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Abstract 
Ebola virus (EBOV) causes hemorrhagic fever associated with fatality rates of up 

to 90%. Its entry process is complex and incompletely understood yet could provide 

clues for novel therapeutics. EBOV entry into cells is mediated by its glycoprotein (GP) 

comprised of two subunits, GP1, which is responsible for cell attachment, and GP2, 

which drives membrane fusion. Following attachment and internalization into host cells, 

EBOV is trafficked to late endosomes/lysosomes where its glycoprotein (GP1 subunit) is 

processed to a 19-kDa form by endosomal cathepsins B and L (CatB and L), allowing GP 

to bind to its intracellular receptor Niemann Pick C1 (NPC1). Evidence suggests that an 

additional factor following EBOV GP-NPC1 binding is required to trigger conformational 

changes in GP that drive fusion of the viral and endosomal membranes. The cellular 

factor(s) that act on GP to induce these conformational changes remain unknown, as 

low pH and NPC1 binding appear insufficient to trigger fusion. A cathepsin protease 

inhibitor, E-64d, as well as pH raising agents have been shown to block infection by 

pseudoparticles bearing 19-kDa GP1, suggesting further cathepsin action is needed to 

trigger fusion. The identification of the final fusion trigger, however, has been impeded, 

in part due to a lack of tools to assess the biochemical requirements for EBOV GP-

mediated fusion within endosomes. To address this limitation, I developed a new in 

vitro system to study fusion in the endosomal milieu. In this system, late endosomes are 

isolated from cells and used to prepare supported planar endosomal membranes 

(SPEMs) and fusion of fluorescent (pseudo)virus particles is monitored by total internal 

reflection fluorescence microscopy (TIRFm) (Chapter 2). The system was validated by 

recapitulating pH-dependent fusion of influenza and Lassa viruses, the latter with 

endosomes both positive and negative for the Lassa virus intracellular receptor, Lamp1. 

Additionally, I explored the effect of the late endosomal lipid, 

bis(monoacylglycero)phosphate (BMP), on docking and lipid mixing of HIV particles 

pseudotyped with Lassa virus GP (Appendix A). Using SPEMs, I show in Chapter 2 that 

fusion mediated by 19-kDa EBOV GP depends on low pH and is enhanced by Ca2+, as 

reported in other studies. I further demonstrate that SPEMs retain cathepsin activity 
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and that E-64d inhibits 19-kDa EBOV GP-mediated fusion at the hemi- and full fusion 

stages. Moreover, addition of cathepsins augments both hemi- and full fusion. 

Collectively the findings support the proposal that additional cathepsin activity is 

needed beyond generating 19 kDa GP1. 

In Chapter 3, I contributed to exploring the role of cholesterol on EBOV fusion 

and entry. Cholesterol serves critical roles in enveloped virus fusion by modulating 

membrane properties, including intrinsic curvature. We found that EBOV GP interacts 

directly with cholesterol via several glycines in the membrane-proximal external region 

and transmembrane (MPER/TM) domains. We also demonstrated that cholesterol in the 

viral membrane promotes membrane fusion and cell entry. Further, compared to the 

wild-type counterpart, a mutation in the cholesterol binding site of the TM domain 

(G660L) resulted in a higher probability of stalling GP2 proteoliposome fusion at the 

hemifusion stage and lower cell entry of virus-like particles bearing this mutation. 

In Chapter 4, the crystal structure of the luminal domain C of NPC1 (NPC1-C) in 

the space group P21 is described. The crystallization conditions were different from 

those of other published NPC1-C crystal structures and new purification protocols for 

glycosylated and non-glycosylated NPC1-C are described. The effect of glycosylation on 

the thermal stability of NPC1-C has also been explored (Appendix B).  
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Chapter 1. Introduction  

 

1.1 Overview of Virus Entry 

A virus can be defined as “a package of genetic information protected by a 

protein shell for delivery into a host cell to be expressed and replicated.” (Taylor, 2014). 

There is ongoing debate as to whether viruses are “living” organisms, but regardless 

viruses infiltrate all forms of life. There are an estimated 1031 viruses, a majority of 

which are bacteriophages (Cobián Güemes et al., 2016). Mammals and birds are 

estimated to host 1.67 million undiscovered viruses, and, of these, some 700,000 have 

the potential to infect humans (Carroll et al., 2018), but only about 200 viruses have 

been confirmed to infect humans (Woolhouse et al., 2012).  

There are currently two major virus classification schemes: the International 

Committee on Taxonomy of Viruses (ICTV) system and the Baltimore classification 

system (Kuhn, 2021). Viruses are also grouped based on their size and shape, 

composition and structure of their genomes and mode of replication as well as the 

presence or absence of a lipid envelope (Gelderblom, 1996). Viruses with a lipid 

envelope will be the major focus of this dissertation. 

Being obligate intracellular parasites, viruses must gain entry into host cells. 

Once inside, they take control of the cell for their needs: protein translation, genome 

replication, particle assembly, and, finally, exit from the host cell by budding, exocytosis, 

or cell lysis (Ryu, 2017). Viruses have evolved numerous mechanisms to enter cells. 

There are two main steps of virus entry: attachment to cell surface receptors and 

delivery of the viral genome into the cytoplasm. The main points of entry into the cell 

are directly at the plasma membrane or the limiting membrane of an intracellular 

organelle. Virus entry occurs by penetration (for non-enveloped viruses) or membrane 

fusion (for enveloped viruses) (Dimitrov, 2004).  
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1.1.1 Virus attachment 

Infection is initiated by attachment of the virus to the cell surface, which involves 

two types of host cell surface proteins: attachment factors and virus receptors. 

Attachment factors recruit and capture viruses but do not necessarily trigger virus 

penetration into the cytoplasm. Attachment factors are generally non-specific and can 

be used by diverse viruses. Glycosaminoglycans, which are sulfated glycan side chains of 

glycoproteins typified by heparins and heparan sulfate, serve as attachment factors for 

various types of viruses (Dai et al., 2020; Jolly & Sattentau, 2013; Ryu, 2017). 

Glycosaminoglycans are ubiquitously expressed in most human cell types and have a 

global negative charge, allowing for electrostatic interaction with positively-charged 

viral surface proteins (Cagno et al., 2019). Heparan sulfate proteoglycans facilitate entry 

of several viruses including herpes simplex virus (Shukla et al., 1999), hepatitis B 

virus/hepatitis delta virus (Lamas Longarela et al., 2013; Leistner et al., 2008), Ebola 

virus (Tamhankar et al., 2018), dengue virus (Germi et al., 2002), human 

immunodeficiency virus type 1 (HIV-1) (Saphire et al., 2001), and echoviruses 5 and 6 

(Goodfellow et al., 2001; Israelsson et al., 2010). 

Virus receptors are host molecules that are essential for productive infection. 

Interaction with entry receptors is virus-specific and determines cell tropism (Ryu, 

2017). Virus binding to their receptors leads to one of the following: (i) activation of 

specific signal pathways essential for viral entry, (ii) targeting the virus particle for 

endocytosis, (iii) conformational changes in the viral fusion protein that result in virus 

and host membrane fusion at the cell surface or within endosomes (Grove & Marsh, 

2011). Viruses exploit various cell surface components ranging from glycoproteins to 

phospholipids (Ryu, 2017). A variety of the cellular surface proteins are utilized as entry 

receptors, including integrins, transferrin receptor, low-density lipoprotein receptor, 

nectins, and members of immunoglobulin superfamily, e.g., CD4 (Dai et al., 2020). Some 

viruses require coreceptors for efficient entry. For instance, the fusion protein of HIV 

initially interacts with CD4, which induces a conformational change in the HIV surface 

protein that exposes a binding site to its co-receptor, CCR5 or CXCR4 (Dimitrov, 2004). 
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Non-protein receptors may also serve as entry receptors. For example, sialic acid is a 

ubiquitously expressed carbohydrate moiety attached to glycoproteins and glycolipids 

on the cell surface and is used by influenza virus, reovirus adenovirus, and rotavirus for 

entry (Stencel-Baerenwald et al., 2014). Table 1.1 lists the attachments factors and 

receptors for some viruses.  

Table 1.1 Different types of host molecules utilized by representative viruses for each 

Baltimore class. Adapted from (Dai et al., 2020). 
Baltimore 
subtype Virus Envelope 

Attachment 
factor Entry receptor Reference 

I: dsDNA Herpes simplex 
virus + 

HS Integrin, 
HVEM, 
Nectin1/2 

(Gianni et al., 2013; 
Karasneh & Shukla, 
2011) 

Human 
papillomavirus 

- 
HS Integrin, GFR, 

CD63, CD151 
(Raff et al., 2013; Shafti-
Keramat et al., 2003) 

II: +ssDNA Canine 
parvovirus 

- 
SA TfR (Lee et al., 2019; Löfling 

et al., 2013) 

Porcine 
circovirus 

- 
HS, SA TfR (Misinzo et al., 2006; 

Nauwynck et al., 2012) 

III: dsRNA Rotavirus 
- 

SA, HBGA Integrin, 
HSC70 

(Hu et al., 2012; Ruiz et 
al., 2009; Zárate et al., 
2003) 

Bluetongue 
virus - 

HS, SA Integrin, TfR, 
CD63 

(Forzan et al., 2007; 
Mecham & McHolland, 
2010) 

IV: +ssRNA Bovine viral 
diarrhoea virus 

+ 
HS LDLR, CD64 (Agnello et al., 1999; 

Maurer et al., 2004) 

Human 
rhinovirus 

- 
- LDLR, ICAM1 (Kolatkar et al., 1999) 

V: -ssRNA Measles virus 

+ 

SA Nectin4, 
CD150, CD64 

(Delpeut et al., 2014; 
Schneider-Schaulies et 
al., 2001; Talekar et al., 
2013) 

Canine 
distemper virus 

+ 

HS Nectin4, 
CD150 

(Fujita et al., 2007; 
Pratakpiriya et al., 
2012; von Messling et 
al., 2005) 

VI: +ssRNA-
RT 

HIV 
+ 

HS, lectins CD4, 
CCR5/CXCR4 

(Monini et al., 2012; 
Saphire et al., 2001) 

VII: dsDNA-
RT 

Hepatitis B 
virus + 

HS NTCP, HSC70 (Glebe & Bremer, 2013; 
Ryu et al., 2000; Zhang 
et al., 2011) 

Human T-
lymphotropic 
virus-1 

+ 
HS GLUT1 (Ghez et al., 2006; 

Lambert et al., 2009) 

Abbreviations of some receptors are CD: cluster of differentiation; CCR5: C-C chemokine receptor type 5; CXCR4: CX- 
C chemokine receptor type 4; HBGA: histo-blood group antigen; GFR: growth factor receptor; GLUT1: glucose 
transporter 1; HS: heparan sulfate; HSC70: heat shock cognate 71-kDa protein; HVEM: herpesvirus entry mediator, 
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belonging to tumour necrosis factor receptor family and a regulator of immune responses); ICAM1: intercellular 
adhesion molecule 1; LDLR: low-density lipoprotein receptor; NTCP: sodium taurocholate co-transporting 
polypeptide; SA: sialic acid; TfR: transferrin receptor. 

 

1.1.2 Virus penetration 

Penetration into the cytoplasm follows attachment of the viral particle to the cell 

surface. Viruses penetrate either the plasma membrane or the limiting membrane of an 

intracellular organelle (Marsh & Helenius, 2006). Viruses that fuse at the cell surface 

include herpes simplex virus, Sendai virus, and most retroviruses, including HIV (Marsh 

& Helenius, 2006). For viruses that are internalized, virus binding to receptors activates 

receptor-mediated signaling-induced endocytosis (Boulant et al., 2015). Internalization 

occurs via various routes. Influenza A virus (Rust et al., 2004) and vesicular stomatitis 

virus (Cureton et al., 2009) enter cells by clathrin-mediated endocytosis while Hepatitis 

B virus uses a caveolin-mediated endocytosis pathway (Macovei et al., 2010). Some 

viruses are internalized by a cholesterol-dependent endocytic pathway that is 

independent of clathrin and caveolin, such lymphocytic choriomeningitis (LCMV) (Rojek 

et al., 2008) and simian virus 40 (Damm et al., 2005). Other viruses, e.g., vaccinia virus 

(Mercer & Helenius, 2008) and coxsackievirus B (Coyne et al., 2007), induce their 

internalization by macropinocytosis. Finally, mimivirus infects cells through phagocytosis 

(Ghigo et al., 2008). Of note, some viruses can use more than one mode of 

internalization depending on the cell type. 

Upon reaching the site of penetration, viral proteins facilitate transport into the 

cytoplasm. Viral fusion proteins drive fusion of the viral and host membrane to create a 

pore through which the genomic cargo is transferred into the cytoplasm (Plemper, 

2011). Membrane fusion is a thermodynamically favorable process but has a high kinetic 

barrier. Close apposition of the two membranes must overcome repulsive forces 

including the hydration barrier created by a layer of water associated with the head 

groups of polar lipids (Kielian, 2014). Membrane fusion is sensitive to lipid composition 

since lipids have intrinsic preferred curvatures, which may promote or inhibit fusion 

(Chernomordik & Kozlov, 2003). The energy to overcome these kinetic barriers is 
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provided by viral fusion proteins. Viral fusion proteins exist in a metastable state in the 

virus envelope. In this state, the protein structure is kinetically trapped in a local free 

energy minimum, separated from the global free energy minimum conformation by a 

high energy barrier (Ghosh & Ranjan, 2020). It is thought that destabilizing agents, e.g., 

low pH and/or cellular receptor(s), trigger conformational changes from the metastable 

state to reach the lowest energy conformation (Carr et al., 1997). The conformational 

changes viral fusion proteins undergo upon triggering releases significant 

conformational energy required to drive membrane fusion (Chernomordik & Kozlov, 

2003).  

When the active viral membrane fusion protein receives the “fusion trigger” 

signal, it inserts into the target membrane via a hydrophobic fusion peptide (or loop) 

(Figure 1.1, iii) (White & Whittaker, 2016). This conformation is termed the “prehairpin 

intermediate” or “extended intermediate.” (Bullough et al., 1994; White & Whittaker, 

2016). The viral protein folds onto itself (Figure 1.1 iv), forming a hairpin or six-helix 

bundle (Figure 1.1 v) (Malashkevich et al., 1999; Weissenhorn et al., 1998). Formation of 

the six-helix bundle overcomes the hydration repulsion, bringing the apposing 

membranes closer together (Harrison, 2008). Further conformational changes bring the 

fusion loop and transmembrane domains together to promote fusion pore formation 

(Figure 1.1 vi) (Kemble et al., 1993; Lai & Freed, 2015; Lee et al., 2017; Tamm et al., 

2003). 
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Figure 1.1. Model of membrane fusion driven by viral fusion proteins. The model 

shown is for a class I fusion protein, but related models apply to class II and III fusion 

proteins. A viral fusion protein is rendered fusion-competent in a priming step, which 

typically involves proteolytic cleavage (i). The fusion-competent protein (ii) is triggered 

to undergo conformational changes that result in a prehairpin where the fusion peptide 

is projected into the target membrane (iii). The prehairpin folds back onto itself, drawing 

the two membranes in close apposition (iv) until it forms a six-helix bundle resulting in 

membrane hemifusion (v). Association of the fusion peptide and transmembrane 

domains promote fusion pore opening. Adapted from (White & Whittaker, 2016).  

 

Viral fusion proteins can be classified into three categories based on their 

structural and mechanistic characteristics. Class I fusion proteins (e.g., hemagglutinin of 

influenza virus) are synthesized as fusion-inactive precursors that require proteolytic 

activation to gain fusion competence. They are all homotrimers and largely α-helical. 

Class II fusion proteins, such as the E protein of dengue virus, are synthesized as 

polyprotein precursors that are proteolytically processed during biosynthesis to form 

dimers. During fusion, these proteins undergo conformational rearrangements that 

convert the dimer into a stable hairpin trimer comprising β-sheet structures. Lastly, class 

III fusion proteins do not require proteolytic processing, e.g., G protein of vesicular 

stomatitis virus. They display features of both class I and II fusion proteins: they have a 
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central α-helical coiled coil (similar to class I fusion proteins) with their fusion loops 

located at the tip of an elongated β-sheet (akin to class II fusion proteins) (Más & 

Melero, 2013). 

There are four recognized ways by which viral fusion proteins are triggered: (i) 

binding to a receptor(s) (e.g., HIV Env, paramyxovirus F protein), (ii) exposure to low pH 

(e.g., influenza HA, VSV G protein) (iii) binding to a receptor following exposure to low 

pH (e.g., ASLV Env), and (iv) binding to a receptor following proteolytic cleavage (e.g., 

MERS S protein) (Figure 1.2) (White & Whittaker, 2016). There is growing evidence that 

there is a fifth triggering mechanism that involves binding to receptor, low pH, and 

proteolytic cleavage of the viral fusion proteins of Ebola virus and severe acute 

respiratory syndrome coronavirus 2 (SARS-CoV2) (discussed in Chapter 2).  

Figure 1.2. Diversity of viral fusion proteins. Viral fusion proteins are classified based on 

their structure (left) and mode of fusion triggering (right). Representative fusion 

proteins of different classes that employ different fusion triggers are: (A) influenza HA, 

(B) paramyxovirus F and most retroviral Env proteins, (C) α-retroviral Env proteins, (D) 

SARS-CoV 1 Spike protein, (E) Ebola virus GP and SARS-SoV 2 Spike protein, (F) the E and 

E1 protein, respectively, of TBEV and SFV, (G) VSV G, and (H) HSV gB. Modified from 

(White & Whittaker, 2016). 
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1.2 Overview of Ebola virus 

Ebola virus is the best-known member of the Filoviridae family, which belong to 

the order Mononegavirales. Members of this family are variously shaped, but often, 

filamentous, and comprise 15-19 kb RNA genomes that are linear, negative-sense and 

non-segmented (Kuhn et al., 2019). Currently, there are six recognized genera of the 

family, Cuevavirus, Dianlovirus, Ebolavirus, Marburgvirus, Striavirus, and Thamnovirus, 

and eleven species (Figure 1.3). Ebolavirus and Marburgvirus genera contain human 

pathogens, which cause a severe hemorrhagic fever referred to as Ebola virus disease 

(EVD) and Marburg virus disease, respectively (Kuhn et al., 2019). The Ebolavirus genus 

includes six species: Ebola virus (EBOV), Sudan virus (SUDV), Bundibugyo virus (BUBV), 

Taї Forest virus (formerly Côte d’Ivoire ebolavirus) (TAFV), Reston virus (RESTV) and, the 

newest member, Bombali virus. EBOV, SUDV and BDBV are highly lethal human 

pathogens (Kuhn et al., 2019) and, although RESTV is not known to cause disease in 

humans, asymptomatic infections have been reported (Cantoni et al., 2016). TAFV has 

been reported to be the cause of a single case of severe but non-lethal human disease 

(Le Guenno et al., 1995), and Bombali virus was discovered in insectivorous bats of two 

species in Sierra Leone (Goldstein et al., 2018). The Marburgvirus genus contains a single 

species with two related viruses, Marburg virus and Ravn virus, both of which cause 

severe disease in humans (Kuhn et al., 2019). 

The four other genera are not known to cause hemorrhagic fever in humans. 

Cuevavirus genus, contains a single species, Lloviu virus, which was discovered in dead 

insectivorous bats in Spain (Negredo et al., 2011). There is also only one species in the 

Dianlovirus genus, Měnglà virus, which was identified in fruit bats in China (Yang et al., 

2019). The remaining two genera have piscine hosts, with Huángjiāo virus (Thamnovirus 

genus) and Xīlǎng virus (Striavirus genus) being discovered in hairy frogfish (Antennarius 

striatus) and greenfin horse-faced filefish (Thamnaconus septentrionalis), respectively, 

captured in the East China Sea and South China Sea (Shi et al., 2018). 
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Figure 1.3 Phylogenetic relationships of filoviruses. Maximum-likelihood tree 

demonstrating the six genera of the family inferred from the coding-complete or 

complete filovirus genome sequences. Analysis was performed by Nicholas Di Paola, 

USAMRIID, Fort Detrick, MD, USA. Adapted from (Kuhn et al., 2019). 

 

1.2.1 History of Filovirus outbreaks 

The first reported filovirus outbreak was in Marburg and Frankfurt, Germany, 

and Belgrade, Yugoslavia (now Serbia) in 1967. Laboratory personnel became infected 

when performing experiments on grivet monkeys imported from Uganda, which were 

infected with MARV (Slenczka, 2017). During the outbreak, several cases of nosocomial 

infections were observed as well as one case of sexual transmission, where a woman 

contracted the virus from her husband who had been infected three months earlier 

(Slenczka, 2017). To date, there have been a total of fifteen known MARV outbreaks 

(CDC). 

Ebola viruses first emerged in 1976 in two concurrent outbreaks in Yambuku, 

Bumba, Abumombazi and Kinshasa in Zaire (now Democratic Republic of Congo) and 

Nzara, Maridi, Tembura and Juba in southern Sudan (now South Sudan) ("Ebola 

haemorrhagic fever in Sudan, 1976. Report of a WHO/International Study Team," 1978; 
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"Ebola haemorrhagic fever in Zaire, 1976," 1978). It was initially thought that these 

infections were caused by Marburg virus, but it was later determined that they were 

caused by a similar but different virus. The virus isolates came to be known as Ebola 

virus (formerly Zaire ebolavirus) and Sudan virus.  

Since 1976, there have been numerous outbreaks in various countries (Languon 

& Quaye, 2019). The largest outbreak to date was the 2013-2016 West African outbreak, 

with over 28,600 cases and 11,325 deaths (WHO). Genomic analyses suggest that the 

initial case was a zoonotic transmission event followed by human-to-human 

transmission (Gire et al., 2014). The index case was a 2-year-old boy in a village near 

Guéckédou, Guinea (Baize et al., 2014; Marí Saéz et al., 2015); after which the virus 

rapidly spread to other parts of Guinea, Sierra Leone, Liberia, Nigeria, Mali, Spain, and 

USA (WHO). There have since been other outbreaks in DRC (2017, 2018, 2021 and 

2022), Guinea (2021) and Uganda (2022) (CDC). The rise in Ebola virus disease outbreaks 

has been associated with increased human contact with wildlife due to deforestation, 

hunting, and mining (Rugarabamu et al., 2020).  

 

1.2.2 Filovirus reservoirs  

Index cases that initiate filovirus outbreaks are linked to spillover events 

occurring when humans come into contact with the reservoir (Amman et al., 2017). The 

initial infections are followed by human-to-human transmission. Bats have been 

implicated in numerous spillover events associated with severe disease (Wang & 

Anderson, 2019). Evidence collected to date points to cave-dwelling fruit bats, Egyptian 

rousette bats (Rousettus aegypticus), as the reservoir for MARV and RAVN (Amman et 

al., 2012; Towner et al., 2007). Additionally, the nature of filovirus infection appears to 

be seasonal. An ecologic investigation was performed on Egyptian rousette bats in 

Kitaka gold mine and Python cave in Uganda, where spillover events occurred in miners 

and tourists. The prevalence of active Marburgvirus infection spiked in older juvenile 

bats (~6 months) and this coincided with spillover events to humans (Amman et al., 
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2012).  Other filoviruses have also been detected in bats. Lloviu viral RNA was detected 

in insectivorous bats (Miniopterus schreibersii) in Cueva del Lloviu, Spain (Negredo et al., 

2011) and Bükk mountain in northeast Hungary (Kemenesi et al., 2018). RESTV RNA was 

also identified in M. schreubersii bats in the Phillipines (Jayme et al., 2015). Bombali 

virus was first detected in free tailed bats of two species, Angolan free-tailed bat (Mops 

condylurus) and little free-tailed bat (Chaerephon pumilus), in Bombali district in Sierra 

Leone (Goldstein et al., 2018). Bombali virus has since been detected in M. condylurus 

bats in Kenya, Guinea and Mozambique (Forbes et al., 2019; Karan et al., 2019; 

Lebarbenchon et al., 2022). Měnglà virus was detected in Rousettus bats in Měnglà 

County, Yunnan Province, China (Yang et al., 2019). Finally, immunoglobulin G 

antibodies specific to SUDV, TAFV, BDBV, RESTV and Lloviu virus were detected in 

Egyptian fruit bats in Zambia (Changula et al., 2018). 

While Měnglà virus, Lloviu virus and Bombali virus have been detected in bats, 

the role of bats in the EBOV transmission cycle is still debated, since no complete EBOV 

genome has been sequenced from any bat sample (Wang & Anderson, 2019). Several 

pieces of evidence point to bats as the reservoir for EBOV. Two EBOV outbreaks have 

been linked to an index case associated with bats (Leroy et al., 2009; Marí Saéz et al., 

2015). Moreover, detection of RESTV in bats (Jayme et al., 2015) further supports bats 

as reservoirs for ebolaviruses.  

