET data can 

be interpreted as observations of the low-kinetic-energy, thermodynamic effects of low 

pH on GP conformation. Lower temperature decreases the likelihood of overcoming the 

activation energy of fusion triggering, and these shifts in GP conformation reflect pre-

fusion conformational sampling of fusion-active conformations, not the fusion triggering 

event itself. While this data remains correlative, the combined observations with 

infectivity assays support a role for protonation in the fusion triggering of GP.  
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8.7 Furin cleavage permits the pH responsiveness of GP 

Furin cleavage did not appear to play a role in GPȹmuc function or pH 

responsiveness in infectivity assays. However, the retention of the polybasic furin 

recognition sequence by circulating EBOV strains, as well as the spatial and structural 

proximity of the GP furin cleavage site to the IFL suggests a fusion-relevant role for furin 

cleavage. To this end, I sought to probe whether furin cleavage modulates low pH-

induced motion of the IFL by smFRET. I created a GP0ȹTM construct in which the 

polybasic furin cleavage sequence RRTRR is replaced with a series of glycine residues 

(Fig. 8.8). As with GPȹTM, this construct was labeled at the N-termini of GP1 and GP2 

with A1 and A4 peptide tags to report on IFL motion relative to GP1. This FRET 

construct was expected to display high-FRET, given the unchanged 30-angstrom inter-

dye distance predicted by molecular dynamics simulation. 

When exposed to a pH titration under wide-field TIRF microscopy, GP0ȹTM was 

not as responsive in changes in FRET state occupancy as was wild-type GP (Fig. 8.8). 

While statistically significant increases in low- and intermediate-FRET were observed, as 

well as significant reduction in high-FRET occupancy, high-FRET remained the 

dominant conformational state at pH 6.0, pH 5.6, and pH 5.0. Notably, while exposure to 

pH 6.0 caused a significant increase in low FRET and reduction in high FRET in GP, 

GP0 did not respond significantly at pH 6.0. This finding suggests that furin cleavage 

may play a role in GP function in promoting the responsiveness of GP to endosomal 

acidification. This finding is in contrast to published infectivity assays in cells and 

animals that suggest that furin cleavage is unnecessary to GP function. 
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Figure 8.8. GP0 is less responsive to low pH-induced conformational sampling. a, 

Design of the GP0ȹTM construct, in which the RRTRR furin cleavage site is replaced by 

glycines. b, Population FRET histograms showing overall FRET occupancy over the pH 

range. c, Quantified FRET state occupancy across the titrated pH range. Error bars 

represent standard error of the means calculated by bootstrapping from individual traces 

within the sample population. Asterisks reflect results of one-way ANOVA with multiple 

pairwise comparisons of group means for between-group variance using Tukeyôs 

honestly significant difference criterion. (* = p < 0.05, ** = p < 0.01, *** = p < 0.001). 

Only significant pairwise comparisons are highlighted. 

 

Transition analysis revealed modest increases in frequency from high- to 

intermediate-FRET and intermediate- to low-FRET, suggesting that GP0 may exhibit a 

slight conformational response to low pH (Fig. 8.9). However, these responses were 

modest, and only exhibited at pH 5.0.  This reduced responsiveness supports a model in 

which furin maturation liberates the IFL from its hydrophobic pocket to participate in 

fusion. While a requirement for this liberation is not observable in cell-based infectivity 

assays, it does appear to permit the IFL to participate in the pre-fusion conformational 

sampling of fusion-correlated states. In total, this result supports a previously 
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unrecognized role for furin maturation in the priming of GP for viral-host membrane 

fusion. 

 
Figure 8.9. Exposure of GP0 to low pH causes modest increases in transitions 

towards intermediate- and low-FRET. Above, transition density plots (TDPs) are 

shown displaying FRET transitions. The horizontal axis shows initial FRET, and the 

vertical axis shows final FRET. Below, quantified transition rates of the high-FRET to 

intermediate-FRET transition (left) and the intermediate-FRET to low-FRET transition. 

Asterisks reflect results of one-way ANOVA with multiple pairwise comparisons of 

group means for between-group variance using Tukeyôs honestly significant difference 

criterion. (* = p < 0.05, ** = p < 0.01, *** = p < 0.001). Only significant pairwise 

comparisons are highlighted. 

 

8.8 Low pH supports intermediate-FRET occupancy by cleaved GP 

EBOV fusion in the late endosome is catalyzed by 19-kDa cathepsin-cleaved GP 

in a low pH (5.0 ï 5.5) environment.29,34 In smFRET assays where the N-termini of GP1 

and GP2 are fluorescently-labeled this cleaved, fusion-primed intermediate adopts a 

conformation associated with intermediate-FRET.51 The temporal concurrence of low pH 

and cathepsin activity led to the hypothesis that low pH and cathepsin cleavage act 

synergistically to promote the occupancy of intermediate-FRET. To this end, labeled 
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GPȹTM-HRV3C was treated with HRV3C protease (see Materials and Methods) and 

imaged through a pH titration under wide-field TIRF microscopy using single-molecule 

FRET acquisition and analysis. Indeed, glycan cap cleavage of GPȹTM-HRV3C enriches 

the intermediate-FRET conformation at neutral pH (Fig. 8.10). While intermediate-FRET 

remained the dominant FRET state down the pH series, exposure to low pH did not have 

a statistically significant effect on the FRET state occupancy of cleaved GP. However, it 

is important to note that exposure to low pH did not promote the adoption of high-FRET. 

Together, these observations suggest that glycan cap cleavage promotes the adoption of 

conformational states that were promoted by protonation before cleavage. 

 

Figure 8.10. Low pH supports GPCL conformational sampling. (Top) Population 

FRET histograms showing overall FRET occupancy over the observation window. 

(Middle) FRET state occupancy histograms generated from idealized traces. Error bars 

represent standard error between sub-sampled populations. (Bottom) TDPs displaying the 

relative frequencies of observed transitions between FRET states. 

Transition rate analysis showed that protonation does indeed act synergistically 

with glycan cap cleavage to promote the adoption of functionally relevant conformations 

(Fig. 8.11). While no statistically significant changes were seen in the high- to 
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intermediate-FRET transition rate over the pH range tested, exposure to low pH caused a 

significant increase in the intermediate- to low-FRET transition rate.  

 

Figure 8.11. Protonation promotes the intermediate- to low-FRET transition in 

cleaved GP. Above, transition density plots (TDPs) are shown displaying FRET 

transitions. The horizontal axis shows initial FRET, and the vertical axis shows final 

FRET. Below, quantified transition rates of the high-FRET to intermediate-FRET 

transition (left) and the intermediate-FRET to low-FRET transition. Asterisks reflect 

results of one-way ANOVA with multiple pairwise comparisons of group means for 

between-group variance using Tukeyôs honestly significant difference criterion. (* = p < 

0.05, ** = p < 0.01, *** = p < 0.001). Only significant pairwise comparisons are 

highlighted. 

These findings suggest that exposure to low pH potentiates pre-fusion 

conformational sampling away from the crystallized high-FRET conformation and 

towards fusion-correlated conformational states. 

8.9 The study of calcium as a fusogenic input 

The same methodology applied above to the study of low pH exposure on GP can, 

in theory, be used to study the effects of any candidate fusogenic input on GP 

conformation. To this end, I preliminarily performed smFRET on labeled GPȹTM-

HRV3C under wide-field TIRF in the presence of 50 ɛM 1,2-bis(o-

aminophenoxy)ethane-N,N,Nǋ,Nǋ-tetraacetic acid (BAPTA), a calcium-specific chelator, 


















