 

1.2.3 Pathogenesis 

A combination of animal studies, in vitro research and clinical data from human 

beings has provided a general understanding of Ebola virus disease (EVD) pathogenesis. 

EBOV appears to enter the host through mucosal surfaces, breaks and abrasions in the 

skin (Feldmann & Geisbert, 2011b). Macrophages and dendritic cells (DC) are the first 

cells to be infected, allowing for EBOV to spread from the site of infection to regional 

lymph nodes, liver, and spleen (Geisbert et al., 2003). EBOV-infected macrophages and 

DCs migrate out of the spleen and lymph nodes to other tissues, thereby disseminating 
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the infection. EBOV can infect many cell types, in addition to DCs and macrophages, 

including Kupffer cells, fibroblasts, hepatocytes, endothelial and epithelial cells as well 

as adrenal gland tissues (Geisbert et al., 2003).  

EBOV has evolved to counteract the host immune system.  EBOV infection is 

associated with inadequate immune response and decreased production of coagulation 

factors (Feldmann & Geisbert, 2011b). The type I interferon response, an important host 

defense, is suppressed by viral proteins, VP24 and VP35 (described in a later section of 

this chapter) (Kühl & Pöhlmann, 2012). VP24 and VP35 also cause abnormal secretion of 

cytokines and chemokines and thus lead to a lack of proper DC maturation (Lubaki et al., 

2013). By impairing DC maturation, EBOV impedes activation of lymphocytes including 

natural killer, T and B cells (Furuyama & Marzi, 2019). Uncontrolled EBOV replication 

induces hypersecretion of cytokines, chemokines and growth factors, creating a so-

called “cytokine storm.” This dysregulated response results in increased vascular 

permeability, end-stage organ failure, sepsis syndrome, and death (Furuyama & Marzi, 

2019).  

The dysregulation of the T cell response appears to be a key component in EVD 

pathophysiology. Indeed, surviving EVD patients were found to present an early and 

robust antibody response against EBOV (McElroy et al., 2015; Reynard et al., 2019). 

While T cell activation was observed in both fatal and non-fatal cases, Ruibal et al. 

hypothesize that the increased expression of T cell inhibitory molecules ultimately 

triggers expression of pro-inflammatory cytokines in fatal cases (Ruibal et al., 2016). It is 

also worth noting that a study of survivors of EVD from the 2013-2016 West African 

outbreak indicated that these individuals displayed robust T cell responses to various 

EBOV epitopes two years after viral clearance (Wiedemann et al., 2020). Another 

observation seen after the acute phase of EVD, is an increase in EBOV-specific 

neutralizing antibodies (Luczkowiak et al., 2016). The neutralizing antibodies may not 

play a large role in recovery from acute EVD; however, some EVD survivors’ serum 

contains antibodies that can still neutralize live virus 40 years post-initial infection 

(Rimoin et al., 2018). 
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As the disease progresses, there is accumulation of nitrogen oxide in the blood, 

which is associated with cardiac stress and heart failure and contributes to virus-induced 

shock (Sanchez et al., 2004). Another factor, which was recently identified as a 

contributor to EVD pathogenesis, is electrolyte imbalance. Analysis of data from patients 

revealed hypokalemia, hypocalcemia, hypomagnesemia, and hyponatremia (Uyeki et al., 

2016). Clinical care that targets electrolyte abnormalities have been associated with 

reduced case fatality rates (Muñoz-Fontela & McElroy, 2017).  

Other factors that may play a role in EVD pathogenesis, but require further 

study, are co-infection with malaria, which has been associated with increased EVD-

related mortality (Vernet et al., 2017). Additionally, comorbidities like malnutrition may 

contribute to higher case fatality rates (Muñoz-Fontela & McElroy, 2017). 

 

1.2.4 Clinical Manifestation 

Acute EVD: Symptoms begin 5-7 days post exposure, with the incubation period varying 

from 1 to 21 days. The duration of the incubation period depends on the route of 

infection, with shorter periods for percutaneous exposure and longer periods for 

animal-to-human or human-to-human transmission (Velásquez et al., 2015). Rare cases 

of asymptomatic or pauci-symptomatic infection have been reported (Timothy et al., 

2019). Following disease onset, patients present with a non-specific febrile illness with 

symptoms including arthralgia, anorexia, malaise, headache, myalgia, and rash. As the 

disease progresses, severe gastrointestinal symptoms develop including, nausea, 

vomiting, and high-volume diarrhea (Jacob et al., 2020). 

The onset of detectable viremia, persistent fever, and increased gastrointestinal 

fluid loss occurs 6-10 days from disease onset. The terminal phase of the disease (7-12 

days following disease onset) is characterized by tissue hypoperfusion and vascular 

leakage as well as dysregulated inflammation, which leads to multiple organ dysfunction 

syndrome (Jacob et al., 2020). A subset of patients develop encephalopathy and 

neurological symptoms (de Greslan et al., 2016). Patients who do not improve by the 
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first week will die as a result of hypovolemic shock or multiorgan failure, starting with 

acute kidney injury (Casillas et al., 2003).  

Post-Ebola Syndrome (PES): Patients who survive EVD experience severe sequelae that 

persist during convalescence, a condition referred to as post-Ebola syndrome (PES) 

(Scott et al., 2016). The symptoms include musculoskeletal pain, rash, dry flaky skin, 

vision loss, hearing loss, impotence, bleeding, menstrual cessation, and general 

weakness (Scott et al., 2016). Neuropsychiatric sequelae including long-term anxiety, 

depression and post-traumatic stress have also been reported (Büttiker et al., 2022). 

The virus is cleared from most of the body following acute illness. However, virus 

clearance is delayed in immune-privileged sites in the body including semen, the eye, 

the central nervous system, and the fetus, placenta, amniotic sac/fluid, and mammary 

gland in women infected during pregnancy (Vetter et al., 2016). Viral RNA has also been 

identified in other body fluids including vaginal secretions, urine, sweat, and saliva for 

weeks and even months after disease onset (Vetter et al., 2016). While it appears that 

complete viral clearance can take months, reports of recrudescence are rare.  

 

1.2.5 Therapeutic Strategies 

The World Health Organization (WHO) recommends supportive care 

(rehydration with oral or intravenous fluids) in addition to administration of Inmazeb or 

Ebanga (WHO, 2021), which are monoclonal antibodies evaluated for EVD treatment in 

the Pamoja Tulinde Maisha (PALM; Kiswahili for “Together We Save Lives”) trial 

(Mulangu et al., 2019).  Inmazeb (also known as REGN-EB3) was the first FDA-approved 

treatment for EVD caused by EBOV of the Zaire ebolavirus species (FDA, 2020a). Ebanga 

(also known as ansuvimab-zykl or mAb114) was approved soon after Inmazeb (FDA, 

2020b). Inmazeb is a cocktail of three human monoclonal antibodies and Ebanga is 

comprised of a single monoclonal antibody (Tshiani Mbaya et al., 2021). Nucleoside 

analogue drugs, including favipiravir and remdesivir, as well as small interfering RNA 

(siRNA), TKM-130803, were designed and tested for treatment of EVD (Mulangu et al., 
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2019; Scott et al., 2020; Sissoko et al., 2016). These small molecule inhibitors did not 

improve survival in clinical trials.  

There are currently three approved vaccines against Ebola virus: Ervebo (FDA-

approved) (FDA, 2019), Zabdeno/Mvabea (approved for medical use in the EU) (EMA, 

2020a, 2020b), and Ad5-EBOV vaccine (approved for emergency use by the China Food 

and Drug Administration) (Y. Li et al., 2018). It is important to note that the 

aforementioned treatments and vaccines are targeted at Zaire ebolavirus. With Sudan 

virus being the causative agent for several outbreaks, there is a need for vaccine and 

treatment options against this virus. In fact, during the preparation of this dissertation 

(November 2022), WHO announced plans to begin a clinical trial for three vaccine 

candidates against Sudan virus, the virus responsible for the 2022 outbreak in Uganda 

(WHO, 2022b). 

 

1.3 Overview of EBOV Replication Cycle 

1.3.1 Structure of EBOV particles 

Filoviruses are usually filamentous in shape, varying in length (average of 1 - 2.6 

μm) with a diameter of 96-98 nm. Filoviral genomes are linear, non-segmented, 

negative-sense RNA molecules, containing 15-19 kb (Kuhn et al., 2019). Most filoviruses 

encode seven major structural proteins: nucleoprotein (NP), VP35, VP40, glycoprotein 

(GP), viral protein 40 (VP40), VP24 and large protein (L) (Sanchez et al., 1993). It is 

noteworthy that the newly discovered fish filoviruses lack some protein homologs. 

Xīlǎng virus lacks a clear VP24 homolog and Huángjiāo virus lacks VP24, VP30, VP35, and 

VP40 homologs. These differences would suggest that genome replication and 

transcription are different than for the other filoviruses (Hume & Mühlberger, 2019).  
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The EBOV particle is wrapped in a host-derived-membrane covered with GP, 

which is the only surface protein (Figure 1.4). The inner leaflet of the membrane is lined 

with VP40, which gives the virus its filamentous shape. The inner core structure, 

referred to as the nucleocapsid, comprises the viral RNA genome and five associated 

viral proteins: NP (encapsidates the viral genome), VP30 (a polymerase cofactor), VP35 

(another polymerase cofactor), VP24 (nucleocapsid maturation factor) and L (RNA-

dependent RNA polymerase) (Hume & Mühlberger, 2019).  

Figure 1.4. Structure and genome organization of Ebola virus. A. Morphology of an 

EBOV particle. The nucleocapsid is composed of the RNA genome (represented by the 

colored rectangles), nucleoprotein (NP), RNA-dependent RNA polymerase (L) as well as 

viral proteins 24, 30 and 35. The matrix protein, VP40, interacts with the inner leaflet of 

the host-derived viral membrane. The surface of the virion is decorated with 

glycoproteins (GP). B. Ebola virus genome organization. Figure created by Kathryn 

Schornberg. Used with permission from her thesis (Figure 1.1). 

 

1.3.2 EBOV proteins and their functions 

Nucleoprotein (NP). NP comprises 739 amino acids, with a hydrophobic N-terminal half 

and a hydrophilic C-terminal half (Sanchez et al., 1989). NP oligomerizes into long, linear 

filaments, encapsidating the viral RNA genome. Additionally, NP interacts with other 
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EBOV proteins, VP35, VP24 and L, to form the nucleocapsid (Takamatsu et al., 2018; 

Wan et al., 2017). Post-translational modifications of NP, glycosylation, including 

sialylation, are thought to be required for viral assembly (Huang et al., 2002; Watanabe 

et al., 2006).  

VP35: The protein VP35 serves as a cofactor for RNA polymerase and is analogous to 

viral phosphoproteins of other mononegaviruses. VP35, made up of 340 amino acids, 

also interacts with the viral RNA polymerase as well as NP, conferring specificity for 

filoviral genomic RNA (Kirchdoerfer et al., 2017). Phosphorylation of VP35 is critical for 

its role in transcription and replication (Zhu et al., 2020). Further, VP35 also blunts the 

innate immune response by suppression of the type I interferon response and RNA 

interference (Basler et al., 2000; Haasnoot et al., 2007). 

VP40: The matrix protein, VP40, is the most abundant protein in virions. VP40 comprises 

326 amino acids and is important for transcription regulation, viral assembly and 

budding at the plasma membrane. Expression of VP40 alone is sufficient for the 

formation of filamentous virus-like particles. Additionally, VP40 interacts with NP and 

VP35, chaperoning the nucleocapsid to viral budding sites at the plasma membrane 

(Kirchdoerfer et al., 2017). VP40 also interacts with phosphatidylserine (PS) and 

phosphatidylinositol 4,5-bisphosphate (PI(4,5)P2), interactions that stabilize and/or 

induce extensive VP40 oligomerization required for virion assembly (Adu-Gyamfi et al., 

2015; Johnson et al., 2016). VP40 can perform all these functions likely due to the ability 

of VP40 to adopt three distinct oligomeric states, dimer, hexamer, and octamer 

(Bornholdt et al., 2013; Hoenen et al., 2010). The VP40 matrix in the virion disassembles 

during viral entry. Low pH, as found in endosomes, weakens the VP40-lipid interactions, 

reducing the energy barrier for membrane fusion (Winter et al., 2022) 

VP30: The protein VP30 (288 amino acids long) is unique among filoviruses, having no 

corresponding protein in other mononegaviruses. VP30 is a transcription activator, 

facilitating the switch from replication to transcription (Bach et al., 2020). VP30 also 

binds to zinc and RNA (John et al., 2007) and interacts with NP and VP35 (Biedenkopf et 
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al., 2013; Hartlieb et al., 2007). The NP-VP30 and VP30-VP35 interactions are influenced 

by the reversible phosphorylation of VP30, which in turn may explain VP30’s ability to 

modulate the polymerase complex between transcriptase and replicase (Biedenkopf et 

al., 2013; Takamatsu et al., 2022). 

VP24: The VP24 protein is a minor matrix protein, composed of 251 amino acids. VP24 is 

involved in inhibition of replication and transcription, nucleocapsid formation and 

genome packaging (Kirchdoerfer et al., 2017; Takamatsu et al., 2018). VP24 interacts 

with NP and VP35, with the interaction between NP and VP24 found to be essential for 

nucleocapsid formation and packaging into the virion (Banadyga et al., 2017). Like VP35, 

VP24 also blocks type I interferon signaling. It does so by preventing nuclear import of 

the host transcription factor, STAT1, by competitively binding to the host nuclear 

transporter, karyopherin alpha (Schwarz et al., 2017). Karyopherin-bound VP24 

undergoes nucleocytoplasmic trafficking to return to the cytoplasm, presumably to 

perform its other tasks besides immune evasion (Harrison et al., 2021). 

Large protein (L): The RNA-dependent RNA polymerase, L, is the largest protein 

produced by EBOV; it contains 2212 amino acids. The L protein has six catalytic motifs, 

which impart L with the capacity to perform all enzymatic activities required for RNA 

synthesis, including RNA-dependent RNA-polymerization, capping and 

methyltransferase activities (Poch et al., 1990; Yuan et al., 2022).  

Glycoprotein (GP): The EBOV GP gene encodes four proteins: GP, secreted GP (sGP), 

small secreted GP (ssGP), and Δ-peptide (Figure 1.5) (Mehedi et al., 2011; Sanchez et al., 

1996; Volchkov et al., 1995; Volchkova et al., 1999), which is achieved by transcriptional 

editing (Feldmann et al., 2001) performed by the L protein. The primary gene product is 

sGP, the product of unedited GP mRNA. Transmembrane GP, the form that sits on the 

virion surface, is translated from edited mRNA resulting from the addition of a single 

adenosine nucleotide to the editing site. The deletion of one or insertion of two 

adenosine nucleotides allows for a switch to a third open reading frame, generating 

ssGP (Feldmann et al., 2001). This RNA editing mechanism is both a mechanism for host 
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evasion as well as a means to modulate GP expression levels for optimal virus 

production and infectivity (Mohan et al., 2015). 

sGP is produced as pre-GP and transported to the Golgi apparatus where it is 

glycosylated and converted by proteolysis to mature sGP and Δ-peptide (Feldmann et 

al., 2001). sGP forms disulphide-linked homodimers, which act as a decoy antigen 

resulting in antigenic subversion (Mohan et al., 2012). Δ-peptide has viroporin activity, 

giving it enterotoxic activity (He et al., 2017; Melnik et al., 2022). ssGP is secreted in 

monomeric form and its role in EVD pathogenesis remains unclear.  

Full-length GP comprises 676 amino acids and is produced as pre-GP0. Pre-GP0 

undergoes a series of processing events in the endoplasmic reticulum, including signal 

peptide removal, N-glycosylation, and oligomerization. This is followed by acylation, O-

glycosylation and maturation of the N-glycans in the Golgi apparatus. Finally, pre-GP is 

cleaved by the protease, furin, to GP1 and GP2 (reviewed in (Feldmann et al., 2001)). 

GP1 and GP2 form a heterodimer linked by a C53-C609 disulfide bond and non-covalent 

interactions (Bale et al., 2012; Jeffers et al., 2002; Lee & Saphire, 2009). On the surface 

of EBOV particles, the GP1-GP2 heterodimer forms a trimer, GP. GP1 is responsible for 

cell surface attachment and receptor-binding, and bears most of the glycosylation in the 

glycan cap and mucin-like domain. GP2 drives fusion of the viral and host membranes.  

It is worth noting that high levels of GP expression result in rounding and detachment of 

cells and downregulates cell surface protein expression (Francica et al., 2009; Simmons 

et al., 2002; Yang et al., 2000). EBOV modulates the amount of GP being produced by 

employing transcriptional editing of the GP gene (Feldmann et al., 2001) and hijacking 

the proteostasis mechanism of the cell, triggering GP misfolding and degradation when 

GP levels become high (J. Zhang et al., 2022). 

There is an additional soluble form of GP, shed GP, which is generated by 

cleavage of membrane-bound trimeric GP by the cellular zinc-dependent 

metalloprotease TACE. Shed GP acts as a decoy antigen by blocking neutralizing 

antibodies (Dolnik et al., 2004). Shed GP also contributes to the dysregulated 
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inflammatory response in EVD by inducing non-infected dendritic cells and macrophages 

to release pro- and anti-inflammatory cytokines and affect vascular permeability 

(Escudero-Pérez et al., 2014; Scherm et al., 2022). 

 

Figure 1.5. Forms of Ebola virus glycoproteins. Gene 4 encodes three forms of GP 

through a co-transcriptional editing mechanism. Soluble GP (sGP), the main 

transcription product, is synthesized as pre-sGP. Subsequent cleavage with furin 

produces sGP and Δ-peptide, both of which are secreted from cells. Alternative 

transcriptional editing results in the production of ssGP. A third transcriptional editing 

events results in the production of full-length GP, which is cleaved by furin to form two 

subunits, GP1 and GP2. GP1 and GP2 remain associated by a disulfide bond, forming a 

heterodimer, which trimerizes prior to incorporation into the cell surface in preparation 

for viral budding. Cleavage of GP at the cell surface by the zinc metalloprotease TACE 

generates shed GP. Figure created by Kathryn Schornberg. Used with permission from 

her thesis (Figure 1.3). 
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1.3.3. Replication cycle 

The EBOV replication cycle (Figure 1.6) is typical for a negative-sense RNA virus. 

The cycle begins with EBOV attachment to various host factors, including lectins (DC-

SIGN, L-SIGN), TYRO3 receptor family members and the PS-binding receptor, TIM1 

(Hoenen et al., 2019), none of which are strictly necessary for attachment. The virus is 

then internalized into the host cells by macropinocytosis and transported into 

endosomes (Aleksandrowicz et al., 2011; Nanbo et al., 2010). In the endosome system, 

GP is cleaved by host cathepsins producing the fusion-competent GPcl, which interacts 

with the EBOV endosomal receptor NPC1, after which fusion of viral and endolysosomal 

membranes occurs (Carette et al., 2011; Côté et al., 2011; E. H. Miller et al., 2012; Ng et 

al., 2014). The final fusion trigger for membrane fusion has not yet been identified, as 

discussed further in Chapter 2. Upon fusion, the ribonucleoprotein (RNP) complex is 

released into the cytoplasm. The RNP complex comprises the RNA genome, NP, VP30, 

VP35 and L. While the details of the uncoating process are poorly understood, it has 

been proposed that VP24 dissociation from the RNP complex relaxes the rigid 

nucleocapsid packing making it transcription- and replication-competent (Banadyga et 

al., 2017; Watt et al., 2014). Primary transcription occurs in the cytoplasm and is 

facilitated by the RNP complex proteins brought into the cell. The viral mRNAs are 

translated into proteins by host ribosomes. The newly synthesized proteins form 

inclusion bodies in which further secondary transcription and genome replication 

occurs, producing more viral genomic RNA from the complementary positive sense RNA. 

Genome transcription is mediated by all of the proteins in the RNP (Hoenen et al., 

2019). The balance between replication and transcription is modulated by the 

phosphorylation status of VP30, supporting transcription in its non- or weakly 

phosphorylated state (Biedenkopf et al., 2016). VP24 binds to the newly formed RNP 

complexes, condensing them for efficient genome packaging (Banadyga et al., 2017; 

Watt et al., 2014). The nucleocapsids are then transported to the plasma membrane in 

an actin-dependent manner (Schudt et al., 2015). VP40 is also transported to the cell 

surface. Meanwhile, GP is post-translationally modified in the endoplasmic reticulum 
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and Golgi apparatus, producing O- and N-glycosylated GP (Hoenen et al., 2019). GP is 

transported to VP40 sites near the plasma membrane. VP40 directs virion assembly and 

egress through its interactions with several host factors including the endosomal sorting 

complex required for transport (ESCRT) machinery (Gordon et al., 2019). Additionally, 

VP40 induces PS clustering, which in turn facilitates optimal VP40 oligomerization 

(Husby et al., 2022). Lastly, GP interacts with host scramblases, resulting in their 

incorporation into budding virions where they mediate exposure of PS on the outer 

leaflet of the virion membrane (Nanbo et al., 2018). Exposure of PS is critical to the 

infectivity of EBOV progeny (Tang et al., 2022). 
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Figure 1.6. Ebola virus replication cycle. Ebola virus has a 19-kb single-stranded 

negative-sense RNA genome that encodes seven structural proteins: nucleoprotein (NP), 

polymerase cofactor (VP35), matrix protein (VP40), glycoprotein (GP), transcriptional 

activator (VP30), nucleocapsid-associated protein (VP24) and large protein (L). Adapted 

from Jacob et al., 2020 and Kuhn et al., 2019. B.  Ebola virus (EBOV) binds to attachment 

factors and receptors on the cell surface through the viral spike protein, glycoprotein 

(GP) (1). The virus is then internalized via macropinocytosis (2) and trafficked to an 

endosomal compartment. Cysteine proteases cathepsin B (CatB) and cathepsin (CatL) in 

endosomes digest GP1 to a 19-kDa form (3), exposing the receptor-binding domain of 

GP1. The exact type of endosome wherein GP is cleaved has not yet been established. 

Primed GP1 interacts with the EBOV receptor NPC1, after which GP2-mediated fusion of 

the viral and endosomal membranes is triggered (4). After fusion, the viral nucleocapsid 

is released into the cytoplasm, where the genome is replicated (5) and transcribed (6) 

with the aid of the viral proteins VP35, VP30 and L, and viral mRNAs are then translated 

(7). mRNAs encoding GP are brought to the endoplasmic reticulum (ER), where GP is 
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synthesized, modified with N-linked sugars and trimerized. GP is further modified in the 

Golgi and delivered to the plasma membrane in secretory vesicles. The other viral 

proteins (VP24, VP35, VP30, VP40 and L) and the ribonucleoprotein complex (RNA with 

nucleoprotein) are transported to the plasma membrane where virion budding occurs 

(8). Adapted from (Jacob et al., 2020). 

 

1.4 EBOV entry 

EBOV entry into host cells comprises a series of carefully choreographed events 

that can be divided into five steps: (i) attachment to the host cell surface, (ii) 

internalization, usually by macropinocytosis, and trafficking through the endocytic 

pathway to endolysosomes, (iii) priming of GP by host cysteine proteases, followed by 

(iv) binding to host receptor, NPC1, and (v) fusion of viral and endosomal membranes 

culminating with the delivery of the nucleocapsid into the cytoplasm. 

 

1.4.1 Attachment to the cell surface 

EBOV initially attaches to the cell surface through nonspecific interactions with 

various plasma membrane proteins. EBOV can bind to at least two types of host cell 

surface receptors: carbohydrate-binding receptors and phosphatidylserine (PS) 

receptors. EBOV host factor usage is highly promiscuous, with none of the cell 

attachment factors identified thus far being explicitly essential for filoviral infection 

across cell types. Indeed, overexpression of any of several EBOV attachment-promoting 

factors rendered an unsusceptible cell line susceptible to infection with EBOV (Zapatero-

Belinchón et al., 2019). 

The N- and O-linked glycans on EBOV GP bind to two groups of carbohydrate-

binding receptors, which are C-type lectins and glycosaminoglycans. Five structurally 

related C-type lectin receptors have been shown to interact with EBOV GP and enhance 

infection: dendritic cell-specific ICAM-3-grabbing non-integrin (DC-SIGN) (Alvarez et al., 

2002; Baribaud et al., 2002; Lasala et al., 2003; Lin et al., 2003; Marzi et al., 2007; Peng 
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et al., 2022); liver/lymph node-specific ICAM-3 grabbing non-integrin (L-SIGN) (Alvarez 

et al., 2002; Marzi et al., 2007); lymph node sinusoidal endothelial cell C-type lectin 

(LSECTin) (Gramberg et al., 2005; Powlesland et al., 2008); asialoglycoprotein receptor 1 

(ASGPRI) (Lin et al., 2003); and human macrophage galactose- and acetylgalactosamine-

specific C-type lectin (hMGL) (Takada et al., 2004). Recently, EBOV entry into dendritic 

cells was shown to require the I-type lectin, Siglec-1 (sialic acid-binding Ig-like lectin 1), 

which recognizes sialylated gangliosides on the EBOV membrane (Perez-Zsolt et al., 

2019).  

EBOV GP has recently been reported to bind to glycosaminoglycans (O'Hearn et 

al., 2015; Salvador et al., 2013; Tamhankar et al., 2018). Glycosaminoglycans are linear, 

anionic heteropolysaccharides, usually attached to a core protein and are exemplified 

by heparin and heparan sulfate (Kamhi et al., 2013). The degree of sulfation and the 

structure of the carbohydrate backbone affects the EBOV GP-glycosaminoglycan 

interaction (Salvador et al., 2013). Moreover, knockdown of exostosin 1, a 

glycosyltransferase involved in the biosynthesis of heparan sulfate, impaired GP-

mediated entry (O'Hearn et al., 2015).  

EBOV can also exploit the host apoptotic clearance machinery through PS-

dependent binding to attach to host cells. Of the known PS-binding receptors, the TAM 

(Tyro3, Axl and Mer) family of receptor tyrosine kinases (Dahlmann et al., 2015; 

Shimojima et al., 2006) and T-cell immunoglobulin and mucin domain 1 receptors TIM-1 

and TIM-4 (Dahlmann et al., 2015; Jemielity et al., 2013; Kondratowicz et al., 2011; 

Moller-Tank et al., 2013; Rhein et al., 2016) have been implicated in filovirus entry. A 

hallmark of apoptosis is exposure of PS on the external leaflet of the plasma membrane. 

Outside of EBOV infection, the PS receptors are involved in clearance of PS-enriched 

apoptotic cells. EBOV masquerades as apoptotic debris in a mechanism referred to as 

apoptotic mimicry. This route of entry is advantageous as EBOV can gain entry into cells 

while also dampening the host immune response (Amara & Mercer, 2015). Additionally, 

phosphatidylethanolamine (PE), another phospholipid that is exposed during apoptosis 

in certain cell types, is also a ligand for TIM-1 and can facilitate EBOV entry (Richard et 
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al., 2015). While TIM receptors directly interact with PS (Freeman et al., 2010), TAM-

family receptors bind PS indirectly via growth arrest specific gene 6 (Gas6) or protein S 

(Morizono et al., 2011).  

EBOV associates with cholesterol- and sphingomyelin-rich microdomains 

(previously called lipid rafts) at the cell surface (Bavari  et al., 2002; Jin et al., 2020). 

Further, acid sphingomyelinase, which cleaves sphingomyelin to phosphocholine and 

ceramide, is important for EBOV entry (M. E. Miller et al., 2012). Accumulation of 

ceramide in cellular membranes results in the formation of ceramide-enriched 

membrane platforms that have altered biophysical properties. These platforms trap 

and, hence, cluster receptor molecules. Receptor clustering may result in the increased 

association with intracellular signaling molecules, thereby facilitating signal transduction 

that would initiate macropinocytosis (Zhang et al., 2009). 

 

1.4.2 Internalization and trafficking through endocytic pathway 

Following attachment to the cell surface, EBOV is internalized mainly through 

macropinocytosis (Nanbo et al., 2010). There is evidence that in some cases EBOV is 

taken up via clathrin- (Aleksandrowicz et al., 2011; Bhattacharyya et al., 2010) and 

caveolae-mediated endocytosis (Empig & Goldsmith, 2002; Sanchez, 2007). 

Macropinocytosis is an actin-dependent process initiated with plasma membrane 

ruffling, which leads to formation of protrusions that fall back onto the plasma 

membrane generating large, irregular-shaped vacuoles called macropinosomes (Mercer 

& Helenius, 2009). EBOV internalization is dependent on actin function; inhibition of 

actin polymerization reduces EBOV entry and infection (Nanbo et al., 2010; Saeed et al., 

2010). Macropinocytosis depends on several host factors, including cellular kinases, 

phospholipases, Rho GTPases, and Na+/H+ exchangers, all of which have been implicated 

in EBOV entry (Davey et al., 2017). The initial stimulus for macropinocytosis is the 

activation of receptor tyrosine kinases (RTK). Indeed, EBOV activates RTKs via 

interaction with TAM molecules (Hunt et al., 2011; Kuroda et al., 2020), which in turn 
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leads to the activation of the PI3K/Akt (Aleksandrowicz et al., 2011; Nanbo et al., 2010; 

Saeed et al., 2008; Stewart et al., 2021) and phospholipase C pathways (Hunt et al., 

2011) as well as Na+/H+-exchanger activity (Aleksandrowicz et al., 2011). Of note, while 

interaction with TAM molecules occurs via PS in the viral membrane, EBOV GP is 

necessary for macopinocytotic uptake (Mulherkar et al., 2011; Nanbo et al., 2010). 

Subsequent actin remodeling, which is required for membrane ruffling and dependent 

on Rho GTPases including RhoB, Cdc42 and Rac1, as well as Arp2 complexes, is essential 

for EBOV entry (Nanbo et al., 2010; Quinn et al., 2009; Saeed et al., 2010). Finally, the 

macropinosome is formed by a single membrane fission event. The closure of 

macopinosomes is modulated by carboxy-terminal-binding protein-1/brefeldin A-ADP 

ribosylated substrate (CtBP/BARS), which is activated by the kinase, Pak1 (Mercer & 

Helenius, 2009). Disruption of Pak1 and CtBP/BARS function in cells reduced EBOV 

uptake and infection (Nanbo et al., 2010). 

Once they detach from the plasma membrane, the macropinosomes move 

deeper into the cytoplasm. They undergo acidification and mature similarly to 

endosomes, with the same early and late endosome markers, Rab5 and Rab7, 

respectively (Mercer & Helenius, 2009). Rab5 and Rab7 are small GTPases that regulate 

vesicular transition from early to late endosomes and from late endosomes to 

lysosomes, respectively (Davey et al., 2017). Indeed, EBOV entry and infection is 

dependent on Rab5 and Rab7 function (Nanbo et al., 2010).  

Other cellular host factors involved in maturation and fusion of late endocytic 

compartments have been implicated in EBOV entry. The homotypic fusion and protein 

sorting (HOPS) complex as well as its regulator, UV radiation resistance-associated gene 

(UVRAG), are required for efficient viral entry (Bo et al., 2020; Carette et al., 2011). 

PIKfyve-ArPIKfyve-Sac3 complex, which is primarily localized at endosomal membranes, 

is also critical for EBOV entry (Carette et al., 2011; Kang et al., 2020; Nelson et al., 2017; 

Qiu et al., 2018). PIKfyve (phophoinositide kinase, FYVE-type zinc finger containing) 

kinase activity is thought to be activated by initial EBOV activation of PI3k/Akt pathway 

via RTK interaction (Stewart et al., 2021). PIKfyve facilitates the production of 
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phosphatidylinositol (3,5) bisphosphate (PI(3,5)P2), which plays a role in endosome ion 

homeostasis by regulating ion channels, e.g., , two-pore channels (TPC) (Dong et al., 

2010). TPCs are calcium channels that are important for EBOV entry (Du et al., 2022; 

Sakurai et al., 2015; Simmons et al., 2016; Spence et al., 2016). The role of calcium in 

EBOV entry goes beyond efficient endosome maturation. Calcium interacts with EBOV 

GP2 inducing conformational changes that enhance membrane fusion (Das et al., 2020; 

Nathan et al., 2020). 

 

1.4.3 Proteolytic processing of GP 

EBOV GP, like other class I viral proteins, undergoes a priming event to render it 

responsive to its fusion trigger (White & Whittaker, 2016). GP is initially cleaved by furin, 

a ubiquitous subtilisin-like endoprotease, during GP biosynthesis, yielding GP1 and GP2, 

which remain covalently bound via a disulfide bridge (Volchkov et al., 1998; Wool-Lewis 

& Bates, 1999). Furin processing of GP is, however, not essential for EBOV infection as 

priming can occur on incoming particles with GP lacking a furin cleavage site (Wool-

Lewis & Bates, 1999). In either case, GP1 is further cleaved by cathepsins B and L (CatB 

and CatL) (Chandran et al., 2005; Kaletsky et al., 2007; Schornberg et al., 2006), 

endosomal proteases that are optimally active at low pH (Turk et al., 2012). Both CatB 

and CatL are endopeptidases, with CatB also possessing carboxydipeptidase activity 

(Turk et al., 2012). Cathepsin cleavage removes the heavily glycosylated glycan cap and 

mucin-like domain of GP1, generating fusion-competent GPcl, which comprises 19-kDa 

GP1 and GP2 (Figure 1.7) (Bale et al., 2011; Chandran et al., 2005; Dube et al., 2009; 

Hood et al., 2010; Schornberg et al., 2006). The extensive proteolytic processing of GP 

serves two roles: exposing the receptor-binding domain, allowing GPcl to interact with 

NPC1 (Bale et al., 2011; Bornholdt et al., 2016; E. H. Miller et al., 2012; Wang et al., 

2016) and potentiating fusion-relevant GP for subsequent conformational changes 

(Brecher et al., 2012). This is likely due to the proteolytic removal of the β13-β14 loop, 

which overlies the fusion loop in GP2 to prevent premature release of the fusion loop 

(Lee et al., 2008; Wang et al., 2016). While priming of GP is required for EBOV entry, it is 
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insufficient to induce large-scale conformational changes in the pre-fusion state of GP 

(Bale et al., 2011). Although cathepsin cleavage of GP renders it fusion-competent, entry 

of GPcl-bearing viruses is still sensitive to a broad-spectrum cysteine protease inhibitor, 

E-64d, as well as agents that raise endosomal pH, suggesting a need for additional 

cathepsin-dependent cleavage downstream of the initial cleavage event (Mingo et al., 

2015; Spence et al., 2016). Hence, endoproteolytic cleavage of GP1 in the β13-β14 loop 

(residues 190-213) may be mediated by CatB or CatL, followed by CatB-mediated 

carboxydipeptidase cleavage of additional residues to generate 19-kDa GP1. An ill-

defined additional cysteine protease cleavage may also be needed (further discussed in 

Chapter 2).  

Cleavage of GP is necessary for entry of all filoviruses, but dependence of 

filoviruses on individual proteases differs (Misasi et al., 2012; Ng et al., 2014). EBOV 

entry into Vero cells and human dendritic cells is dependent on CatB, but not CatL 

(Chandran et al., 2005; Martinez et al., 2010; Schornberg et al., 2006). TAFV entry is also 

strongly CatB-dependent, while SUDV, RESTV, LLOV and MARV GP-mediated entry has a 

reduced requirement for CatB activity (Marzi et al., 2012; Misasi et al., 2012; Ng et al., 

2014; Wong et al., 2010). The molecular basis for these differences in cathepsin 

preference remain to be determined. 

 

 

 

 

 

 

 

 

 



30 
 

 

Figure 1.7. Structure of EBOV GP. A. Domain schematic of EBOV GP. SP - signal peptide, 

RBR - receptor-binding region, MLD - mucin-like domain, IFL - internal fusion loop, HR1 - 

heptad repeat 1, HR2 - heptad repeat 2, MPER - membrane-proximal external region, 

TM - transmembrane domain. The Y symbols indicate the predicted N-linked 

glycosylation sites. The hatched regions designate regions that are not in the crystal 

structure. B. Structures of the ectodomain of EBOV GP pre-fusion trimer without the 

mucin-like domain (PDB: 3CSY) and a model of proteolytically primed GP, GPcl. The GPcl 

model assumes no conformational changes occur from cathepsin cleavage. One 

monomer of the trimer is shown in color, and the other two are grey. The green spheres 

represent Lys114, Lys115 and Lys140 in the RBR; mutations of these residues impair 

binding of GPcl to NPC1. Figure 1.7B from (White & Schornberg, 2012). 

 

1.4.4 Interaction of GP with intracellular host receptor, NPC1 

Exposure of the receptor-binding domain of GP following cathepsin cleavage of 

the glycan cap and mucin-like domain allows the virus to bind to its endosomal receptor, 
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Niemann-Pick type C protein 1 (NPC1) (Jan E. Carette et al., 2011; Côté et al., 2011). 

NPC1 is a large 13-pass transmembrane protein that is localized to the limiting 

membrane of endolysosomes. Besides the transmembrane regions, NPC1 has three 

large luminal domains, A, C, and I (Davies & Ioannou, 2000). NPC1 is involved in 

cholesterol homeostasis in the cell by facilitating cholesterol export from lysosomes 

(Kwon et al., 2009). Of note, NPC1 is required for entry of most filoviruses (Jan E. 

Carette et al., 2011; Côté et al., 2011; Goldstein et al., 2018; Ng et al., 2014; Yang et al., 

2019). It is not yet known if the recently identified piscine filoviruses, Huángjiāo virus 

and Xīlǎng virus, also require NPC1 for entry.  

Proteolytically primed EBOV GPcl, but not uncleaved GP, binds directly with 

domain C of NPC1 (NPC1-C) (Krishnan et al., 2012; E. H. Miller et al., 2012). While NPC1-

C is minimally sufficient for GP binding, EBOV infection is more efficient with full-length 

NPC1, implying direct or indirect contributions from the other parts of the protein (E. H. 

Miller et al., 2012). Moreover, NPC1 mutational studies showed that NPC1’s cholesterol 

trafficking function can be decoupled from its role as a filoviral entry factor (Côté et al., 

2011; Herbert et al., 2015). Structures of the GPcl:NPC1-C and GPcl:NPC1 complex 

allowed for further elucidation of the nature of the interaction (Gong et al., 2016; Han 

Wang et al., 2016). These structures revealed that two loops in NPC1-C engage with a 

hydrophobic cavity in the head of GPcl. Interestingly, these loops are also required for 

binding to NPC2, a soluble lysosomal protein involved in cholesterol homeostasis (Li et 

al., 2016), suggesting that the GPcl:NPC1-C interaction evolved as a form of molecular 

mimicry (Davey et al., 2017). The basis for requirement of GPcl:NPC1 binding is still 

unclear but a number of non-mutually exclusive hypotheses have been proposed (Miller 

& Chandran, 2012; Han Wang et al., 2016; White & Whittaker, 2016). NPC1-binding may 

play a role in directing EBOV to the limiting membrane of the endolysosome (and away 

from the small vesicles within endoslysosomes). NPC1 may also induce conformational 

changes that are critical for membrane fusion initiation.  

NPC1 has been shown to contribute to EBOV host tropism and species-specific 

susceptibility. The presence of phenylalanine at position 502 (instead of aspartate) in 
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cells from African straw-colored fruit bats (Eidolon helvum) renders the cells refractory 

to EBOV infection (Ng et al., 2015). Further, cells from a snake, Russell’s viper (Daboia 

ressullii), are resistant to EBOV entry and infection due to the presence of a tyrosine 

residue (instead of phenylalanine) at position 503 in NPC1-C (Ndungo et al., 2016). 

Indeed, investigation of the evolution of NPC1 in bats revealed that some residues 

involved in the GPcl:NPC1-C interaction are under positive selection in mammals (Ng et 

al., 2015; Pontremoli et al., 2016). These findings suggest that filovirus-dependent 

positive selection of NPC1 in mammals drove the evolution of NPC1-C. 

 

1.4.5 EBOV-host membrane fusion  

NPC1-bound GP is proposed to undergo a series of conformational 

rearrangements that culminate with the fusion of the viral and host endolysosomal 

membranes, delivering the nucleocapsid to the cytoplasm (White & Whittaker, 2016). 

As discussed above, the fusion cascade is primed by relaxation of the structural 

constraints on the fusion loop in GP2, which is achieved by the CatB/L removal of the 

mucin-like and glycan cap domains. Primed GP binds to NPC1 inducing conformational 

changes that likely make the release of the fusion loop more facile (Wang et al., 2016). 

Low endosomal pH is required not only for optimal proteolytic priming of GP but also 

plays a direct role in GPcl-mediated fusion. The low pH induces a conformational change 

in the fusion loop, which in turn enhances membrane insertion and triggers the fusion 

activity of the fusion loop (Gregory et al., 2011; Gregory et al., 2014; Lee et al., 2016). 

Additionally, low pH stabilizes the post-fusion conformation of EBOV GP2 (Harrison et 

al., 2013). Ca2+ is also critical for EBOV entry. Blocking calcium transport channels, two-

pore channels, inhibits EBOV infection (Sakurai et al., 2015). These channels likely create 

a high local concentration of Ca2+ near the limiting membrane, promoting EBOV GP-

mediated fusion. Ca2+ induces additional conformational changes in the fusion loop that 

enhance membrane fusion (Das et al., 2020; Nathan et al., 2020). Ca2+ interacts with 

negatively charged residues in GP2, D522 and E540 (Nathan et al., 2020), thereby 

neutralizing them, which in turn may trigger the release of the fusion loop from the 
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hydrophobic cleft in which it resides (Das et al., 2020). Using a virus-liposome lipid 

mixing assay and single-molecule Förster resonance energy transfer (smFRET)-imaging, 

Munro and coworkers show that low pH, Ca2+, and NPC1-C synergistically induce fusion-

relevant conformational changes in GP2 (Das et al., 2020). 

The final fusion trigger for EBOV remains incompletely defined. Thus far, 

attempts to reconstitute EBOV GPcl-catalyzed full fusion to cells have been unsuccessful 

(Fénéant et al., 2019; E. H. Miller et al., 2012). EBOV entry is remains sensitive to the 

broad cysteine protease inhibitor, E-64d (E. H. Miller et al., 2012; Schornberg et al., 

2006), suggesting that additional proteolytic cleavage of NPC1-bound GPcl or an 

endosomal protein is required for a full membrane fusion reaction. Moreover, in vitro 

treatment with mildly reducing agents induced GPcl, but not unprimed GP, to bind to 

liposomes, indicating that reduction of the GP1-GP2 intersubunit disulfide bond by an 

undetermined mechanism may be involved in fusion (Brecher et al., 2012).  

 

1.5 Methods for studying virus entry 

EBOV requires high biosafety level 4 (BSL-4) confinement, making it difficult to 

study the authentic virus. An alternative approach to studying dangerous pathogens like 

EBOV is the use of pseudotyped viruses, which can be safely handled under BSL-2 

laboratory conditions. The term “pseudotype” was first used to describe the genetically 

defective Rous sarcoma virus bearing the surface envelope protein of avian leukosis 

helper virus (Rubin, 1965). A pseudotyped virus, or pseudovirus, refers to a viral particle 

comprising a virus core/backbone surrounded by a cell-derived membrane with 

envelope proteins from a different virus (Q. Li et al., 2018). The genome of the parent 

virus is modified to prevent generation of infectious progeny viruses. There are three 

common pseudovirus packaging systems that have been used to study EBOV entry: 

lentiviral (HIV), retroviral (murine leukemia virus, MLV), and vesicular stomatitis virus 

(VSV) packaging systems (reviewed in (Q. Li et al., 2018)). 
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Commonly used bulk assays for studying virus fusion and entry, including virus-

liposome fusion, cell-cell fusion, infectivity, and virus-liposome co-flotation assays, 

provide valuable information on the membrane fusion and entry process. However, the 

timescales are measured in tens of seconds or minutes and the data are limited to the 

average of an ensemble. Single virus tracking microscopy techniques in cells and with 

membrane surrogates can offer more details on the intermediate steps of virus entry. 

These techniques are typically based on fluorescence imaging, with the most commonly 

employed microscope configurations being epifluorescence, confocal, and total internal 

reflection fluorescence (TIRF) microscopy (Nathan & Daniel, 2019). In order to visualize 

them, virions are labeled (at their membranes and/or in their interiors) with organic 

dyes, quantum dots, or fluorescent proteins (S.-L. Liu et al., 2020). Membrane hemi and 

full fusion can be monitored with the use of lipophilic dyes, e.g., long chain 

carbocyanine dyes such as DiD, DiI and DiO. Fusion pore formation is typically identified 

by monitoring the release of a fluorescent label out of the interior of the virus (Floyd et 

al., 2008).  

 TIRF microscopy is useful for the study of virus binding, hemifusion, initial fusion 

pore formation, and completion of fusion with biomimetic membranes in the form of 

supported lipid bilayers (SLBs). The composition of these bilayers can vary since they can 

be prepared using liposomes, proteoliposomes or cell plasma membrane blebs (Nathan 

& Daniel, 2019). For the more complex SLBs with membrane proteins, a polymer 

cushion may be included to maintain mobility (Wagner & Tamm, 2000). SLBs provide a 

versatile platform to probe various aspects of virus entry. For instance, kinetic analysis 

of influenza HA-driven fusion revealed that three HA molecules are required to mediate 

hemifusion (Floyd et al., 2008). West Nile Virus requires at least two adjacent trimers to 

catalyze hemifusion (Chao et al., 2014), while vesicular stomatitis virus requires a cluster 

of four trimers (Kim et al., 2017). In another application of planar supported lipid 

bilayers, SLBs prepared from plasma membrane blebs have been used to examine the 

effect of restriction factors, Serinc, on HIV fusion (Ward et al., 2020) and to ascertain the 
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membrane phase preferences of HIV receptors and thereby the HIV entry site at the 

plasma membrane (Yang et al., 2017). 

Studying fusion of endosome-entering viruses in intact cells can be challenging, 

since it is difficult to control fusion within living cells. An open, cell-free system with 

endosomal membranes in which fusion can be measured in a controllable manner 

would be beneficial. To this end, Kasson and coworkers (Haldar et al., 2020) developed a 

strategy to measure single-virus fusion in endosomes. They isolated influenza virus-

containing endosomes from BHK-21 cells, immobilized them and controllably triggered 

fusion. Their findings indicate that endosome membrane deformability, and not 

curvature, affects fusion kinetics.  

 

1.6 Research Goals and Significance 

As alluded to above, many aspects of the late stages of EBOV entry into cells are 

currently not known and debated in the field. Therefore, the primary aim of my thesis 

research was to develop methods to provide further insight into the molecular 

processes that govern the late stages of EBOV entry. To this end, we developed an in 

vitro fluorescence assay, comprising planar supported membranes derived from NPC1-

bearing endosomes as target membranes (Chapter 2). We call these membranes SPEMs, 

standing for supported planar endosomal membranes. The assay was validated by 

recapitulating the known pH dependencies of other pH-dependent, enveloped viruses: 

influenza and Lassa. We were then able to reconstitute EBOV GP-mediated fusion with 

SPEMs and pseudoviruses bearing Ebola GP. We subsequently used the system to 

examine the effect of adding cathepsins to the system. Surprisingly, the fusion efficiency 

of EBOV GP-bearing pseudoviruses exposed to low pH and Ca2+ was high without the 

addition of cathepsins. Reasoning that the SPEMs may retain cathepsins we next 

included the cysteine cathepsin inhibitor, E-64d, in the assay, and in agreement with 

previous findings, there was reduced fusion efficiency, suggesting the SPEMs retain 

cathepsin activity. Collectively the findings discussed in Chapter 2 provide evidence that 
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cathepsin action is required not only for the initial proteolytic activation of GP to GPcl 

but also for a further activation step after the binding of viral particles to the endosomes 

for optimal EBOV GP-mediated full fusion. The broader significance of this work is that 

this system could also be used for the study of other enveloped, and perhaps even non-

enveloped, viruses that enter through endosomes.  

 There is growing evidence that membrane properties of both viral and target 

membranes play a role in virus entry. In Chapter 3, we examine the role of cholesterol in 

EBOV entry as well as probe for any direct interaction between EBOV GP and 

cholesterol. We found that cholesterol enhances membrane fusion, and that GP does 

interact with cholesterol via its MPER/TM domains. 

 In an effort to examine the basis for increased infectivity of the A82V EBOV GP 

variant in the 2014-2016 Ebola Outbreak in West Africa (Diehl et al., 2016; Urbanowicz 

et al., 2016; Wang et al., 2017), we sought obtain the crystal structure of primed A82V 

EBOV GP in complex with NPC1-C (Chapter 4). The proteins did not co-crystallize; rather 

NPC1-C crystallized alone. We thus obtained a new crystal structure of NPC1-C, 

contributing to an existing body of work on NPC1-C.  
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Chapter 2. An in vitro system for studying virus fusion 

with endosomal membranes and a possible new role 

for cathepsin B in Ebola virus glycoprotein activation 
 

Laura Odongo, Betelihem Habtegebrael, Volker Kiessling, Judith M. White, Lukas K. 

Tamm 

 

Manuscript in preparation 

 

My contribution to this work includes preparation and characterization of endosomes 

and subsequent supported planar endosomal membranes, the preparation of 

recombinant influenza virus and Lassa and Ebola pseudoviruses, all fusion and infectivity 

experiments with these viruses, as well as the data analysis of all single-particle fusion 

experiments. 

 

 

2.1 Abstract 

Ebola virus (EBOV) causes a hemorrhagic fever associated with fatality rates up to 90%. 

The EBOV entry process is complex and incompletely understood. Following attachment 

to host cells, EBOV is trafficked to late endosomes/lysosomes where its glycoprotein 

(GP) is processed to a 19-kDa form, allowing the glycoprotein to bind to its intracellular 

receptor Niemann-Pick C1. We previously showed that the cathepsin protease inhibitor, 

E64d, blocks infection by pseudovirus particles bearing 19-kDa GP, suggesting that 

further cathepsin action is needed to trigger fusion. This, however, has not been 

demonstrated directly. Since 19-kDa Ebola GP fusion occurs in late endosomes, we 

devised a system in which enriched late endosomes are used to prepare supported 

planar endosomal membranes (SPEMs) and fusion of fluorescent (pseudo)virus particles 
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is monitored by TIRF microscopy. We validated the system by demonstrating the pH 

dependencies of influenza virus HA- and Lassa virus GP-mediated fusion. Using SPEMs, 

we next showed that fusion mediated by 19-kDa Ebola GP is dependent on low pH and 

enhanced by Ca2+, consistent with other studies. We further showed that addition of 

cathepsins (somewhat more prominently with cathepsin B than L) augments both hemi- 

and full fusion. Subsequently we found that SPEMs appear to retain cathepsin activity, 

and that E-64d inhibits full fusion mediated by 19-kDa GP. Hence, we provide both gain- 

and loss-of-function evidence that further cathepsin action enhances the fusion activity 

of pre-primed 19-kDa Ebola GP. Thus, we have provided new evidence for how Ebola GP 

mediates fusion with endosomes, and we have developed a novel approach employing 

SPEMs that can now be used for studies of any virus that fuses in endosomes. 

 

2.2 Introduction 

Ebola virus (EBOV), a negative-sense, single-stranded RNA virus belonging to the 

Ebolavirus genus within the Filoviridae family, causes a hemorrhagic fever associated 

with fatality rates of up to 90% (de La Vega et al., 2015). EBOV infections continue to be 

a major threat to human health, particularly in parts of Central and West Africa. There 

are currently three approved vaccines against EBOV: Ervebo (FDA-approved) (FDA, 

2019), Zabdeno/Mvabea (approved for medical use in the EU) (EMA, 2020a, 2020b), and 

Ad5-EBOV vaccine (approved by the China Food and Drug Administration for emergency 

use) (Y. Li et al., 2018), but no vaccine is approved for other filoviruses, including Sudan 

ebolavirus, which is currently causing an outbreak in Uganda (WHO, 2022a). During the 

2018-2020 EBOV Outbreak in the Democratic Republic of Congo, four investigational 

agents were evaluated in the Pamoja Tulinde Maisha (PALM [“Together We Save Lives” 

in Kiswahili]) study. Two products demonstrated efficacy against EBOV: Ebanga (also 

known as mAb114), which is a single monoclonal antibody, and Inmazeb (also known as 

REGN-EB), which comprises a cocktail of three monoclonal antibodies (Tshiani Mbaya et 

al., 2021). The U.S. FDA approved both medications for Ebola Virus Disease therapy 

(FDA, 2020a, 2020b). EBOV has been reported to persist in immune-privileged sites 
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(Jacob et al., 2020; Schindell et al., 2018), thus a promising treatment strategy would be 

to combine mAbs with small molecules to completely clear the virus (Tshiani Mbaya et 

al., 2021). It is also worth noting that the currently available vaccines and treatments are 

injectables and there remains a need for easily administered (e.g., oral) anti-filoviral 

drugs. Gaining a better understanding of the virus is essential to guide the development 

of additional antiviral therapies against EBOV and other filoviruses. One promising route 

to antiviral therapies, which has proved successful to combat other viral infections, 

would be to develop novel entry inhibitors. To do so, there is a need to better 

understand the mechanism of EBOV cell entry.  

EBOV entry into host cells is mediated by the viral glycoprotein (GP), which 

resides on the virion surface. GP is a class I fusion protein comprising two subunits: a 

receptor-binding subunit (GP1) and a fusion subunit (GP2) (White & Whittaker, 2016). 

Following attachment to the cell surface, the virus particles undergo internalization by 

macropinocytosis and are trafficked to late endosomes/lysosomes (Nanbo et al., 2010; 

White & Whittaker, 2016). In this compartment, GP1 is cleaved by the low-pH activated 

endosomal cysteine proteases cathepsin B and cathepsin L, removing the heavily 

glycosylated mucin-like domain and glycan cap to generate a cleaved form of GP1 

(approx. 19 kDa) (Dube et al., 2009; Saeed et al., 2010; Schornberg et al., 2006). The 

cleavage of GP1 exposes the receptor-binding site for the EBOV endosomal receptor, 

Niemann-Pick C1 (NPC1) (Carette et al., 2011; Côté et al., 2011; E. H. Miller et al., 2012). 

After binding to NPC1, GP2 goes on to facilitate fusion of the viral and endosomal 

membranes by means of a poorly understood mechanism, which appears to be more 

complex than that of many other enveloped viruses fusing at low pH.  

Low pH and GP1 interaction with NPC1 are both necessary but apparently not 

sufficient to induce complete EBOV membrane fusion (Bale et al., 2011; Brecher et al., 

2012; Fénéant et al., 2019; E. H. Miller et al., 2012). Recent work by Munro and 

coworkers (Durham et al., 2020) suggests that upon binding to NPC1, GP1 undergoes 

conformational changes that enable GP2 to mediate the lipid mixing stage of fusion, a 

process also requiring low pH and enhanced by Ca2+. Ca2+ has also been shown to have 
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direct effects on the fusion loop found within GP2 (Gregory et al., 2011; Nathan et al., 

2020). However, the infectivity of EBOV particles containing cleaved GP1 remains 

sensitive to a general cysteine protease inhibitor (E-64d), as well as agents that raise 

endosomal pH (Mingo et al., 2015; Spence et al., 2016). This suggests that an additional 

step is required for full and efficient fusion leading to a fusion pore that can transmit the 

viral RNA into the cytoplasm to initiate replication. This additional step has not yet been 

identified and it remains unclear (i) if Ca2+, in addition to low pH and the GP1-NPC1 

interaction, can drive full fusion, (ii) if yet an additional trigger is needed for full fusion, 

and (iii) if the final fusion trigger can only be found in late endosomes/lysosomes. 

Identification of a final trigger for full EBOV fusion has proven difficult in large part 

because full fusion, recorded as infection, has only been monitored in intact cells. The 

ability to measure the EBOV GP-mediated full fusion reaction (i.e., fusion of both leaflets 

of the bilayers) in an open cell-free system with accessible endosomal membranes 

would be beneficial because different factors could be added or omitted and thus their 

effects could be individually investigated at the experimenter’s will. To date, such a 

system has not been developed.  

To overcome this technical hurdle, we developed a novel target membrane 

system with which to study fusion of virus particles with NPC1-containing late 

endosomes displayed on a supported planar membrane, which we term a supported 

planar endosomal membrane (SPEM). We then used SPEMs in an in vitro fusion assay 

that uses total internal reflection fluorescence (TIRF) microscopy to visualize binding and 

fusion (both hemifusion and full fusion) between (pseudo)viruses bearing a viral GP and 

SPEMs. We first validated the system with an influenza virus (fowl plague virus) and with 

pseudoviruses containing GP from the arenavirus Lassa Fever virus. After establishing 

and validating this new in vitro fusion assay with viruses with well understood fusion 

behavior, we proceeded to show that fusion mediated by 19-kDa EBOV GP is dependent 

on low pH and enhanced by Ca2+, consistent with other studies (Das et al., 2020; Nathan 

et al., 2020). We also found that SPEMs appear to retain cathepsin activity, that E-64d 

inhibits EBOV GP-mediated fusion, and that the addition of cathepsin B enhances fusion.  
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2.3 Results 

Supported planar endosomal membranes (SPEMs) as fusion targets for endosome-

entering viruses 

We developed a new assay employing endosomal membranes on a supported 

lipid bilayer (SPEMs) as target membranes for measuring hemifusion and full fusion of 

viral particles that fuse in endosomes. This open in vitro format affords facile access to 

examine the roles of candidate fusion triggering factors that normally function within 

endosomes. To prepare SPEMs (see Methods for details), we homogenized HEK 293T 

cells, removed nuclei by centrifugation and fractionated the resultant post-nuclear 

supernatant. The workflow to obtain an endosome enriched fraction is shown in 

Supplemental Figure 2.S1. Analysis on a continuous OptiPrep gradient indicated that 

late endosomes are enriched in the range 7%-14% OptiPrep (Fractions 3-7 in 

Supplemental Figure 2.S2). We therefore separated the post-nuclear supernatant on an 

OptiPrep 7%/14%/25% step gradient and, consistently, found that the 7%/14% interface 

is enriched for the late endosome markers NPC1 and Lamp1 (fraction FR1 in Figure 

2.1A). This fraction also contains some early endosome, plasma membrane and ER 

markers, which is consistent with previously published endosome enrichment schemes 

(de Araùjo et al., 2008). The visible band at the 7%/14% Optiprep interface was 

collected, dialyzed against HMA pH 7.4 buffer, and used to prepare SPEMs.  

To prepare SPEMs, a polymer-supported lipid monolayer was transferred to a 

quartz slide (Kalb et al., 1992), and an aliquot of the endosome enriched sample was 

added to the monolayer to prepare the second leaflet of the supported membrane 

(Figure 2.1B). This approach is similar to our previous approaches to display plasma 

membranes as target membranes for HIV fusion (Ward et al., 2020; Yang et al., 2017) 

and reconstituted membranes to study SNARE-mediated exocytosis (A. J. B. 

Kreutzberger et al., 2017). Immunofluorescence analysis indicated that SPEMs contain 

both NPC1 and Lamp1 with many of their ectodomains facing outward, but also some in 

inward facing orientations (Supplemental Figure S3). Fluorescence recovery after 

photobleaching indicates that the SPEMs exhibit long-range lateral lipid mobility with a 
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diffusion coefficient of 1.65 ± 0.1 x 10-9 cm2/s consistent with lipid diffusion in a fluid 

lipid bilayer (Figure 2.1C). The observation of lateral diffusion over many microns also 

means that the SPEMs consisted of lipid bilayers that extend over large areas on the 

planar support.  Since a significant fraction of the late endosomal membrane proteins 

NPC1 and Lamp1 are both displayed in an outward facing orientation in the SPEMs, they 

are accessible for interaction with viruses approaching the SPEM surface.  

Figure 2.1. Preparation of supported planar endosomal membranes (SPEMs). A. 

Immunoblots of gradient fractions probed for different organelle markers: early 

endosomes (EEA1 and Rab5), late endosomes, endolysosomes (NPC1 and Lamp1), 

plasma membrane (Na/K ATPase), Golgi apparatus (GS28), mitochondria (SDHA – 

succinate dehydrogenase complex subunit A), and ER (calnexin). NP - nuclear pellet; PNS 

- post-nuclear supernatant; FR - fraction; FR1 - 7%-14% optiprep interface; FR2 - 14%-

25% optiprep interface. B. Cartoon showing preparation of SPEMs. A lipid monolayer 

was transferred onto a clean quartz slide by immersing and pulling it through a 

monolayer of a lipid mix of brain phosphatidylcholine (PC), cholesterol and DPS in the 

ratio 77:20:3. Next, the lipid monolayer covered slide was assembled into a watertight 

flow cell and endolysosomes from FR1 were injected into the flow cell. The 

endolysosomes spontaneously spread on the supported monolayer to form SPEMs.  C. 
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Fluorescence recovery after photobleaching (FRAP) experiment on SPEMs. Carboxy-

fluorescein-PE was included in the monolayer prior to preparation of the bilayer. 

Quantification of fluorescence recovery after photobleaching in SPEMs as well as a lipid-

only bilayer of brain PC and cholesterol (4:1). At least ten regions on four independently 

prepared lipid-only bilayers and SPEMs were sampled to determine the average values 

reported.  

 

As a first proof of concept, we assessed the ability of fowl plague virus (FPV), an 

influenza virus, to fuse with SPEMs. To do this, we incorporated the membrane dye DiD 

into the FPV membrane during virus production, added the particles to SPEMs, and 

monitored fusion events by TIRF microscopy for at least 2.5 minutes (Figure 2.2A). Three 

types of events were observed: docking (binding) to the SPEM, hemifusion and full 

fusion (Figure 2.2B). Docking was characterized by the sudden appearance of punctate 

fluorescence, hemifusion by a decrease in fluorescence intensity to about half the initial 

intensity, and full fusion by the decrease in fluorescence intensity to background 

fluorescence. The distinction between hemi- and full fusion is possible in this case 

because both leaflets of the particle envelope were labeled with DiD using the protocol 

of label incorporation during virus production (Yang et al., 2017). FPV fusion events 

were monitored for at least 2.5 minutes. As expected for influenza virus (White et al., 

1981), fusion to SPEMs was highly pH dependent: an approximately 6-8 times higher 

fusion probability was observed at pH 5.5 when compared to pH 6.5 or 7.4 (Figure 2.2C).  
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Figure 2.2. Influenza virus (FPV) fusion to SPEMs. A. Cartoon depicting DiD-labeled fowl 

plague virus (FPV) fusion to SPEMs. FPV was labeled with DiD during viral production, 

hence the membrane label (cyan) is present in both leaflets. B. Intensity traces of 

particles undergoing docking only (23 traces from pH 7.4 condition), hemifusion (seven 

intensity traces from pH 5.5 condition) and full fusion (21 intensity traces from pH 5.5 

condition) were aligned and averaged (red traces). The shaded area represents standard 

deviation. C. pH dependence of hemifusion (orange) and full fusion (blue) of DiD-labeled 

FPV to SPEM. Movies were recorded at a frame rate of 100 ms for a minimum of 2000 

frames. The total number of docked particles was quantitated for each condition. Each 

data point represents events observed on one separately prepared SPEM. Error bars 

indicate standard error. 

 

We next tested SPEMs as targets for fusion of pseudoviruses. For this, we labeled 

the membranes of HIV pseudovirus particles bearing the Lassa virus (LASV) glycoprotein 

(GP) with a fluorescent lipid, Atto-488-DMPE. As these particles were labeled post 

pseudovirus production, the lipid dye is only found in the outer leaflet of their 

membrane envelopes (Ward et al., 2020). Thus, we only observed lipid mixing between 



45 
 

the viral outer leaflet with the SPEMs in these experiments (Figure 2.3A). Fluorescence 

decay time constants were determined for each event observed in the single particle 

recordings to differentiate between lipid mixing and undocking events (Supplemental 

Figure 2.S4). We assessed the ability of the LASV GP pseudotyped particles to fuse with 

SPEMs at different values of pH. LASV GP pseudovirus fusion events were monitored for 

2.5 minutes. As expected, fusion efficiency increased when the pH was lowered from 7.4 

to below 6.0 and sharply increased at pH 5.5 with SPEMs derived from wild-type cells 

(Figure 2.3C; black data points). The fusion probability decreased again when the pH 

was further lowered. Since Lamp1 is the endosomal receptor for LASV (Jae et al., 2014), 

we examined fusion to SPEMs prepared from cells in which Lamp1 had been knocked 

out using CRISPR/Cas9 gene editing (Figure 2.3B) (Hulseberg et al., 2018). We previously 

showed that plasma membrane displayed Lamp1 upwardly shifts the pH-dependence of  

pseudovirus-to-cell and cell-to-cell fusion (Hulseberg et al., 2018).  As seen in Figure 

2.3C, a similar result was observed for fusion to SPEMs: at pH 5.5, more fusion is seen to 

SPEMs from WT cells than to SPEMs derived from Lamp1-negative cells; with Lamp1-

negative SPEMs, the pH profile did not show a peak at pH 5.5, but gradually further 

increased at lower values of pH.  We also assessed binding of LASV GP pseudovirus to 

SPEMs with or without Lamp1 and observed increased binding to both sets of SPEMs 

with reduction in pH, indicating that Lamp1 primarily affects the ability of the LASV 

particles to fuse, but does not dramatically change the binding of these particles to 

endosomal membranes (Supplemental Figure 2.S5), which likely contain additional 

attachment factors for LASV GP.  



46 
 

Figure 2.3. Lassa virus GP pseudovirus fusion to SPEMs. A. 20 intensity traces of fusion 

of HIV pseudovirions bearing Lassa GP, labeled with Atto488-DMPE in the outer 

membrane leaflet, were aligned and averaged. (Particles in this average curve were 

taken from the pH 5.5, no Lamp 1 condition.) The virus particles were introduced into 

the flow cell at the indicated pH. Movies were recorded at a frame rate of 100 ms for a 

minimum of 1500 frames. B. Immunoblots of gradient fractions from HEK293T WT and 

Lamp1 KO cells probed for different organelle markers as denoted in the legend to 

Figure 2.1. C. Fraction of particles bearing Lassa GP that underwent lipid mixing with 

SPEMs with or without Lamp1 at the indicated pHs. Error bars indicate standard error.  

 

Ebola Virus Glycoprotein-Mediated Membrane Fusion with SPEMs 

We prepared HIV pseudoviruses with EBOV GP lacking its mucin-like domain 

(GPΔ). The pseudovirus membrane was labeled with 1 μM DiD during viral production 

(Materials and Methods) so as to label both leaflets of the pseudovirus envelope. The 

glycan cap was proteolytically removed with thermolysin (Schornberg et al., 2006) to 
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generate the 19 kDa form of GP (GPcl). The infectivity of the pseudoviruses was largely 

maintained in the presence of DiD in the membrane (Figure 2.S6). This labeling strategy 

allowed us to distinguish hemi- and full fusion events (Figure 2.4A).  

We first explored the dependence of GPΔ-mediated fusion on cleavage to 19 

kDa, pH and Ca2+. Fusion was scored after 2.5 minutes. Minimal fusion was observed 

with GPΔ under any condition tested. With GPcl, minimal fusion was observed at pH 7.4, 

but significant fusion was observed at pH 5.5, which was further enhanced by the 

addition of Ca2+ (0.5 mM CaCl2) (Das et al., 2020) (Figure 2.4B). Addition of Mg2+ (0.5 

mM MgCl2) resulted in a similar extent of GPcl-mediated fusion compared to the EDTA 

condition. The roles of low pH and Ca2+ are in agreement with those of Munro and co-

workers (Das et al., 2020) but here the results extend to full fusion.   

Since we and others previously observed that infection mediated by 

pseudovirions bearing EBOV GPcl is inhibited by the general cysteine protease inhibitor 

E-64d (Schornberg et al., 2006; Spence et al., 2016), we reasoned that addition of 

cathepsin might enhance fusion and so we examined the effect of adding cathepsins to 

the system. We prebound EBOV GPcl pseudoviruses to SPEMs at neutral pH, introduced 

activated cathepsin B or L (CatB or CatL) to the flow chambers at pH 5.5, and then 

acquired 2.5-min long movies every 5 minutes for a total time period of 30 minutes 

(Supplemental Figure 2.S7). Addition of CatB mildly augmented the extent of full fusion 

over time (Figure 2.4C), whereas the extent of fusion with CatL appeared more similar 

to that seen with no added cathepsin (Figure 2.4D).  

Having observed considerable full fusion after simply lowering the pH of SPEM-

prebound pseudovirus particles, which was only marginally enhanced by the addition of 

catB, we sought to explore whether the SPEMs harbor any cathepsin activity; we did this 

by including the cysteine protease inhibitor, E-64d, in the fusion assay. SPEMs were 

incubated with 100 μM E-64d followed by the introduction and binding of EBOV 

pseudoviral particles to the SPEMs at neutral pH. Low pH medium supplemented with 

100 μM E-64d was then introduced into the flow chamber and 2.5-min long movies 
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were collected as above (Supplemental Figure 2.S8). The inhibitor caused a marked 

decrease in EBOV GPcl-mediated full fusion (Figure 2.4E), suggesting that the SPEMs 

retain cathepsin activity. However, hemifusion efficiency remained unaffected by the E-

64d treatment (Figure 2.4F). Immunofluorescence analysis indicates that there is 

cathepsin B associated with the SPEMs (Supplemental Figure 2.S9). Collectively these 

data suggest that SPEMs retain cathepsin activity that enhances the fusion activity of 

EBOV GPcl pseudovirions at low pH. Ongoing experiments are testing this idea. 

Figure 2.4. Ebola virus GP pseudovirus fusion to SPEMs. A. Intensity traces of DiD-

labeled EBOV GPcl pseudovirions undergoing hemifusion (23 intensity traces from pH 

5.5, no Ca2+ condition) and full fusion (21 intensity traces from pH 5.5, no Ca2+ 

condition). Ebola pseudoviruses were labeled with 1 mM DiD during viral production so 

as to label both membrane leaflets. Traces were aligned and averaged (red traces). The 

shaded area represents standard deviation.  B. DiD-labeled HIV particles pseudotyped 

with Ebola GPΔ treated with thermolysin to generate 19-kDa GP (GPcl) or untreated 

(GPΔ) fusing with SPEMs at pH 7.4 and pH 5.5 in the presence and absence of Ca2+ or 

Mg2+ (0.5 mM CaCl2 or MgCl2). Each data point represents events observed on one 

SPEM.  C. Cumulative distribution function for full fusion and stalled hemifusion of EBOV 
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GPcl pseudovirus with SPEMs in the presence or absence of cathepsin B (0.4 ug/mL). 

Movies were recorded when cathepsin B in low pH buffer was being pumped into the 

flow cell chamber (0’) as well as 5, 10, 15, 20, 25 and 30 minutes after. Residual Ca2+ was 

present from thermolysin treatment done to obtain cleaved GP. Error bars indicate 

standard error. D. Cumulative distribution function for full fusion and stalled hemifusion 

of EBOV GPcl pseudovirus with SPEMs in the presence or absence of cathepsin L (0.4 

ug/mL). Movies were recorded when cathepsin L in low pH buffer was being pumped 

into the flow cell chamber (0’) as well as 5, 10, 15, 20, 25 and 30 minutes after. Error 

bars indicate standard error. E-F. Cumulative distribution function for full fusion (E) and 

stalled hemifusion (F) of EBOV GPcl pseudovirus with SPEMs in the presence or absence 

of 100 μM E-64d. Movies were recorded when low pH buffer with or without E-64d was 

injected into the flow cell chamber (0’) as well as 5, 10, 15, 20, 25 and 30 minutes after. 

Error bars indicate standard error. 

 

2.4 Discussion 

In this study, we developed supported planar endosomal membranes (SPEMs) 

from endosomes derived from HEK293T cells as a platform for studying enveloped 

viruses that enter the cell through fusion with the endosomal membrane. We validated 

the system by demonstrating the low pH dependence of influenza virus (FPV) fusion and 

the enhancement of low pH-dependent fusion of LASV GP pseudovirions by the 

presence of its intracellular receptor, Lamp1. For EBOV GP, we confirmed the need for 

its cleavage to the 19 kDa form and for low pH for fusion as well as the enhancing effect 

of Ca2+ (Das et al., 2020; Nathan et al., 2020), extending these observations to 

requirements for full fusion. Finally, we provided evidence that the final trigger for 

optimal EBOV GPcl-mediated fusion is, indeed, as originally hypothesized (Schornberg et 

al., 2006), further cathepsin cleavage. 

SPEMs have many potential applications. In addition to value in assessing 

general requirements for hemi- and full fusion (e.g., pH and Ca2+), SPEMs can also be 

used to examine the roles of endosomal viral receptors. We observed a difference in the 

fusion profile of LASV GP-mediated fusion across a pH range from 4.5 to 7.4 in the 

presence and absence of LASV receptor, Lamp1 (Figure 2.3). EBOV and LASV were the 
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first viruses shown to utilize intracellular receptors, NPC1 and Lamp1, respectively 

(Carette et al., 2011; Côté et al., 2011; Jae et al., 2014). Since those reports, other 

viruses have been shown to employ endosomal receptors: LCMV interacts with CD164 

(Bakkers et al., 2022), and simian hemorrhagic fever virus and Lujo virus interact with 

CD63 (Raaben et al., 2017; Warren et al., 2022). It will be interesting to determine if 

these other endosomal receptors are absolutely required or shift the pH dependence of 

fusion, as we and others have seen for LASV (Bulow et al., 2020; Hulseberg et al., 2018; 

Y. Zhang et al., 2022). SPEMs may also have utility in studying the mechanisms of bilayer 

breaching by non-enveloped viruses. 

EBOV entry into cells is complex. Studies over the past two decades have 

delineated major requirements including  cleavage of EBOV GP to the 19-kDa form by 

the endosomal cysteine proteases CatB and CatL (Chandran et al., 2005; Marzi et al., 

2012; Schornberg et al., 2006), binding to its endosomal receptor, NPC1 (Carette et al., 

2011; Côté et al., 2011), with low pH and Ca2+ inducing conformational changes in the 

GP2 subunit  (Das et al., 2020; Gregory et al., 2014; Nathan et al., 2020). Conformational 

changes observed in the crystal structure of NPC1-bound GPcl suggest that binding to 

NPC1 makes the release of the fusion loop more facile (Wang et al., 2016). Our early 

work indicated that in intact cells, low pH-dependent infection by pseudoviruses bearing 

19-kDa GP requires a further E-64d-sensitive step (Mingo et al., 2015). Attempts, 

however, to reconstitute EBOV GPcl-catalyzed fusion at the plasma membrane in forced 

fusion experiments in response to low pH (Fénéant et al., 2019; E. H. Miller et al., 2012), 

or even low pH plus NPC1, Ca2+, K+, bis(monoacylglycerol)phosphate (BMP), reducing 

agent, elevated temperature or cathepsins B and L (Fénéant et al., 2019), have been 

unsuccessful (Fénéant et al., 2019; E. H. Miller et al., 2012). Our prior inability to induce 

fusion at the plasma membrane with 19 kDa GP pseudoviruses even in the presence of 

added cathepsins, may reflect a recent finding of Melikyan and coworkers (Y. Zhang et 

al., 2022). These investigators showed differences in LASV GP-mediated fusion pore 

formation with endosomal vs. plasma membranes. This further supports the benefit of 

using near-native endosomal membranes, as exemplified by the SPEM system we have 
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developed here, for in vitro studies of the fusion activity of viruses entering cells 

through endosomes. Of note, work done by Kasson and coworkers (Haldar et al., 2020) 

also incorporates the use of endosomes extracted from cells to study viral entry. They 

isolated influenza virus-containing endosomes from BHK-21 cells, immobilized them and 

controllably triggered fusion. Their findings suggest that endosome membrane 

deformability, and not curvature, affects fusion kinetics. 

Ebola GP is cleaved to GP1 and GP2 during biosynthesis by furin (Volchkov et al., 

1998) and additionally cleaved during viral entry by  cathepsins B and L to a 19-kDa form 

(Chandran et al., 2005; Marzi et al., 2012; Schornberg et al., 2006). The infectivity of 

EBOV bearing 19-kDa GP is sensitive to a cysteine protease inhibitor (E-64d) and agents 

that raise endosomal pH (Mingo et al., 2015; Spence et al., 2016). This suggests an 

additional low pH-dependent proteolytic step is required for efficient fusion. We 

provide evidence that cathepsins not only prime Ebola GP to its 19 kDa form, but also 

exert an additional role post-NPC1 binding. Experiments are in progress in our 

laboratory to use a reversible cathepsin inhibitor to further test that cathepsin action 

does indeed provide a final fusion-enhancing effect.  Interestingly, CatB appears more 

effective in this late activation step than CatL (Figure 2.4). Several studies have shown 

EBOV infection to be sensitive to CatB, but not CatL, in Vero E6 cells (Marzi et al., 2012) 

and dendritic cells (Martinez et al., 2010), which may explain why we see an increase in 

fusion when CatB is added. Because we saw only a modest increase in fusion with the 

addition of CatB (Figure 2.4C and D), as well as higher fusion efficiency than expected 

without additional cathepsin, we evaluated fusion in the presence and absence of E-

64d. There was a marked decrease in full fusion efficiency (Figure 2.4E and F), while 

hemifusion remained the same. These finding are consistent with findings presented by 

Spence et al. (Spence et al., 2016), who observed EBOV GPcl-mediated lipid mixing 

(specifically hemifusion) in cells treated with E-64d, but no infection in the presence of 

E-64d, as originally seen by Schornberg et al. (Schornberg et al., 2006). This suggests one 

of two things: (i) cathepsin further cleaves NPC1-bound GP1, releasing its hold on GP2, 

allowing GP2 to insert itself into the host membrane, thereby initiating the fusion 
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cascade, or (ii) cathepsin acts on a host cell factor present in the endosomal membrane 

that is required for optimal fusion.  Additionally, fusion in the presence of E-64d is not 

completely inhibited. This suggests that other proteases may contribute to fusion, for 

example aspartic endoprotease, cathepsin D. Future experiments are needed to test 

these possibilities. 

Our findings also indicate the presence of membrane-associated cathepsins in 

SPEMs (Figure 2.4E and Supplemental Figure 2.S9). While most cathepsins in endosomes 

and lysosomes are in soluble form in the lumen of these organelles, there is evidence 

that a small population of cathepsins are membrane-bound. Cathepsins are synthesized 

in the endoplasmic reticulum. The propeptide form of cathepsin is transported through 

the Golgi stacks where it binds to mannose-6-phosphate (M6P) receptors. The M6P-

bound procathepsins are then trafficked to endo/lysosomes, where the low pH typically 

results in the dissociation of the enzyme-receptor complex (reviewed in (Yadati et al., 

2020)). However, not all of the cathepsins may be discharged from M6P receptors. Also, 

some cathepsins are sorted to endosomes independent of M6P receptors and those 

cathepsins may remain bound to alternate receptors. M6P receptor-independent 

membrane-association has been reported in endosomes for cathepsins B and D in 

hepatic cells (Authier et al., 1995)  and cathepsin D in macrophages (Diment et al., 

1988). Finally, the low-density lipoprotein (LDL) receptor and Lrp1 (LDL receptor-related 

protein 1) transport cathepsins B and D to lysosomes in mouse embryonic fibroblasts 

(Markmann et al., 2015).  

Triggering of membrane fusion by initial binding to receptor followed by 

proteolytic action has been reported for other viruses, notably coronaviruses, including 

severe acute respiratory syndrome coronavirus 1 (SARS-CoV-1) and 2 (SARS-CoV-2) as 

well as Middle East respiratory syndrome coronavirus (MERS-CoV). Coronaviruses 

require proteolytic activation of their spike proteins by cell surface or endosomal 

proteases for successful infection (Belouzard et al., 2009; Hoffmann, Kleine-Weber, 

Schroeder, et al., 2020; Millet & Whittaker, 2014). Furin cleavage primes the spike 

protein of SARS-CoV-2, during viral biosynthesis, to its subunits S1 and S2. The 
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transmembrane serine protease 2 (TMPRSS2), which resides in the plasma membrane, 

or cathepsin L (in endosomes) cleaves the spike protein at a specific locus (the S2’ site), 

triggering fusion during viral entry (Bestle et al., 2020; Hoffmann, Kleine-Weber, & 

Pöhlmann, 2020; Hoffmann, Kleine-Weber, Schroeder, et al., 2020; T. Liu et al., 2020; 

Shang et al., 2020). Hence there are parallels between filoviral and certain coronaviral 

fusion in requiring both receptors and pre- and post-receptor binding protease steps.  

Additionally, mildly low pH (Kreutzberger et al., 2022) and calcium (Singh et al., 2022) 

have been shown to be required for efficient SARS-CoV-2 infection, which would 

indicate additional parallels. 

In summary, the in vitro SPEM system we have developed provides a powerful 

tool with which to study the mechanism of fusion of endosome-entering viruses. SPEMs 

also provide an excellent platform to study the role of other viral proteins in fusion, for 

example the Ebola matrix protein VP40 (Winter et al., 2022), as well as the effect of viral 

glycoprotein mutations (e.g., A82V substitution in EBOV GP (Diehl et al., 2016)) on 

fusion. Although not tested in this study, this method may also be used to explore the 

mechanism by which non-enveloped viruses penetrate endosomes. 
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2.5 Materials and Methods 

Cells, plasmids, and reagents 

HEK293T/17 cells (ATCC), Lamp1 KO HEK293T/17 cells (clone 2F6, described by 

Hulseberg et al. (Hulseberg et al., 2018))  and MDCK II cells  (originally from Dr. Ari 

Helenius) were maintained in high glucose Dulbecco’s Minimum Essential Media 
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(DMEM) (Gibco), supplemented with 10% fetal bovine serum (FBS) (Atlanta Biologicals), 

2 mM L-glutamine (Gibco), 1 mM sodium pyruvate (Gibco) and 1% antibiotic-

antimycotic (Gibco). HeLa-derived TZM-bl cells (NIH AIDS Reagent Program) were 

maintained in high glucose DMEM (Gibco), supplemented with 10% FBS (Atlanta 

Biologicals) and 1% antibiotic-antimycotic (Gibco). All cells were maintained at 37°C and 

5% CO2. 

Plasmids for pseudovirus production, pFSW-Tat and psPAX2, were gifts from Dr. Jeremy 

Luban (University of Massachusetts Medical School). pHIV-Rev was a gift from Dr. Wen 

Yuan (University of Virginia). The surface protein plasmids: EBOV GPΔ-mucin (VRC6002) of 

the Kikwit strain of EBOV GP and Lassa virus GP (LASV Josiah strain in pCMV) were 

originally from Dr. Gary Nabel and Dr. Gregory Melikyan (Emory University), 

respectively.  

Antibodies against the NPC1 C-terminal tail (ab134113), Lamp1 C-terminal tail (ab24170) 

and EEA1 (ab2900) were from Abcam. The antibody for Lamp1 with the epitope in 

luminal region (H4A3) was from Developmental Studies Hybridoma Bank. The anti-NPC1 

C-loop antibody (sc-271335) was from Santa Cruz Biotechnology. The succinate 

ubiquinone oxidoreductase antibody (2E3GC12FB2AE2) and sodium-potassium ATPase 

antibody (MA1-16731) were from ThermoFisher Scientific. The antibody against the 

Golgi SNARE protein, GS28, was a gift from Dr. David Castle at the University of Virginia. 

The anti-Rab5 antibody was a gift from Dr. Reinhard Jahn at the Max Planck Institute for 

Biophysical Chemistry. The calnexin antibody (ADI-SPA-860-D) was from Enzo Life 

Sciences. The monoclonal mouse-α-GP1 H3C8 antibody was a kind gift from Carolyn 

Wilson at the Food and Drug Administration.  

 

Fowl Plague Virus (FPV) preparation and membrane labeling 

Recombinant Influenza A/FPV/Rostock/1934(H7N1) attenuated with a monobasic 

cleavage site was created with a 12-plasmid system (Neumann et al., 1999) and grown 

as previously described (Hu et al., 2019). Briefly, 293T cells in infection medium (DMEM 

supplemented with 0.2% w/v Bovine Serum Albumin, 0.1% Fetal Calf Serum, 2 mM 
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glutamine, 1% Antibiotic/Antimycotic) were transfected with Lipofectamine 2000 and 1 

g of each of 8 plasmids encoding each segment of the FPV genome and 4 plasmids 

expressing the components of the FPV ribonucleoprotein complex. Four hours after 

transfection, the media was changed to infection medium containing 1 μg/mL TPCK-

Trypsin. Two days after transfection, the supernatant was harvested and cleared by 

pelleting 5000xg for 10 min. The cleared supernatant was added to 90% confluent 

MDCK II cells in infection media and allowed to enter for 1 hour at 37°C after which the 

media was replaced with infection media containing 1 μg/mL TPCK-Trypsin. Two days 

after infection, cytopathic effect was observed and the supernatant was harvested, 

cleared by centrifugation as above, aliquoted and frozen at -80°C. To avoid mutations 

from passage in culture, each subsequent preparation of FPV was performed by 

infecting MDCK II cells as described above with one of the original aliquots.  

To prepare membrane-labeled virus, MDCK II cells grown to 80% density in T175 flasks 

were washed with 5 mL warmed phosphate-buffered saline (PBS). 7 mL of infection 

media (DMEM supplemented with 1 g BSA, 10% SCS, 1% antibiotic-antimycotic, 1% L-

glutamine) mixed with one aliquot of previously prepared FPV was added and incubated 

for 1 hour at 37°C. The media was then aspirated and replaced with 15 ml infection 

media containing 0.625 µM DiD (1,1'--dioctadecyl-3,3,3',3'- 

tetramethylindodicarbocyanine, 4-chlorobenzenesulfonate salt) (ThermoFisher 

Scientific) and 1 µL of 2 µg/mL TPCK-Trypsin per 1 mL of infection media. After 48 hours, 

the culture supernatant was collected and cleared by centrifuging at 5,000xg for 15 min 

at 4°C. The virus was pelleted through a 25% sucrose-HMT cushion and resuspended in 

HMT buffer without sucrose, aliquoted and stored at -80°C until use. 

 

HIV pseudovirus production 

Virions pseudotyped with Ebola virus GPΔmucin (abbreviated as EBOV GPΔ) and Lassa 

virus (LASV) GP were produced in HEK293T/17 cells using Lipofectamine 2000 

(Invitrogen). Cells grown to 60-80% confluency were transfected with 4.65 µg psPAX2 

(Gag-Pol helper vector), 6.25 µg pFSW-Tat, 1 µg pHIV-Rev, and 1.5 µg of EBOV GP or 
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LASV GP. 4 to 6 hours post-transfection, the media was replaced with phenol red free 

DMEM supplemented with 10% FBS, 2 mM L-glutamine and 1 mM sodium pyruvate. 

Pseudovirus-containing media was collected 48 h post-transfection and clarified by low-

speed centrifugation. HIV pseudoviruses were pelleted through a 25% sucrose-HMT (20 

mM HEPES, 20 mM MES, 130 mM NaCl, 1 mM EDTA, pH 7.4) cushion and resuspended 

in HMT buffer without sucrose. The pseudovirus preparation was aliquoted and stored 

at -80°C. The concentration of HIV p24 was measured by ELISA (Wehrly & Chesebro, 

1997). 

Infection of TZM-bl cells by HIV pseudoviruses was performed as described by Sarzotti-

Kelsoe et al. (Sarzotti-Kelsoe et al., 2014). Firefly luciferase activity was measured 2 days 

post-infection with BriteLite reagent (PerkinElmer Life Sciences) in a plate reader 

(GloMax Explorer, Promega). HIV pseudovirus preparations were diluted in Opti-MEM 

(Gibco) to the same concentration of p24. 

 

HIV pseudovirus membrane labeling 

The outer leaflet of pseudovirus membranes was labeled with the fluorescent 

membrane label, Atto488- dimyristoylphosphatidylethanolamine (DMPE) 

(MilliporeSigma) essentially as described (Ward et al., 2020). Briefly, Atto488-DMPE was 

dried on the bottom of a glass test tube to remove chloroform/methanol solvent and 

resuspended in buffer HB (20 mM HEPES, 150 mM NaCl, pH 7.4) to a concentration of 

1.8 g/mL. Using the p24 concentration of HIV pseudovirus, the virus was mixed with 

the dye suspension in a mass ratio of 4.4:1. The mixture was incubated at room 

temperature in the dark for 3 hours under slow rotation. To remove free Atto488-

DMPE, the mixture was diluted to 1 mL in HB buffer and HIV pseudoviruses were 

pelleted by spinning at 21,000xg for 1 hour at 4C. Atto488-DMPE labeled HIV 

pseudoviruses were stored in the dark at 4°C and used within 24 hours. 

DiD labeling of HIV pseudoviruses was done as described in the FPV preparation and 

membrane labeling section above, which labels both leaflets of the viral envelope.  
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Cleavage of EBOV GPΔ to produce 19kDa EBOV GP 

HIV pseudoviruses bearing EBOV-GPΔ were cleaved to the 19K form of GP with 0.5 

mg/ml freshly prepared thermolysin (MilliporeSigma) in the presence of CaCl2. Samples 

were incubated for 60 min at 37°C and the reaction terminated by adding 500 μM 

phosphoramidon (MilliporeSigma). Fresh thermolysin powder was obtained when GPΔ 

cleavage to19 kDa waned, as assessed by Western blotting. 

Late endosome enrichment protocol 

Late endosome enriched samples were prepared from HEK293T cells. Cells (five to ten 

10-cm plates) were grown to about 90% confluency, then scraped into phosphate-

buffered saline (PBS), and pelleted by centrifugation for 10 min at 1,000xg at 4°C. The 

cell pellet was washed in 3 ml homogenization buffer (10 mM HEPES, 3 mM imidazole, 

250 mM sucrose, pH 7.4). Following the wash, the cell pellet was resuspended in 3 ml 

homogenization buffer supplemented with 1X protease inhibitor cocktail (ThermoFisher 

Scientific) and passed through a ball-bearing homogenizer with a 0.6368 cm bore and 

0.6335-cm diameter ball (gift of Dr. David Castle). The homogenate was centrifuged for 

15 min at 4,000xg at 4°C to pellet the nuclei. 60% Optiprep (iodixanol) (MilliporeSigma) 

was mixed with buffer (30 mM MOPS, 270 mM sucrose, 6 mM EDTA, pH 7.2) to obtain 

7% and 14% Optiprep solutions for discontinuous gradients. The post-nuclear 

supernatant (PNS) was collected and mixed with an equal volume of 50% OptiPrep 

solution to obtain a final concentration of 25% Optiprep. This mixture was then 

transferred to a Beckmann SW 40 tube and overlayed carefully with 4 ml of 14% 

OptiPrep solution and 4 ml of 7% OptiPrep solution. This gradient was spun for 1.5 hours 

at 35,000 rpm at 4°C. A white band at the interface between 7% OptiPrep and 14% 

Optiprep was collected. This fraction, which was enriched in early and late endosomes, 

was dialysed in a cassette with 10,000-kDa molecular weight cutoff (ThermoFisher 

Scientific) against 4 liters HMA buffer (10 mM HEPES, 10 mM MES, 10 mM sodium 

acetate, 100 mM sodium chloride, pH 7.4). The protein concentration of the dialyzed 

preparation of endosomes was determined using a BCA protein assay kit (Thermo 

Scientific). The preparation of enriched endosomes was stored at 4oC and used within 
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72 hours. We also tested whether endosome preparations could be frozen and stored at 

-80°C for use at a later time but determined that SPEMs prepared from frozen and 

thawed endosome preparations were malformed (no smooth appearance) compared to 

SPEMs from freshly prepared endosomes and no longer supported fusion of LASV 

pseudovirions although docking of these viruses was unchanged. However, SPEMs may 

be prepared from endosomes stored at 4°C for up to 2 weeks with only a small loss 

(~25%) of fusion permissiveness (Supplemental Figure 2.S10).   

 

Preparation of supported planar endosomal membrane   

Supported planar endosome membranes (SPEMs) were prepared using the Langmuir-

Blodgett/vesicle fusion technique (Kalb et al., 1992; Wagner & Tamm, 2000). Quartz 

slides were cleaned by immersing in Piranha solution (3:1 mixture of 95% sulfuric acid 

and 30% hydrogen peroxide) for at least 15 min and thoroughly rinsing in deionized 

water. The first leaflet of the SPEM was prepared by Langmuir-Blodgett transfer directly 

onto the quartz slide. A lipid mixture of 4:1 brain phosphatidylcholine and cholesterol 

(Avanti Polar Lipids) with 3 mol% of DPS (1,2-dimyristoyl-sn-gycero-3-

phosphatidylethanolamine-PEG3400-triethoxysilane (Wagner & Tamm, 2000)) in a 

chloroform solution was applied onto a water surface in a Nima 611 Langmuir-Blodgett 

trough to reach an initial surface pressure of ~10-15 mN/m. The solvent was allowed to 

evaporate for 10 to 15 min after which the monolayer was compressed at a rate of 10 

cm2/min to reach a surface pressure of 32 mN/m. After equilibration for 5 to 10 min, a 

clean quartz slide was dipped into the trough at a speed of 68 mm/min and slowly 

withdrawn at 5 mm/min while maintaining constant surface pressure at 32 mN/m. The 

quartz slides with the monolayer were dried in a desiccator overnight. To form the outer 

leaflet of the SPEM, a quartz slide was assembled in a custom-built microscopy flow cell 

and a suspension containing endosomes diluted to 0.5 mg/mL (as determined by BCA) in 

HMA buffer was injected into the flow cell and incubated for 1-1.5 hours at room 

temperature. Excess, unfused endosomes were removed by washing with ten volumes 

of HMA buffer.  
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Total internal reflection fluorescence microscopy  

To study binding and/or fusion to SPEMs, fluorescently labeled pseudoviruses were 

diluted in HMA buffer to obtain roughly 100-200 particles per field of view. The 

pseudoviruses were injected into the flow cell and the fluorescence was monitored over 

time using prism-based TIRF microscopy. For pseudoviruses with the membrane label 

atto488-DMPE, the sample was excited with a 488 nm laser (OBIS 488 nm LX, Coherent) 

and the emission light was filtered through a dichroic mirror (DC505, Semrock) and a 

band-pass filter (BP535/40, Chroma). For DiD-labelled FPV and pseudovirus, the sample 

was excited with a 640 nm laser (OBIS 640 nm LX, Coherent) and the emission light was 

filtered through a dichroic mirror (DC660, Semrock) and a long-pass filter (LP665, 

Semrock). Videos were recorded by an EMCCD (DV887ESC-BV, Andor Technology) in 

frame transfer mode with an exposure time of 0.1 s. Laser intensity, shutter, and 

camera were controlled by a custom program written in LabView (National 

Instruments). 

For experiments with cathepsins B and L, recombinant human cathepsin B, CatB (R&D 

Systems), was activated by incubating in HMA buffer pH 5.0 at room temperature for 15 

min. Recombinant human cathepsin L, CatL (R&D Systems), was activated by diluting it 

in HMA buffer pH 5.5 and incubating on ice for 15 minutes. Ebola pseudoviruses were 

prebound to SPEMs at neutral pH and incubated for 5-7 minutes. Unbound virus was 

washed away with ten volumes of HMA buffer pH 7.4. The cathepsins were further 

diluted in HMA buffer pH 5.5 to 0.4 μg/mL and introduced into the flow cells. 2.5-minute 

videos were collected immediately following cathepsin/low pH addition to the flow cell 

(this was marked as time 0) and 5, 10, 15, 20, 25 and 30 min after from different field of 

views. Cumulative distribution functions of fusion efficiencies were derived from the 

data collected at the aforementioned time points and by extrapolating the observed 

fusion rate in 2.5 min to 5 min intervals. 

For experiments with the cysteine protease inhibitor, E-64d (Sigma), a stock solution of 

E-64d was prepared by dissolving it in water. The SPEMs were incubated 100 μM E-64d 

in HMA buffer at pH 7.4 for 10 min. Ebola pseudoviruses were flowed in in HMA buffer 
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pH 7.4 with 100 μM E-64d and incubated for 5-7 min. Unbound virus was washed away 

with ten volumes of HMA buffer pH 7.4 with 50 μM E-64d. HMA buffer pH 5.5 with 100 

uM E-64d was introduced into the flow cells and 2.5 min videos were collected 

immediately following the addition of E-64d/low pH (time 0) and 5, 10, 15, 20, 25 and 30 

min after. Cumulative distribution functions were derived from the data collected as 

described above. 

Intensities of single particles from regions of interest of 5 pixels  5 pixels over time 

were extracted with a custom-built LabView program and classified as representing 

docking without fusion or docking with fusion based on the following criteria: a rapid 

increase in intensity followed by multiple frames of similar intensity without translation 

of the particle more than 4 pixels was classified as binding. If the intensity of the particle 

remained the same for the duration of the acquisition or slowly bleached over 15 

seconds or more, this was considered docking without fusion. If the intensity of a 

docked particle decayed to background, which is characteristic for 2D diffusion of 

fluorophores away from the site of fusion, the event was classified as binding with 

fusion. To distinguish fusion events from undocking events, a minimal decay time cutoff 

of 0.3 s was used to classify a single event as fusion.  

 

Antibody staining of SPEMs 

SPEMs were prepared as described above. After excess, unfused endosomes were 

washed out of the flow cell, blocking buffer (15% FBS in PBS) was flowed in and 

incubated with the SPEM for 1 hour at room temperature. The primary antibody was 

diluted in blocking buffer at the indicated dilutions and incubated with the SPEM for 1 

hour. Unbound primary antibody was washed with ten volumes of PBS. Secondary 

antibody conjugated to Alexa fluor 488 or 555 was diluted in blocking buffer and 

incubated with the SPEM for another hour at room temperature. Excess unbound 

secondary antibody was washed with twenty volumes PBS. The SPEM was then imaged 

on a TIRF microscope. 
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Fluorescence recovery after photobleaching 

The lateral diffusion of lipids and integrity of the SPEMs was studied using fluorescence 

recovery after photobleaching (FRAP). 1 mol% of carboxyfluorescein-PE (CF-PE, Avanti 

Polar Lipids) was included in the monolayer prior to the preparation of the SPEM. 

Bilayers were bleached in a pattern of parallel stripes by a strong laser pulse (Smith & 

McConnell, 1978) and the mean intensities obtained from images before and after the 

bleach pulse were fit by the model: 

𝐹(𝑡) = 𝐹∞ + (𝐹0 − 𝐹∞)𝑒
(−𝐷𝑎2𝑡) 

where F0 and F∞ are the initial and final fluorescence intensities after bleaching, 

respectively, a = 2π/p, p is the stripe period (12.7 µm), and D is the lateral diffusion 

coefficient. The mobile fraction (m.f.), which is a percentage of observed fluorescence 

recovery within the time frame of a FRAP experiment (60 s), is given by 

𝑚. 𝑓.=
𝐹∞ − 𝐹0
𝐹𝑝𝑟𝑒 − 𝐹0

× 200 

where Fpre is the fluorescence intensity before photobleaching. At least ten regions on 

four independently prepared SPEMs and bilayers were sampled to determine the 

reported average values.  
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2.6 Supplemental Figures 

Figure 2.S1. Endosome enrichment protocol. Schematic diagram of subcellular 

fractionation using discontinuous Optiprep density gradient centrifugation. NP - nuclear 

pellet, NS - post-nuclear supernatant, FR1 - Fraction 1: 7%-14% optiprep interface, FR2 - 

Fraction 2: 14%-25% optiprep interface.  

 

Figure 2.S2. Western blots of continuous gradient fractions probed for different 

organelle markers: late endosomes and lysosomes (NPC1 and Lamp1), early endosomes 

(EEA1 and Rab5), Golgi apparatus (GS28), mitochondria (SDHA – succinate 
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dehydrogenase complex subunit A), ER (calnexin) and plasma membrane (Na/K ATPase). 

The organelles were separated on a continuous 5% to 20% Optiprep gradient. Equal 

volume fractions were collected from the top (fraction 3) to the bottom (fraction 14); 

the first two fractions were not analyzed. Analysis of these fractions for organelle 

markers indicated that an enriched endosome fraction would band at a 7%/14% 

interface on a discontinuous OptiPrep step gradient. The values below the blots are the 

Optiprep concentrations derived from the refractive indices of the respective fractions 

measured at room temperature. NP - nuclear pellet; PNS - post-nuclear supernatant.  

 

 

Figure 2.S3. Assessment of sidedness of supported planar endosomal membranes 

(SPEMs). Antibody staining of SPEMs showing orientation of endosomal membrane 

proteins. r - rabbit antibody, m - mouse antibody. The controls contain no primary 

antibody and only a donkey anti-mouse or donkey anti-rabbit antibody conjugated to 

alexa fluor 555. All primary antibodies were used at a 1:100 dilution in blocking buffer 

(15% FBS in PBS). The signal-to-noise ratio was adjusted to make the signal more 

apparent, with the secondary antibody only controls being scaled similarly to the Lamp1 

images. The images are shown in reverse contrast. Scale bar: 20 μm.  
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Figure 2.S4. Decay time constants for lipid mixing and undocking events. A. 

Fluorescence intensities of two different particles over time, with one undergoing lipid 

mixing (left) and the other undocking from the SPEM (right). B. Time constants of less 

than 0.3 s were denoted as undocking and those above 0.3 s were denoted as lipid 

mixing events. The lipid mixing and undocking events were taken from events observed 

in the SPEM with no Lamp1, pH 4.5 condition.  
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Figure 2.S5. Docking and lipid mixing of Lassa GP pseudoviruses to SPEMs. HIV 

pseudoviruses bearing Lassa GP and labeled with Atto488-DMPE (outer leaflet only) 

were flowed into the flow chambers with SPEMs and attached to and allowed to 

undergo lipid mixing with the SPEMs at the indicated pHs.  A and B. Lassa pseudovirus 

associated with SPEMs with and without Lamp1 at the indicated pH. Docking for both 

SPEMs with and without Lamp1 was normalized to docking observed in the SPEM 

sample with Lamp1 at pH 7.4. C and D. Lipid mixing of Lassa GP pseudoviruses with 

SPEMs with and without Lamp1 at the indicated pH. Each data point represents events 

observed on one separately prepared SPEM. These data were averaged and plotted in 

Figure 3.3C. Error bars indicate standard error. 
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Figure 2.S6. Infectivity of Ebola GP pseudoviruses labeled with different 

concentrations of DiD during viral production. TZM-bl cells were incubated with serial 

dilutions of HIV particles pseudotyped with Ebola GP that had been labelled with 10, 2.5, 

1, 0.625 M or no DiD (mock) in triplicate in 96-well culture plates. The luciferase 

activity was measured 48 hours after incubation and is expressed as RLU after 

subtraction of background luminesce from control wells. Triplicate wells, in a 96 well 

plate, were analyzed for each sample at each dilution. The infectivity was measured for 

two independent pseudovirus preps. The error bars indicate standard error.  
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Figure 2.S7. Fusion of Ebola pseudovirus with SPEMs in the presence or absence of 

cathepsin B or L at the indicated concentrations. Movies were recorded immediately 

after cathepsin B/L (or no cathepsin) in low pH buffer was flowed into the flow cell 

chamber (0’) as well as 5, 10, 15, 20, 25, and 30 minutes after. Residual Ca2+ was present 

from thermolysin treatment done to obtain cleaved GP. Each data point represents 

events observed on one separately prepared SPEM. Error bars indicate standard error. 
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Figure 2.S8. Fusion of Ebola pseudovirus with SPEMs in the presence or absence 

cysteine protease inhibitor, E-64d. Movies were recorded immediately after E-64d in 

low pH buffer or only low pH buffer was flowed into the flow cell chamber (0’) as well as 

5, 10, 15, 20, 25, and 30 minutes after. Residual Ca2+ was present from thermolysin 

treatment done to obtain cleaved GP. Each data point represents events observed on 

one separately prepared SPEM. Error bars indicate standard error. 
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Figure 2.S9. Assessment of presence of cathepsin B. Antibody staining of SPEMs 

showing the presence of cathepsin B. r – rabbit antibody. The controls contain no 

primary antibody and only a donkey anti-rabbit antibody conjugated to alexa fluor 

488.The cathepsin B antibody was used at a 1:2000 dilution in blocking buffer (15% FBS 

in PBS). The signal-to-noise ratio was adjusted to make the signal more apparent, with 

the secondary antibody only control being scaled similarly to the CatB image. The 

images are shown in reverse contrast. Scale bar: 20 μm. 
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Figure 10. Assessment of LASV GP-mediated fusion to SPEMs prepared from 

endosomes stored under different conditions. HIV pseudoviruses bearing Lassa GP and 

labeled with Atto488-DMPE (outer leaflet only) were flowed into the flow chambers 

with SPEMs and attached to and allowed to undergo lipid mixing with the SPEMs at pH 

7.4 and 5.5. A. Lipid mixing of Lassa pseudovirus with SPEMs prepared from freshly 

extracted endosomes, endosomes supplemented with 10% glycerol stored at -80°C (w/ 

gly) and endosomes without glycerol stored at -80°C (w/o gly). B. Docking of Lassa 

pseudovirus to SPEMs prepared from freshly extracted endosomes, endosomes 

supplemented with 10% glycerol stored at -80°C (w/ gly) and endosomes without 

glycerol stored at -80°C (w/o gly).  C. Lipid mixing of Lassa pseudovirus with SPEMs 

prepared from freshly extracted endosomes, and endosomes stored at 4°C for one or 

two weeks.  
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My contribution to this work features in Figure 3.5C and D, and Supplemental Figures 

3.S1 and 3.S6. I performed the single-particle fusion experiments with GP2 

proteoliposomes (Figure 3.5C and D) and examined the oligomeric states of MPER/TM in 

micelles and bicelles (Figure 3.S1) and full-length GP2 in proteoliposomes (Figure 3.S6). 

 

 

3.1 Abstract 

Cholesterol serves critical roles in enveloped virus fusion by modulating membrane 

properties.  The glycoprotein (GP) of Ebola virus (EBOV) promotes fusion in the 

endosome, a process that requires the endosomal cholesterol transporter NPC1. 

However, the role of cholesterol in EBOV fusion is unclear. Here we show that 

cholesterol in GP-containing membranes enhances fusion and that the membrane-

proximal external region and transmembrane domain (MPER/TM) of GP interacts with 

cholesterol via several glycines in GP2 TM, notably G660. Compared to wild-type 

counterparts, a G660L mutation caused a more open angle between MPER and TM in a 

MPER/TM construct, higher probability of stalling at hemifusion for GP2 
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proteoliposomes, and lower cell entry of virus-like particles (VLPs). VLPs with depleted 

cholesterol show reduced cell entry and VLPs produced under cholesterol-lowering 

statin conditions show less entry than respective controls.  We propose that cholesterol-

TM interactions affect structural features of GP2 thereby facilitating fusion and cell 

entry. 

 

3.2 Introduction 

Ebola virus (EBOV) is a life-threatening pathogen known to cause hemorrhagic 

fevers (Feldmann & Geisbert, 2011a; Hoenen et al., 2006). The 2013–2016 epidemic in 

West Africa caused more than 10,000 casualties, and left survivors suffering with post 

EBOV disease (EVD) syndromes, such as increased intraocular pressure (Carod-Artal, 

2015a, 2015b). It is unknown whether the virus was cleared from survivors, or if it 

persisted in specific tissues (Burki, 2016; Scott et al., 2016). While several treatment 

options are being explored against this deadly pathogen (Maxmen, 2019), a vaccine 

(Ervebo by Merck; https://www.fda.gov/news-events/press-announcements/first-fda-

approved-vaccine-prevention-ebola-virus-disease-marking-critical-milestone-public-

health) and a therapeutic cocktail of three monoclonal antibodies (Inmazeb by 

Regeneron; https://www.fda.gov/news-events/press-announcements/fda-approves-

first-treatment-ebola-virus) have been recently approved .  

The EBOV glycoprotein (GP) is the sole protein expressed in the viral membrane 

and is consequently the major target for neutralizing antibodies (Ito et al., 2001; 

Maruyama et al., 1999). GP, consisting of GP1 and GP2 subunits, is responsible for 

binding to cell surface attachment factors and mediating cellular entry through 

endosomes (Carette et al., 2011; Kondratowicz et al., 2011; Sakurai et al., 2015). 

Conformational changes in GP are thought to provide energy to overcome the barrier to 

membrane fusion (Harrison, 2008; Malashkevich et al., 1999; Weissenhorn et al., 1998; 

White et al., 2008). To do this GP binds to its endosomal receptor, Niemann-Pick C1 

(NPC1), which in conjunction with low pH and perhaps other factors (Carette et al., 

2011; Côté et al., 2011; Das et al., 2020; Fénéant et al., 2019), but independent of its 
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cholesterol transporting activity (Côté et al., 2011), triggers conformational changes that 

unclamp the hold that GP1 bears on GP2 and releases the fusion loop (FL) in GP2, so 

that it can embed in the target membrane. Subsequent folding of GP into a hairpin 

structure causes the viral and endosomal membranes to merge (Bortz et al., 2020; Das 

et al., 2020; Gregory et al., 2014; Harrison et al., 2011; Wang et al., 2016; White & 

Whittaker, 2016) (Figure 3.1A).   

The FL of EBOV GP engages host endosomal membranes that contain NPC1, a 

cholesterol transporter. And, the transmembrane domain of GP is anchored in the viral 

membrane, which has a lipid composition reflecting that of the plasma membrane of 

producer cells and hence, a high concentration of cholesterol (Adu-Gyamfi et al., 2015; 

Carette et al., 2011; Côté et al., 2011). Lipid compositions of fusing membranes, 

including the amount of cholesterol, can strongly influence the energy barrier and 

thereby the efficiency of fusion (Churchward et al., 2005; Kreutzberger et al., 2015; Lee 

et al., 2013; Siegel, 2008; S.-T. Yang et al., 2016), and cholesterol has been shown to be 

important for the entry of several viruses (Biswas et al., 2008; Chlanda et al., 2016; 

Domanska et al., 2015; Wudiri et al., 2017; Yang et al., 2015; Yang et al., 2017; S. T. Yang 

et al., 2016). For examples, for HIV and influenza cholesterol in both viral and target 

membranes is critical for efficient fusion (Chlanda et al., 2016; Domanska et al., 2015; 

Sun & Whittaker, 2003; Yang et al., 2017; S.-T. Yang et al., 2016; S. T. Yang et al., 2016). 

However, a mechanistic understanding of any direct interaction of cholesterol with a 

viral GP is still lacking, and how cholesterol affects the participating membranes and the 

energy barrier for EBOV fusion have not been explored. 

Despite this limited knowledge about potential cholesterol effects on EBOV 

fusion, there has been considerable debate about employing statins, cholesterol 

lowering drugs, to combat EBOV. Since EBOV disease is associated with endothelial 

barrier loss, Fedson et al. suggested benefits of using statins to suppress morbidity and 

mortality, due to their ability to improve endothelial integrity (in addition to lowering 

cholesterol levels) (Fedson et al., 2015). In addition, the statin simvastatin emerged in a 

screen of FDA-approved drugs for activity against EBOV in cell-based assays. 
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Shrivastava-Ranjan et al. subsequently found that statins block EBOV infection of cells in 

vitro, but the effects were not in the initial round of virus entry (Johansen et al., 2015). 

Instead, relatively high concentrations (20 and 50 M) of lovastatin led to the 

production of EBOV particles defective for infecting a next set of cells (Shrivastava-

Ranjan et al., 2018).  

To address the question if cholesterol in the viral or target membrane directly 

affects membrane fusion and thereby viral entry and if it interacts directly with any 

portion of EBOV GP, we investigated cholesterol’s role in these processes by setting up 

reconstituted single particle fusion and cell entry assays. The functional studies were 

complemented with biophysical assays for cholesterol binding to EBOV GP and 

measurements of tertiary structural changes in EBOV GP in response to cholesterol 

binding. Our results show that cholesterol physically interacts with the transmembrane 

domain of EBOV GP; that cholesterol in the viral membrane promotes membrane fusion 

and cell entry; and that producing viral-like particles in the presence of a few M of the 

statin lovastatin results in particles that are severely compromised in their ability to 

enter cells.  

 

3.3 Results 

Cholesterol in viral membrane enhances EBOV membrane fusion 

Fusion of the EBOV membrane envelope with an endosomal membrane is 

essential for release of the viral genetic material into the cell cytoplasm to initiate an 

infection.  As the only protein exposed on the external side of the viral membrane, the 

EBOV glycoprotein (GP) is solely responsible for receptor binding and membrane fusion. 

By analogy with other class I fusion proteins, the driving force for fusion is thought to be 

provided by conformational changes in the GP2 subunit that ultimately generate a six-

helical bundle (White et al., 2008) (Figure 3.1A and B). In other systems lipid 

compositions of the participating membranes, including their cholesterol content, have 

been found to play pivotal roles in membrane fusion (Biswas et al., 2008; Chlanda et al., 

2016; Churchward et al., 2005; Domanska et al., 2010; Kiessling et al., 2018; Alex J. B. 
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Kreutzberger et al., 2017; Kreutzberger et al., 2015; Lee et al., 2013; Liu & Boxer, 2020; 

Wudiri et al., 2017; S.-T. Yang et al., 2016).  We therefore explored the role of 

cholesterol in viral surrogate and target membranes, for EBOV GP-mediated membrane 

fusion. 

The effect of cholesterol on GP2-mediated EBOV fusion was first investigated by 

reconstituting full length GP2 into proteoliposomes (Lee et al., 2017) and assessing lipid 

mixing using a bulk fusion assay.  Note that the endosomal receptor for EBOV, NPC1 

(Carette et al., 2011; Côté et al., 2011), is not required in this ‘minimal EBOV fusion 

system’, as there is no need to release the GP1 clamp to expose GP2; GP2 

proteoliposome fusion to liposomes is triggered solely by exposure to low pH (also see 

below).   Förster resonance energy transfer (FRET) between Rhodamine (Rh) and 

nitrobenzoxadiazole (NBD) labeled lipids in target liposomes provided a measure of 

GP2-mediated lipid mixing, which was induced by lowering the pH to 5.5. Increasing 

cholesterol in the GP2 (viral analog) membrane enhanced fusion; increasing cholesterol 

in the target membrane caused a smaller enhancing effect (Figure 3.1C).  Next, we 

tested the importance of cholesterol in the virus membrane, in the context of the full 

GP1/GP2 trimer, using a virus-like particle (VLP) cell entry assay.  Depletion of VLP 

cholesterol with methyl--cyclodextran (MβCD) reduced entry efficiency by ~10-fold 

while cholesterol replenishment reversed this effect by ~50% (Figure 3.1D).  
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Figure 3.1. Effect of cholesterol on EBOV membrane fusion. A. Schematic of EBOV GP-

mediated fusion highlighting the two membrane interacting domains. The fusion loop 

(FL) (blue) initiates fusion by interacting with the host cell membrane eventually pulling 

it towards the MPER/TM (red) embedded in the viral membrane. B. The EBOV GP2 

sequence is shown using the same color scheme. Heptad repeats 1 and 2 that ultimately 

form the six-helix bundle extend from residues 560-595 and 615-631, respectively. 

Residues mutated in constructs used in this study are indicated with boxes. C. The 

relative extent of lipid mixing of GP2 proteoliposomes with target protein-free 

liposomes as observed by dequenching of FRET-paired lipid probes in the target 

liposome membrane.  The fluorescent lipids NBD-DOPE and Rh-DOPE were included, 

each at 1.5 mol% in the liposome membrane to allow lipid mixing to be determined by 

dequenching of NBD fluorescence.  The cholesterol content was varied in either the 

target or GP2 containing membrane while the cholesterol content in the other 

membrane was kept constant at 20% cholesterol. Data are mean and s.d. of triplicate 

measurements of the same reconstituted sample. D. Increasing amounts of VLPs, 

treated as indicated to modulate cholesterol content, were added to HEK293T cells and 

entry was monitored. Data are mean and s.d. of entry values from triplicate experiments 
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of the indicated input from the same VLP preparation. Based on cholesterol to protein 

ratios (see online Methods), the cholesterol content of the VLPs, relative to untreated 

VLPs, were: cholesterol-depleted VLPs, 1 %; cholesterol-repleted VLPs, 94 %; mock-

treated VLPs, 79 %. Data for panels C and D are available as Source Data. 

 

Cholesterol interacts with the EBOV MPER/TM 

NMR spectroscopy was used to probe potential interactions between the 

membrane proximal extracellular region and transmembrane domain (MPER/TM) of 

GP2 and cholesterol. To do this an EBOV MPER/TM construct was prepared and 

incorporated into DMPC/DHPC (1:2 mol/mol, q=0.5) bicelles. Native gel electrophoresis 

showed that this construct behaves as a monomer in dodecyl-phosphocholine (DPC) 

micelles, but forms a higher oligomer, presumably a trimer, in DMPC/DHPC bicelles 

(Supplemental Figure 3.S1). 1H-15N TROSY-HSQC spectra of EBOV MPER/TM in bicelles 

were then acquired at pH 5.5, in the absence or presence of varying concentrations of 

up to 20 mol% cholesterol (relative to DMPC) in the bicelles (Figure 3.2A). Three glycines 

(G655, G657, G660) and two nearby residues (I652, T659) in the TM domain showed 

chemical shifts upon adding cholesterol, with G660 (red box in Figure 3.1B) showing the 

most prominent change.  This glycine is in a GXXXA motif that was previously suggested 

to bind cholesterol (Hacke et al., 2015).  In order to test the hypothesis that G660 is 

required for the interaction of cholesterol with the EBOV MPER/TM, we mutated this 

glycine to leucine, (GXXXA to LXXXA), and performed the same solution NMR 

experiments. No chemical shift deviations were seen for G660L MPER/TM in the 

presence of cholesterol (Figure 3.2B). Figure 3.2C displays the chemical shift 

perturbations of WT and G660L induced by cholesterol along the sequence of EBOV 

MPER/TM. 

To examine whether there is a direct interaction of cholesterol with EBOV 

MPER/TM, we employed the spin-labeled cholesterol analog 3β-doxyl-5α-cholestane 

and measured the attenuation of the amide proton signals along the sequence in 

comparison with the effects of cholesterol (Figure 3.2D and Supplemental Figure 3.S2). 
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Backbone amide proton resonances were dramatically reduced by the nitroxide 

paramagnetic spin probe of doxyl-cholestane in the region from W651 to A664, which 

comprises the headgroup contacting region of the EBOV MPER/TM structure including 

the GXXXA motif (residues 660–664) at the beginning of the TM domain. The amide 

proton signals of the remainder of the TM domain were also attenuated but to a lesser 

extent. These data further support the notion that cholesterol is in close contact with 

the TM domain of EBOV MPER/TM.    

Secondary structure analyses using chemical shift indices of Cα atoms showed 

the same basic helix-break-helix structure for the G660L MPER/TM that had been 

previously described for the WT MPER/TM (Lee et al., 2017) (Supplemental Figure S.3A).  

Local backbone motions measured by heteronuclear NOEs, and by spin-lattice and spin-

spin relaxation showed similar values and trends for G660L and WT (Supplemental 

Figure 3.S3B–D). 

The absence of apparent differences in the secondary structure and backbone 

dynamics of the G660L compared to the WT MPER/TM does not exclude a potential 

change in tertiary structure.  To test this hypothesis, we performed double electron 

electron resonance (DEER) experiments to measure distances and thus the angle 

between the two main segments of the EBOV MPER/TM structure. The MPER/TM 

construct was double labeled with S-(1-oxyl-2,2,5,5-tetramethyl-2,5-dihydro-1H-pyrrol-

3-yl) methyl methanesulfonothioate (MTSL) at residues 643 and 670 and incorporated 

into DMPC/DHPC bicelles. The distance between the two probes in the mutant (G660L) 

MPER/TM was increased compared to the WT (Figure 3.3A) indicating that the angle 

between the MPER and TM domains is wider in G660L than that same angle previously 

determined by DEER in the WT MPER/TM structure (Lee et al., 2017) (Figure 3.3B and C). 

Observing DEER signals of MPER/TM reconstituted into POPC liposomes revealed similar 

trends (Supplemental Figure 3.S4).  
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Figure 3.2. Cholesterol interaction with the EBOV MPER/TM in DMPC/DHPC bicelles. 

NMR spectra of WT (A) and G660L (B) EBOV MPER/TM in q=0.5 DMPC/DHPC bicelles 

were acquired in 0, 5, 10, 15, and 20 mol% cholesterol relative to DMPC. Red arrows 

denote peaks with the greatest changes. C. Chemical shift perturbations (Δδcomp= 

[ΔδHN2+ (ΔδN/6.5)2]0.5) in response to addition of 20 mol% cholesterol. WT (blue); 

G660L (green).  D. Amide proton intensity changes with 5 mol% (relative to DMPC) 

cholesterol or 5 mol% 3β-doxyl-5α-cholestane added to EBOV MPER/TM in DMPC/DHPC 

bicelles. Red, intensity ratios between cholesterol and cholesterol-free bicelles. Blue, 

intensity ratios between doxyl-cholestane and cholesterol bicelles. The error bars in 

panel D were propagated from S/N of peak pairs and calibrated with duplicate 

measurements of the bicelle sample without cholesterol (analog).    
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Figure 3.3. Distance distribution obtained using DEER on double-MTSL-labeled WT and 

G660L EBOV MPER/TM in DMPC/DHPC bicelles.  A. Cartoon showing the position of the 

labels (N643C and A670C, red) in the EBOV MPER/TM structure (Lee et al., 2017). The 

position of G660 is also indicated (blue). Increasing the distance between the two label 

positions increases the indicated angle between the MPER and TM helices of MPER/TM. 

B. Background-corrected DEER data for WT and G660L EBOV MPER/TMs. C. Distance 

distributions obtained from DEER data of WT (green) and G660L (purple) EBOV 

MPER/TMs. The G660L mutation results in a shift towards longer distance components 

consistent with an opening of the MPER/TM angle.  

 

Viral membrane cholesterol enhances fusion and cell entry  

 Imaging single fusion events allows the states of docking and fusion to be 

distinguished (Domanska et al., 2009; Domanska et al., 2010; Floyd et al., 2008; Kiessling 
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et al., 2010; A. J. B. Kreutzberger et al., 2017; Kreutzberger et al., 2015; Yang et al., 2015; 

Yang et al., 2017; S. T. Yang et al., 2016).  Previously, influenza hemagglutinin 

incorporated into a planar supported lipid bilayer (SLB) was shown to fuse with labeled 

liposomes in a pH dependent manner (Hinterdorfer et al., 1994). Similarly, we 

incorporated EBOV GP2 into SLBs and monitored its interaction with individual 

liposomes dually-labeled with a membrane (DiD) and a self-quenched content 

(sulforhodamine B) dye using TIRF microscopy.  Three distinct types of events were 

recorded: (A) docking: liposomes bind to the GP2-SLB but do not fuse (Figure 3.4A). (B) 

fusion: liposomes bind and then, after some time, fuse with the GP2-SLB (Figure 3.4B). 

(C) stalled hemifusion: liposomes bind and undergo lipid mixing, but no content mixing 

(Figure 3.4C).  Stalled hemifusion events have previously been characterized in the 

context of SNARE-mediated fusion as off pathway events that infrequently proceed to 

full fusion (Kreutzberger et al., 2015).  Similarly, during GP2-mediated fusion further 

changes in membrane or content dye distribution were seldom observed for the 

hemifusion events. The characteristic fluorescence traces originating from membrane 

dyes that distinguish stalled hemifusion from full fusion allow imaging to be done using 

only a membrane dye, as shown in Figure 3.4D.  

 The pH dependence of GP2-mediated fusion was explored utilizing this single 

particle assay.  Injecting liposomes at different pH values and recording the total 

fluorescence within the evanescence field revealed a requirement for low pH for 

liposomes to efficiently bind to the GP2-SLB (Figure 3.4E and Supplemental Figure 3.S5). 

This lipid binding activity is likely due to pH dependent conformational changes in GP2 

including changes in the structure of the fusion loop (Gregory et al., 2011), that lead to a 

quite deep insertion of the GP2 fusion loop into the liposome membrane (Gregory et al., 

2011). In order to test that the fusion loop of GP2 is responsible for the pH dependent 

docking, we utilized a mutant (LIAA) with two substitutions in the fusion loop (L529A 

and I544A; boxed in blue in Figure 3.1B). Indeed, replacing WT GP2 with the LIAA 

mutant of GP2, in the single liposome fusion assay, abolished liposome binding at pH 

5.5, which correlates with the previously shown inability of the LIAA EBOV GP fusion 
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loop to bind tightly to target membranes and to mediate fusion and cell entry (Gregory 

et al., 2014).  

Single liposome assays allow the quantification of fusion kinetics by measuring 

the delay time between docking and the onset of fusion.  Cumulative distribution 

functions of these delay times showed that ~40% of the liposomes that bind, fuse within 

~0.2 seconds of docking (Figure 3.4F).  Changing the pH to 6.5 greatly lowered the 

number of docking events (Figure 3.4E), but for the liposomes that did bind, the fusion 

kinetics did not change significantly.  

 Examining the cholesterol dependence of fusion of liposomes (50 nm diameter) 

with GP2-containing SLBs revealed that in the absence of cholesterol there were few full 

fusion events, but many stalled hemifusion events (Figure 3.5A, B). Increasing 

cholesterol increased the number of full fusion events and decreased the number of 

stalled hemifusion events (Figure 3.5A, B).  The distribution of the delay times between 

docking and fusion revealed biphasic kinetics with initial fast and later slow 

components. The fast component appeared most sensitive to the presence of 

cholesterol (Figure 3.5B).  A similar enhancing effect of cholesterol was seen for GP2 

proteoliposomes (100 nm diameter) interacting with protein-free SLBs (Figure 3.5C, D). 

Cross-linking of GP2 in proteoliposomes showed that GP2 formed trimers in POPC:POPG 

(85:15) bilayers (Supplemental Figure 3.S6). 

The mutant G660L, which showed decreased cholesterol binding to the TM 

domain (Figure 3.2B, C) and a wider angle between the MPER and TM domains (Figure 

3.3) behaved differently than WT GP2 when incorporated (as G660L GP2) into an SLB 

and assayed for fusion with liposomes. With 30% cholesterol in the SLB, G660L GP2 

displayed less full fusion and more stalled hemifusion (Figure 3.5E, F). The fusion kinetics 

were also strongly reduced for G660L compared to WT GP2 (Figure 3.5F). Trimerization 

of GP2 in proteoliposomes was not impaired by the G660L mutation (Supplemental 

Figure S.36). 
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 We found that the G660L mutation also affects virus entry into HEK293T cells. 

Filamentous EBOV VLPs were prepared with WT or G660L EBOV GP (trimers of 

GP1/GP2) and then tested in a VLP entry assay. VLPs with G660L GP were significantly 

compromised for target cell entry (Figure 3.6A), despite equivalent incorporation of 

G660L GP into VLPs (GP/VP40 ratio = 1.36 +/- 0.47 relative to the GP/VP40 ratio for WT 

GP; based on 3 samples of each prep run on a single SDS gel and blotted for GP and 

VP40). Over a 5-fold range of VLP inputs, the cell entry efficiency of G660L VLPs was less 

than 20% that of WT VLPs (Figure 3.6A). The cholesterol content of G660L VLPs was 

measured to be 76 % that of WT VLPs.  Overall, the results in Figure 3.5E, F and Figure 

3.6A verify that residue G660 in the GP2 TM domain is critical for full fusion to occur 

efficiently. 
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Figure 3.4. Intensity traces of peak pixel intensity of DiD membrane label (red) and 

sulforhodamine B content label (green) of single vesicle events. A. Binding (docking) of 

a liposome to a supported lipid bilayer containing EBOV GP2 is marked by the increase 

in DiD intensity seen when the vesicle enters the TIRF field.  The sulforhodamine B label 

is self-quenched and no intensity change is observed. B. A fusion event followed by 

binding of a liposome to the GP2-containing supported bilayer.  After ~0.5 s the 

membrane dye diffuses into the supported bilayer at the onset of fusion.  The 

sulforhodamine B label dequenches at the moment of fusion and diffuses away into the 

cleft under the supported bilayer. C. A stalled hemifusion event where the membrane 

dye in the outer leaflet of the liposome diffused into the supported bilayer (loss of ~55% 

of the intensity) while no change in the content dye is observed. D. Full and hemifusion 

events can be observed using particles labeled with only a membrane dye (as shown for 

Rh-DOPE) by observing if all or half of the membrane dye diffuses into the supported 

bilayer. E.  Effects of pH and a double-point mutation in the fusion loop, LIAA (purple); 

see Figure 3.1A) on liposome binding to GP2-containing supported lipid bilayers. 
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Experiments were conducted as shown in Supplemental Figure 3.S5 and saturation 

values were determined by single exponential fits.  Data points show mean and s.e.m. of 

saturation values for triplicate experiments performed on 3 different supported 

bilayers. F. Cumulative fusion delay times for liposomes bound to GP2-containing 

supported bilayers at pH 5.5 or 6.5. Data were collected from 4 different supported 

bilayers. Data for panels E and F are available as Source Data. 

 

EBOV VLPs from statin-treated cells show reduced entry  

Based on the previous results, we hypothesized that VLPs budded from 

cholesterol-depleted cells would have less cholesterol in their membrane and therefore 

be impaired in membrane fusion and hence entry capacity.  To test this hypothesis, we 

used a cholesterol-lowering statin to reduce the cholesterol content of the HEK293T cell 

plasma membrane from which VLPs are produced by budding. Two sets of VLPs were 

prepared in parallel: one set from mock (DMSO) treated and the second from statin-

treated HEK293T cells. VLPs produced from statin treated cells exhibited markedly lower 

entry efficiency than VLPs produced from mock treated cells (Figure 3.6B). VLPs 

prepared from statin-treated cells contained 22% the level of cholesterol and 

approximately equivalent levels of GP (Supplemental Figure 3.S7) compared to VLPs 

produced from mock-treated cells.   

The findings in Figure 3.6 are consistent with the demonstration that treatment 

of VLPs (from non-statin-treated producer cells) with MBCD decreases both their 

cholesterol content and entry efficiency (Figure 3.1D). We propose that, because of 

their lowered cholesterol content, VLPs with WT GP produced from statin treated cells 

enter target cells less efficiently than VLPs produced from mock treated cells (Figure 

3.6C) because less cholesterol is available to bind to the GP2 TM, and therefore 

influence the structure of GP for optimal fusion. An inference is that VLPs with G660L GP 

should show the same (low) entry capacity whether or not depleted of cholesterol or 

when produced in untreated or statin-treated cells; we have not performed these 

experiments here because G660L VLP entry is already significantly suppressed compared 

to WT and a further reduction of entry capacity after cholesterol extraction would be 
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difficult to detect in a conclusive manner. However, such experiments may be 

interesting to explore in the future. 

Figure 3.5. The cholesterol dependence of fusion. A. Fusion of liposomes (50 nm 

diameter) with supported bilayers containing GP2 (lipid:protein ratio of 1000) and 

increasing amounts of cholesterol. B. Cumulative distribution of the delay times from 

the time of binding until the time of fusion of liposomes to GP2-containing supported 

bilayers with increasing amounts of cholesterol. C. Fusion of GP2-proteolipsomes (100 

nm diameter, POPC plus 1 mol% Rh-DOPE) plus 0, 20, or 30 mol% cholesterol with 

protein-free supported bilayers (77:20:3 POPC:Chol:DPS). D. Cumulative distribution of 

fusion delay times for GP2 proteoliposomes with 0, 20, or 30 mol% cholesterol. E. 

Fusion of liposomes to supported bilayers containing wt (black) or G660L (blue) GP2. F. 

Cumulative distribution of the delay times from the time of binding until the time of 

fusion for liposomes to supported bilayers containing wt (black) or G660L (blue) GP2. 

Bar graphs in panels A, C and E show mean and s.e.m. from 3–6 independent 

experiments under each condition. Typically, 1000-2000 particles were collectively 

counted in these experiments. The kinetic fusion data in panels B, D, and F were 

collected from the same experiments pooling all approximately 1000-2000 events from 

the 3-6 independent bilayers under each condition. Data including number of repeats 

and particles measured under each condition are available as Source Data.     
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3.4 Discussion 

The lipid compositions of the membranes that partner in viral fusion events are 

important (S.-T. Yang et al., 2016), but this aspect has not been explored in detail for 

EBOV. In this study, we probed the role of cholesterol in EBOV GP-mediated fusion and 

cell entry. We found that cholesterol, in the membrane of three different viral 

membrane surrogates, promotes EBOV fusion and entry. NMR experiments revealed 

that the initiating glycine (G) in a G660XXXA motif in the EBOV GP transmembrane 

domain promotes an interaction with cholesterol, and DEER experiments indicated that 

changing G660 to leucine (L) alters the tertiary structure of the membrane proximal 

external region-transmembrane (MPER/TM) domain of EBOV GP, which correlates with 

the diminished fusion and entry activity of GP constructs with the G660L mutation. 

Single particle fusion studies employing supported lipid bilayers (SLBs) and TIRF 

microscopy further showed that cholesterol in viral membrane surrogates promotes 

EBOV GP-mediated membrane fusion, and that a mutation (G660L) in the cholesterol 

binding site greatly reduces membrane fusion. These latter findings correlated with a 

reduced capacity of EBOV-GP VLPs with either reduced cholesterol content or the G660L 

mutation to enter cells. 

 Cholesterol is required in host cell membranes at both the entry and assembly 

stages of viral lifecycles (Schroeder, 2010).  A cholesterol requirement for virus entry has 

been demonstrated for HIV (Lai et al., 2012; Yang et al., 2015; Yang et al., 2017; S. T. 

Yang et al., 2016), influenza (Biswas et al., 2008; Chlanda et al., 2016; Domanska et al., 

2013; Goronzy et al., 2018; Zawada et al., 2016), herpes simplex (Wudiri et al., 2017), 

and human parainfluenza 3 (Tang et al., 2020) viruses. A cholesterol recognition amino 

acid consensus (CRAC) motif in the MPER of the gp41 subunit has been implicated in 

HIV’s cholesterol dependence(Chen et al., 2009; Vincent et al., 2002), but the 

mechanism by which this motif promotes fusion has not been elucidated. Influenza also 

has been identified as having a cholesterol consensus motif (CCM) at the N-terminal end 

of the TMD of its hemagglutinin protein (de Vries et al., 2015). Hemolysis, lipid mixing, 

and cell-cell fusion were impaired by disrupting this motif in hemagglutinin (Hu et al., 
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2019). While cholesterol has been identified as necessary for entry of other viruses 

(Tang et al., 2019; Wudiri et al., 2017), their sites for cholesterol binding and 

mechanism(s) by which cholesterol enhances their fusion activity remain unknown.  

 Here, after demonstrating a fusion-promoting role for cholesterol in the 

membrane of EBOV, we identified a cholesterol binding motif in EBOV GP2, employing 

NMR chemical shift analysis, with residues I652, G655, G657, T659 and G660, located in 

the region connecting the MPER and TM domains of MPER/TM, interacting with 

cholesterol (Figure 3.2C), with confirmation by PRE data (Figure 3.2D and Supplemental 

Figure 3.2). G660 is part of a GXXXA motif at the beginning of the TM domain of GP2 

that was previously mutated to investigate the cell detachment effect caused by ectopic 

expression of EBOV GP (Hacke et al., 2015); that effect was found to be cholesterol-

dependent, and the authors reported greater photoactivatable cholesterol binding to 

WT (GXXXA) than LXXXL GP. A second study asked whether the GXXXA motif is involved 

in the ability of EBOV to counter the effect of tetherin, a cellular interferon induced anti-

viral protein; that response was found to be cholesterol independent (Brinkmann et al., 

2016), and the authors reported an ~50% reduction in cell entry of pseudoviruses 

bearing LXXXL GP as well as a delay of infection, and an ~1 log decrease in titer of 

recombinant VSV bearing LXXXL GP. Our study provides direct biophysical evidence that 

GXXXA in the TM domain of EBOV GP indeed contributes to cholesterol binding. We also 

showed that cholesterol in the viral membrane and G660, are critical for optimal EBOV 

fusion and entry. The GXXXA sequence (G[V/I]IIA) is present in all annotated Ebolavirus 

GP2 sequences, whereas Marburgvirus GPs have the sequence LSIAV at the equivalent 

position. 

How does cholesterol in the viral membrane enhance Ebola fusion? Cholesterol 

can affect the function of membrane proteins in cholesterol-containing bilayers by 

imparting general effects on membrane structure (e.g., curvature, phase behavior, and 

thickness) and also by binding to specific protein motifs, which include CRACs, CARCs, 

and CCMs (S.-T. Yang et al., 2016). We propose that cholesterol has a direct effect on 

EBOV GP. Specifically, we suggest that by binding to the GXXXA motif in the EBOV TMD 
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(Figure 3.2), cholesterol affects the environmental structure of the MPER/TM domain 

(the angle between the two helical segments is altered; Figure 3.3), which in turn affects 

the ability of GP to mediate fusion (Figures 3.5 and 3.6). This could be by preferentially 

positioning the MPER/TM for binding to the fusion loop (Lee et al., 2017) at the ‘fold-

back’ stage of fusion, by altering the structure of the EBOV ectodomain and its 

consequent fusion ability, and/or by changing the structure or properties of the bilayer 

surrounding GP. The latter possibilities clearly require future experimentation.  

 In addition to its role in the viral membrane, cholesterol in the target membrane 

may also promote fusion. In the case of influenza, cholesterol in the target membrane 

was shown to promote full fusion and minimize stalled hemifusion reactions (Chlanda et 

al., 2016). For HIV (Graham, 2003) cholesterol is important in the target membrane (Liao 

et al., 2001), with fusion occurring preferentially at boundaries between cholesterol-rich 

ordered (Lo) and cholesterol-poor disordered (Ld) domains within target membranes 

(Yang et al., 2015; Yang et al., 2017). For EBOV, an early study showed that depletion of 

cholesterol from target membranes inhibits infection by EBOV GP pseudoviruses 

(Yonezawa et al., 2005). And, a 16-residue peptide from within the EBOV fusion loop 

was found to bind preferentially to cholesterol-rich domains in target membranes 

(Freitas et al., 2011). However, we observed only a mild enhancing effect of cholesterol 

in the target membrane (Figure 3.1C). 

 Our results also shed new light on how cholesterol lowering statins may reduce 

the burden of EBOV infections. For example, the statin simvastatin emerged in a screen 

of FDA-approved drugs for activity against EBOV in cell-based assays (Johansen et al., 

2015). We found that VLPs produced from cells treated with 4 M lovastatin had a 

reduced cholesterol content and consequently were impaired in their ability to enter 

cells by membrane fusion. Thus, our findings, using a lower dose (4 M) of lovastatin, 

concur with the previous conclusion (Shrivastava-Ranjan et al., 2018) that treatment of 

producer cells with lovastatin (albeit higher doses; 20 and 50 M) generates EBOV 

particles with reduced entry and infection capacity (Figure 3.6).  Shrivastava-Ranjan et 

al. (Shrivastava-Ranjan et al., 2018) attributed the lowered infectivity of EBOV particles 



90 
 

produced in the presence of 20-50 M lovastatin to reduced incorporation of EBOV GP, 

whereas we posit that a major cause of reduced infectivity in particles produced in the 

presence of (4 M) lovastatin is reduced cholesterol binding to the GXXXA motif in the 

TMD of GP and its consequently reduced fusion activity. The collective results ((Fedson 

et al., 2015; Shrivastava-Ranjan et al., 2018), and this study) suggest that statins warrant 

consideration as part of a multi-component treatment for patients infected with EBOV.  

 In conclusion, this study provides direct biophysical evidence for a cholesterol 

binding (GXXXA) motif in the TM domain of the EBOV GP as well as molecular insight 

into how cholesterol, via this motif, alters the structure of the MPER/TMD region of GP. 

This change may affect the structural transformation of the EBOV GP ectodomain 

(and/or the membrane surrounding GP) that is required to facilitate membrane fusion. 

Our findings also bear on the mechanism by which statins may result in the production 

of fusion-inefficient EBOV particles and hence on considerations of whether and how 

(e.g., as part of a drug cocktail (Dyall et al., 2018)) to use statin drugs to treat EBOV-

infected patients. 
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Figure 3.6. A mutation (G660L) in the cholesterol binding domain in EBOV GP2 or 

preparation of EBOV VLPs from statin-treated cells inhibits the entry capacity of EBOV 

GP VLPs. A. VLPs were prepared with WT or G660L EBOV GP and assayed for VLP cell 

entry as in the legend to Figure 3.1D. Data are mean and s.d. of cell entry values 

from triplicate samples of the indicated input of the indicated VLP preparation. B. 

Increasing amounts of VLPs produced from untreated (black) or statin-treated (blue) 

cells were added to HEK293T cells and assayed (in triplicate) and analyzed for 

cytoplasmic entry as in (A). The experiment displayed is representative of 2 independent 

experiments. C. Schematic depicting (top) VLP production from untreated (left) or 

statin-treated (right) producer cells and (bottom) their subsequent entry into fresh 
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(untreated) HEK293T cells. Blue denotes VLPs and plasma membranes with normal 

content of cholesterol; pink depicts VLPs and plasma membranes depleted for 

cholesterol (by virtue of statin treatment). Data for panels A and B are available as 

Source Data. 

 

3.5 Materials and Methods 

Expression and purification of MPER/TM domain and GP2 constructs  

Expression and purification of EBOV MPER/TM was carried out as described previously 

with slight modification (Lee et al., 2017).  Briefly, cells were grown to OD600? 0.8 at 

37°C and incubated 4 hrs after induction with the final concentration of 1 mM IPTG.  

MPER/TM was then purified as follows.  Cells were harvested and resuspended in 20 

mM Tris, 300 mM NaCl, and 10% sucrose, pH 8, sonicated and then centrifuged for 1 hr 

at 40,000xg at 15°C. The resulting pellets containing inclusion bodies were solubilized 

with 20 mM Tris, 300 mM NaCl, 8 M urea and 1% Triton X-100, pH 8.  Following the 

same sonication and centrifugation steps, the supernatant was incubated with 5 mL of 

Ni-NTA beads for 1 hr.  The beads were washed with an 8 M to 0 M urea gradient to 

remove urea and Trition X-100. Thrombin (in 20 mM Tris, 300 mM NaCl, 1% n-octyl-β-D-

glucopyranoside [β-OG]) was then added to the Ni-NTA beads and incubated overnight 

to elute the EBOV MPER/TM.   

Preparation of full-length GP2 was carried out as described previously (Lee et al., 2017) 

using the previously described pET-24a vector (kanamycin resistant) encoding (N- to C-) 

a Trp leader protein, a thrombin cleavage site, and Ebola GP2 followed by an N-terminal 

His-tag; C670 and C672 were mutated to alanine to avoid formation of non-native 

disulfides (Lee et al., 2017). One liter of BL21(DE3) cells transformed with the GP2 

expression vector was grown to O.D.600 of 0.6-0.8, induced with 1 mM IPTG, and 

harvested 4 hrs later.  The cells were resuspended in 100 mL 20 mM Tris buffer pH 8.0 

containing 100 mM NaCl and 10% sucrose, lysed by sonication until homogeneous, and 

centrifuged for 30 min at 40,000 x g at 10 °C.  The pellets, which contained inclusion 

bodies, were solubilized in 100 mL 20 mM Tris buffer pH 8.0 containing 100 mM NaCl, 8 

M urea, and 1% Triton X-100 by sonication and the solution centrifuged as above. The 
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supernatant was collected and incubated with 5 mL of Ni affinity beads for > 1 hr at 4°C.  

Finally, a urea gradient (total 500 mL of 8 to 0 M urea in Tris buffer) was applied to the 

Ni column to remove urea and Triton X-100.  The Trp leader protein was then removed 

by treating resuspended Ni beads with 100 L of 5 mg/ml thrombin (in 25 mL of DPC 

buffer: 20 mM Tris buffer pH 8.0 containing 100 mM NaCl and 0.2 % DPC).  After 2 hrs 

(with rotation at RT), the beads were transferred to a column, the GP2 containing eluate 

was collected, and the beads were washed with another 20 mL of 0.2% DPC buffer 

thereby collecting all of the GP2 protein. Collected fractions were pooled, concentrated, 

and run over a Superdex 200 size exclusion column in the final required buffer with 0.2% 

DPC. For NMR studies, the final buffer was 20 mM Na phosphate pH 7 or pH 5.5 

containing 100 mM NaCl and 0.2% DPC. For NMR samples, cells were grown in minimal 

media containing 15NH4SO4 and 13C-glucose and induction was performed at 25 °C 

overnight. The mutants of the respective constructs were prepared using the same 

protocols. 

 

Native gel of MPER/TM  

To check the oligomeric state of MPER/TM in DPC micelles and DMPC/DHPC (1:2) 

bicelles (prepared as for NMR experiments), samples of both were run on a pre-cast 4-

16% Bis-Tris native gel (Invitrogen) following the manufacturer’s protocol. Briefly, the 

gel samples were prepared by adding 0.5 µL of 5% G-250 sample additive (Thermo 

Fisher), 5 mM DDM and 5 µL of 4X NativePage sample buffer (Invitrogen) to 15 µL of 

micelle or bicelle samples each containing 15 μg MPER/TM. The samples were then 

loaded onto the gel and electrophoresis was performed on ice at constant voltage (150 

V) for 100 minutes with cold 1X Anode Buffer and 1X Dark Blue Cathode Buffer 

(Invitrogen). 

 

Cross-linking of GP2 proteoliposomes 

POPC:POPG (85:15) proteoliposomes with WT and G660L GP2, with an estimated 

protein:lipid ratio 1:100, were incubated with 10 mM 3,3'-
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dithiobis(sulfosuccinimidylpropionate) (DTSSP, Sigma Aldrich) for 0, 15 or 30 mins at 

room temperature. The reaction was quenched by adding 50 mM Tris pH 7.5. The 

samples were then boiled in the presence of SDS sample buffer for 5 minutes, and 

separated by non-reducing 4-20% SDS-PAGE. The gels were stained with silver stain 

(Merril et al., 1981). 

 

Incorporation of EBOV MPER/TM into bicelles  

The incorporation of EBOV MPER/TM into DMPC/DHPC bicelles was performed as 

described previously (Lee et al., 2017).  In brief, the EBOV MPER/TM in β-OG buffer (20 

mM Tris, 300 mM NaCl, 1% β-OG) was mixed with the appropriate amount of DMPC (16 

mg for final 250uL) and dialyzed to remove β-OG.  Dialysis was performed 3 days against 

NMR buffer (25 mM sodium phosphate, 100 mM NaCl) starting at pH 7.5 on the first 

day, 6.5 on the second day, and 5.5 on the third day at 4°C. Then, EBOV MPER/TM 

containing liposomes were concentrated and DHPC was added to form bicelles. The q 

value for all bicelles was 0.5. To prepare bicelles with varying mol% cholesterol or 

nitroxide cholesterol analog, 3β-doxyl-5α-cholestane (Sigma-Aldrich), preformed bicelles 

were added to tubes to which specific amounts of cholesterol (or analog) had previously 

been dried down from their respective stocks in chloroform (under a stream of nitrogen 

followed by vacuum desiccation). The tubes were then subjected to cycles of freeze-

thawing (~5 cycles or until a clear solution was obtained) using liquid N2 and hot (initially 

~100 C) water. 

 

NMR experiments 

After obtaining EBOV MPER/TM incorporated bicelles, all NMR spectra of the MPER/TM 

domain were acquired at 45°C on a Bruker Avance III 800 MHz spectrometer.  1H-15N 

TROSY based HSQC, 15N-heteronuclear NOEs, 15N T1 and T2 experiments were 

performed as described (Lee et al., 2017) and all NMR data were processed using 

NMRPipe and SPARKY (Delaglio et al., 1995; Goddard & Kneller, 2008). Chemical shift 

perturbations, defined as Δδcomp= [ΔδHN2+ (ΔδN/6.5)2]1/2 were plotted as a function of 

residues. The error bars in the intensity ratio plots were propagated from S/N of peak 
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pairs and calibrated with duplicate measurements of the bicelle sample without 

cholesterol (analog).   

 

EBOV MPER/TM in bicelles and DEER experiments  

The EBOV MPER/TM construct was labeled with an MTSL nitroxide probe at both 643 

and 670 positions using the method described previously (Lee et al., 2017).  Double 

MTSL labeled EBOV MPER/TM was incorporated into DMPC/DHPC bicelles following the 

method described above.  Approximately 15 µL of an EBOV MPER/TM bicelle sample 

with 15% deuterated glycerol was loaded into quartz capillary tubes with an inner 

diameter of 1.1 mm and outer diameter of 1.6 mm (Vitrocom).  Samples were frozen in 

liquid nitrogen and loaded into a Bruker E580 spectrometer with an EN5107D2 

resonator.  DEER data were collected at Q-band and 80 K using a dead-time free four-

pulse sequence with 16 step phase cycling. Pump and observe pulses were separated by 

75 MHz. The program LongDistances by Christian Altenbach (UCLA) was used for the 

removal of background functions from initial V(t)/V(0) data and the model-free fitting 

regime was used to extract distance distributions from the resulting F(t)/F(0) (Jeschke & 

Polyhach, 2007). The value of the smoothing factor for the fits was 30.  

 

Bulk lipid mixing assay 

The fusion assay of full-length GP2 proteoliposomes was carried out as described 

previously (Lee et al., 2017). Briefly, POPC/POPG (85/15) liposomes were prepared in 

HMA buffer (10 mM HEPES/MES/Tris, 100 mM NaCl, pH 7.4) (HEPES: 4-(2-

hydroxyethyl)piperazine-1-ethanesulfonic acid, N-(2-hydroxyethyl)piperazine-N′-(2-

ethanesulfonic acid); MES: 2-(N-morpholino)ethanesulfonic acid hydrate, 4-

morpholineethanesulfonic acid) by extrusion through 100-nm polycarbonate filters. 

Then, 20 mM Tris, 100 mM NaCl, pH 8, buffer containing 1% β-OG was added to the 

extruded liposomes to a final concentration of 0.125% β-OG and then incubated at 

room temperature for at least 1 hr. Then, EBOV GP2 in DPC was added to give an 

estimated protein:lipid ratio of 1:100 and incubated for at least 1 hr before dialysis. 



96 
 

Extensive dialysis against HMA buffer was performed to remove all detergent and to 

incorporate EBOV GP2 into the liposomes.  Cholesterol concentration was changed from 

0 to 30 mol% relative to total lipid concentration while keeping the POPG concentration 

constant.  Labeled liposomes containing 1.5 mol % of both Rh-DOPE and NBD-DOPE 

were prepared by extrusion as described above. 

To measure fusion, fluorescent liposomes and unlabeled proteoliposomes were mixed 

at a ratio of 1:9 in HMA buffer. Relief of NBD-Rh FRET was recorded at 37°C as a function 

of time with mixing between each reading. Excitation and emission wavelengths were 

set at 460 nm and 538 nm, respectively. Percent lipid mixing (fusion) was determined as 

the fraction of the maximal FRET relief observed after addition of 2% Triton X-100 at the 

end of each reaction. All mutant lipid mixing data were normalized to the extent of lipid 

mixing observed with the WT protein. 

 

Preparation of protein-free liposomes  

POPC lipids and the desired membrane dye (1 mol% of either rhodamine-DOPE or DiD) 

were pipetted into a glass tube at the desired concentration from chloroform solutions 

and then dried down using N2 gas.  Lipids were further dried in a vacuum desiccator for 

>1 hr. Lipids were then suspended in the desired volume of buffer (for content dye 

experiments, 50 mM sulforhodamine B was included in the buffer that the POPC/DiD 

liposomes were suspended in).  The lipid suspension was freeze-thawed in liquid 

nitrogen and a water bath 5 times, followed by extrusion through a 100 nm pore 

polycarbonate filter (Avestin). After extrusion, the membrane labeled (Rhodamine-

DOPE) liposomes were used within 36 hrs.  The content/membrane labeled liposomes 

were run over a G-50 superfine Sephadex size exclusion column (GE Healthcare, 

Piscataway, NJ) to remove the free sulforhodamine B label and the collected liposomes 

were used within 36 hr.  
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Preparation of planar supported bilayers containing EBOV GP2  

Planar supported bilayers containing EBOV GP2 were prepared by the Langmuir-

Blodgett/vesicle fusion technique as described in previous studies (Hinterdorfer et al., 

1994; Kalb et al., 1992). Quartz slides were cleaned by dipping in sulfuric acid/hydrogen 

peroxide (3:1) for 15 mins using a Teflon holder. Slides were then rinsed thoroughly in 

water. The first leaflet of the bilayer was prepared by Langmuir-Blodgett transfer 

directly onto the quartz slide using a Nima 611 Langmuir-Blodgett trough by applying 

POPC and the indicated amount of cholesterol from a chloroform solution to the air-

water interface of the trough. Where indicated 3 mol% of 1,2-dimyristoyl-sn-gycero-3-

phosphatidylethanolamine-PEG3400-triethoxysilane (DPS) was included in the Langmuir 

film to produce a polymer-cushioned supported bilayer.  After allowing the solvent to 

evaporate for 10 min, the monolayer was compressed at a rate of 10 cm2/min to reach a 

surface pressure of 32 mN/m. After equilibration for 5 to 10 min, a clean quartz slide 

was rapidly (68 mm/min) dipped into the trough and slowly (5 mm/min) withdrawn 

while a computer maintained a constant surface pressure and monitored the transfer of 

lipids with head groups down onto the hydrophilic substrate. POPC liposomes with the 

indicated amount of cholesterol reconstituted with GP2 at a lipid/protein ratio of 1000:1 

was incubated with the Langmuir-Blodgett monolayer in a perfusable holding cell to 

form the outer leaflet of the planar supported bilayer. After incubation of the 

proteoliposomes for 2 hrs, the excess proteoliposomes were removed by washing with 

10 ml of HMA buffer (10 mM Hepes, 10 mM MES, 10 mM NaOAc and 100 mM, NaCl, pH 

7.4).   

 

Single particle binding and fusion assay  

For planar supported bilayer binding assays and single particle fusion assays, holding 

cells with the planar supported bilayers were mounted on a Zeiss Axiovert 25 

fluorescence microscope (Carl Zeiss, Thornwood, NY) equipped with a 63x water 

immersion objective (Zeiss; N.A. 0.95) and prism-based TIRF illumination.  The light 

source was an OBIS 532 LS laser from Coherent Inc. (Santa Clara, Ca.).  Fluorescence was 
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observed through a 610 nm bandpass filter (D610/60; Chroma, Brattleboro, VT) by an 

electron multiplying CCD (DU-860E; Andor Technologies).  The EMCCD was cooled to -

70°C.  The prism-quartz interface was lubricated with glycerol to allow easy 

translocation of the holding cell on the microscope stage.  The beam was totally 

internally reflected at an angle of 72° from the surface normal, resulting in an 

evanescent wave that decays exponentially with a characteristic penetration depth of 

~100 nm.  An elliptical area of 250 x 65 μm was illuminated.  The laser intensity, shutter, 

and camera were controlled by a homemade program written in LabVIEW (National 

Instruments, Austin, TX).  

The binding assay was performed by injecting POPC liposomes (10 μM lipid with 1 mol% 

rhodamine-DOPE).  One image was taken before injecting liposomes, and images were 

taken every 30 sec thereafter for 5 mins. This was done at the pH values indicated in the 

text and the total intensity of the field of view was recorded. 

Single particle fusion data were obtained by injecting 500 nM lipid of POPC:Chol:Rh-

DOPE (79:20:1) containing liposomes.  This was first done at pH 7.4 to confirm that no 

docking or fusion occurred at neutral pH.  The planar supported bilayers were then 

washed and the solution replaced with one containing pH 5.5 (or pH 6.5 as indicated in 

the text) buffer and a second replacement with 500 nM lipid of liposomes in the same 

buffer.  Five movies were recorded for 1 min for each bilayer at a rate of 4 frames/ms. 

Single-particle fusion data were analyzed using a program written in LabVIEW (National 

Instruments). Stacks of images were filtered by a moving average filter.  The maximum 

intensity for each pixel over the whole stack was projected on a single image. Liposomes 

were located in this image by a single-particle detection algorithm described in Kiessling 

et al. (Kiessling et al., 2006). The peak (central pixel) and mean fluorescence intensities 

of a 5-pixel x 5-pixel area around each identified center of mass were plotted as a 

function of time for all particles in the image series.  The exact time points of docking 

and fusion were determined from the central pixel similar to previous work (Domanska 

et al., 2009; Kiessling et al., 2010). Fusion times of individual events were determined 

from the time of binding to the time of fusion and cumulative distribution fusion vs. 
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time plots were constructed from typically 200-300 events depending on the condition. 

Fusion efficiencies were determined from the number of liposomes that underwent 

fusion compared with the total number of liposomes that bound.  

For content and membrane labeled single liposome fusion experiments, planar 

supported bilayers were mounted on a Zeiss Axiovert 200 fluorescence microscope (Carl 

Zeiss, Thornwood, NY) equipped with a 63x water immersion objective (Zeiss; N.A. 0.95) 

and a prism-based TIRF illumination system.  The beams of a 514 nm line of an argon ion 

laser (Innova 90C, Coherent, Palo Alto, CA), controlled through an acousto-optic 

modulator (Isomet, Springfield, VA), and a diode laser (Cube 640, Coherent) emitting 

light at 640 nm were directed (72° from the normal) into a prism above the quartz slide 

to illuminate the sample by total internal reflection with a characteristic penetration 

depth of ~102 and ~130 nm for the 514 and the 640 nm lasers, respectively.  The prism-

quartz interface was lubricated with glycerol to allow easy translocation of the sample 

cell on the microscope stage.  An OptoSplit (Andor-Technologies, South Windsor, CT) 

was used to separate the fluorescence from the lipid and soluble dyes.  Fluorescence 

signals were recorded by an electron-multiplying charge-coupled device camera (iXon 

DV887ESC-BV, Andor, Belfast, UK).  The EMCCD camera was cooled to -70°C.  The laser 

intensities, light-blocking shutters, and cameras were controlled by a program written in 

LabVIEW (National Instruments, Austin, TX).  POPC liposomes with a sulforhodamine B 

content label and a DiD membrane label were injected at a concentration of 0.5 μM 

lipid.  Images were recorded at a frame rate of 20 ms (the slower acquisition rate was in 

order to observe the content dye).  Single fusion events were analyzed as described 

above.  Behavior of the content dye verified that full fusion only occurred when all of 

the membrane dye diffused away from the fusion site, as seen previously for SNARE-

mediated fusion (Kreutzberger et al., 2015). All experimental conditions were repeated 

at least 4 times with at least 4 independent samples and errors are standard errors of 

the mean. For each individual experiment, data from on the order of 100 individual 

particles were collected.     
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VLP production and cell entry assays 

The production of EBOV VLPs and the assay to measure their entry into cells were 

performed as described previously (Lee et al., 2017).  In brief, HEK293T/17 cells were co-

transfected with plasmids encoding VP40, β-lactamase-VP40, mCherry-VP40, and WT or 

G660L EBOV GP with a C-terminal V5 tag using polyethylenimine. The ratio of respective 

plasmids was 1:2.25:2.25:1.5. After 48 hr at 37°C, the cell medium was collected, 

cleared of debris by centrifugation, and the cleared media (containing VLPs) was 

subjected to ultracentrifugation through a 20% sucrose cushion. VLP pellets were 

resuspended in HM buffer (20 mM HEPES, 20 mM MES, 130 mM NaCl, pH 7.4) overnight 

and subsequently repelleted. Final VLP pellets were resuspended in 10% sucrose-HM 

buffer, aliquoted, and stored at -80 °C.   

Methyl-β-cyclodextrin (MβCD) was used to deplete/replenish cholesterol in VLPs after 

production. For depletion, purified VLPs were incubated with 20 mM MβCD at 37°C for 

30 min. After incubation, VLPs were centrifuged at 13,000 rpm (15,700 xg) at 4°C for 2-3 

hr.  The supernatant was then removed, and the pellet was washed with HM buffer and 

centrifuged again.  After the wash step, VLPs were resuspended in 10% sucrose-HM 

buffer overnight at 4°C. For replenishment, cholesterol-depleted VLPs were incubated at 

37°C for 30 mins with cholesterol saturated MβCD (5 mM final concentration).  After 

incubation, VLPs were subjected to the purification protocol described above. 

Production of EBOV VLPs from statin-treated cells was performed as follows. HEK 

293T/17 cells were pretreated with DMEM containing 0.01% FBS and 4 µM of lovastatin 

or DMSO (control) 24 hrs prior to transfection, and the cells were maintained in this 

media (DMEM with 0.01% FBS and 4 µM of lovastatin or DMSO) throughout VLP 

production. VLPs were then harvested (after 48 hrs) and purified as described above. 

All VLPs were analyzed for total protein concentrations (by BCA assay) and for their 

content of EBOV GP and VP40 (by Western blotting).  Where indicated, the cholesterol 

content of VLPs was determined using the Amplex cholesterol kit following the 

manufacturer’s instructions.  
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To measure cell entry, VLPs were bound to HEK293T/17 cells by centrifugation (250 x g) 

for 1 hr at 4°C and then allowed to enter for 3 hrs at 37°C in a 5% CO2 incubator. The 

fluorescent CCF2-AM β-lactamase substrate was then incubated with the cells for 1 hr at 

RT in the dark.  Cells were washed and incubated overnight in the dark at room 

temperature.  Cells were lifted, fixed, and analyzed by flow cytometry on a FACSCalibur 

flow cytometer. The degree of the shift in fluorescence from green to blue was used to 

measure entry (Yonezawa et al., 2005). All data were analyzed using FlowJo software. 

Further information on experimental design is available in the Nature Research 

Reporting Summary linked to this article. 

 

Data Availability 

NMR chemical shift data for EBOV MPER/TM WT and G660L have been deposited in the 

Biomolecular Magnetic Resonance Data Bank under accession number 50584 and 

50591, respectively.  
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3.6 Supplemental Figures 

Figure 3.S1: Native gel of EBOV MPER/TM in DPC micelle and q=0.5 DMPC/DHPC bicelle 

 

 

Figure 3.S2: NMR titration of the nitroxide free-radical cholesterol analog 3b-doxyl-5a-

cholestane into a EBOV MPER/TM q=0.5 DMPC/DHPC bicelle sample. Amide proton intensity 

ratios between bicelles with 1 (red), 3 (green), 5 (cyan), 10 (blue) mol% 3b-doxyl-5a-cholestane 

(relative to DMPC) and cholesterol analog free bicelles are plotted.   
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Figure 3.S3: Secondary structure and polypeptide backbone dynamics measurements of EBOV 

WT and G660L MPER/TM in DMPC/DHPC bicelles at pH 5.5, 45°C. A. Cα chemical shift index of 

WT (green) and G660L mutant (purple).  Both show a helix-turn-helix motif (see also Figure 3.3). 

B-D. Backbone dynamics measurements of WT (green) and G660L mutant (purple) showing that 

the N-terminus is flexible and the TM domain is rigid in both constructs (Arora & Tamm, 2001). 

B) Heteronuclear 15N-NOEs. C) 15N T1 spin-lattice and D) 15N T2 spin-spin relaxation times.   
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Figure 3.S4: Distance distribution obtained using DEER on double-MTSL-labeled EBOV MPER/TM 

and G660L in POPC liposomes at pH 5.5. A. Background-corrected DEER data for WT (green) and 

G660L (purple) EBOV MPER/TM in POPC liposomes. B. Distance distributions obtained by a best 

fit to the data in (A).  As seen with the bicelle data, the addition of the G660L mutation causes a 

shift towards longer distance elements consistent with an opening of the MPER/TM angle. 

 

 

Figure 3.S5: Docking of liposomes (79:20:1 POPC:Chol:Rh-DOPE) to SLBs (80:20 POPC:Chol) 

containing GP2 (lipid:protein 1000). Liposomes (5µM, 50 nm diameter) were injected at time 0 

and the fluorescence within in the TIRF field was recorded. The average fluorescence intensities 

were determined from initial frames and used to determine the density of liposomes on the SLB. 

Docking was determined as a function of pH and also assessed for the fusion-deficient LIAA 

mutant at pH 5.5. 
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Figure 3.S6: SDS-PAGE gels of crosslinked WT and G660L GP2 in POPC:POPG (85:15) 

proteoliposomes. Samples of WT and G660L GP2 proteoliposomes (each with ~10 μg GP2) were 

incubated with 10 mM DTSSP for the indicated times at room temperature. After quenching, the 

samples were run, at the same time, on parallel SDS-PAGE gels, after which proteins were 

visualized by silver staining. The positions of the monomeric (M), dimeric (D) and trimeric (T) 

forms of GP2 are indicated with black arrows.  

 

Figure 3.S7: Western Blot of VLPs produced from untreated HEK293T cells (WT) or HEK293T cells 

treated with 4 M lovastatin (Statin). 1, 2, and 5  g of each type of VLP was applied to the gel. 

After probing for EBOV GP and VP40 (see Methods), the relative amounts of GP to VP40 were 

calculated for each lane. When normalized to WT VLPs, the ratio of GP:VP40 in Statin VLPs was 

1.1 +/- 0.07 that in WT VLPs based on analysis of all lanes. The ratio was 0.86 +/- 0.07 based on 

analysis of the lanes with the last 2 lanes of each gel. VLPs produced in cells treated with 20 or 

50 M lovastatin showed reduced GP incorporation (Shrivastava-Ranjan et al., 2018).  
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For this project, I expressed non-glycosylated NPC1-C in E. coli, purified the expression 

product, set up crystal trays of the described combinations of proteins with Kaneil 

Zadrozny, and refined the crystal structure with Owen Pornillos. 

 

 

 

4.1 Abstract 

Niemann-Pick C1 (NPC1) is a membrane protein that primarily resides in late endosomes 

and lysosomes and plays an important role in cholesterol homeostasis in the cell.  The 

second luminal domain of NPC1 (NPC1-C) serves as the intracellular receptor for Ebola 

and Marburg viruses. Here, we report the recombinant production of non-glycosylated 

and glycosylated NPC1-C and a new crystal form of the non-glycosylated protein. The 

P21 crystals diffracted to 2.3 Å resolution. The structure is similar to other reported 

structures of NPC1-C, with differences observed in the protruding loops when compared 

to NPC1-C in complex with Ebola virus glycoprotein or NPC2. 
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4.2 Introduction 

Cholesterol is delivered to cells by low-density lipoprotein (LDL) particles, which 

contain the esterified form of cholesterol. LDL is transported to lysosomes where it 

encounters acid hydrolases that convert cholesteryl ester to cholesterol (Goldstein et 

al., 1975). The cholesterol is then trafficked to the plasma membrane and ER (Storch & 

Xu, 2009). Two endosomal proteins involved in cholesterol transport are Niemann-Pick 

type C1 (NPC1) and C2 (NPC2) (Storch & Xu, 2009). NPC1 is a 13-pass transmembrane 

glycoprotein that resides primarily in late endosomes and lysosomes. NPC1, along with 

other membrane proteins in lysosomes, are highly glycosylated, forming the glycocalyx, 

which is thought to protect the limiting membrane from hydrolytic degradation (Rudnik 

& Damme, 2020). NPC1 is proposed to regulate cholesterol egress by facilitating 

cholesterol transit through the glycocalyx (Kwon et al., 2009; Li et al., 2015) as well as 

regulating endoplasmic reticulum contact sites with late endosomes (Höglinger et al., 

2019). Loss-of-function mutations in NPC1 or NPC2 result in Niemann-Pick type C 

disease (Evans & Hendriksz, 2017). This disease is characterized by the accumulation of 

sphingosine, which causes dysregulation of calcium homeostasis and this in turn results 

in the secondary storage of cholesterol and sphingolipids (Lloyd-Evans et al., 2008).  

NPC1 is also a critical host factor for filovirus entry and infection, serving as an 

obligate endosomal receptor (Carette et al., 2011; Côté et al., 2011). Filoviruses, 

including Ebola and Marburg viruses, cause hemorrhagic fever associated with fatality 

rates of up to 90%. The viral glycoprotein (GP) interacts with domain C of NPC1 (termed 

here as NPC1-C), which is one of three large luminal loops of the protein. NPC1-C is 

minimally sufficient for the interaction with GP but all three NPC1 luminal domains are 

required for efficient viral entry (E. H. Miller et al., 2012). Viral entry is not dependent 

on the cholesterol transport activity (Carette et al., 2011; Côté et al., 2011). 

In this study, we report detailed methods for purifying NPC1-C and its X-ray 

crystal structure at 2.3 Å resolution.  
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4.3 Results and Discussion 

Production of non-glycosylated NPC1-C 

The goal was to co-crystallize NPC1-C in complex with primed A82V Ebola virus 

glycoprotein (GP), as part of an effort to explore the basis of enhanced infectivity of the 

A82V variant in the 2013-2016 Ebola Outbreak in West Africa (Diehl et al., 2016; 

Urbanowicz et al., 2016; Wang et al., 2017). Human NPC1-C (residues 371-621) (Figure 

4.1A) was expressed as a C-terminally polyhistidine-tagged fusion protein in E. coli as 

insoluble inclusion bodies. After denaturation with urea and a nickel-affinity 

chromatography step, the protein was refolded at pH 8 using the glutathione redox 

system to facilitate correct disulfide bond formation (De Bernardez Clark et al., 1999; 

Mayer & Buchner, 2004). Since NPC1 is an endolysosomal protein where the pH range is 

4.5-5.5, buffer exchange was performed to lower the pH to 5.5. Additionally, more 

protein aggregation was observed at pH 8 than low pH 5.5. The precipitate that formed 

upon pH change from 8 to 5.5 was removed by centrifugation. The supernatant was 

then concentrated and applied to a size exclusion column. The protein eluted as a single 

major species, with SDS-PAGE revealing a pure protein with the expected apparent 

molecular mass of approximately 30 kDa (Figure 4.1B). Additional smaller peaks 

observed in the chromatogram are likely aggregates of NPC1-C or low levels of 

impurities.  

 

Crystal structure of NPC1-C 

We set up screens with non-glycosylated NPC1-C as well as glycosylated NPC1-C 

(from 293F cells) with primed and glycosylated A82V EBOV GP (Chandran et al., 2005; 

Schornberg et al., 2006). To aid the crystallization efforts, we also prepared glycosylated 

NPC1-C from kifunensine-treated cells. Kifunensine is a mannosidase inhibitor that 

results in the formation of a glycoprotein with short mannose-rich sugar chains (Chang 

et al., 2007; Elbein et al., 1990; Nettleship et al., 2009). We obtained crystals from initial 

screens with all three forms of NPC1-C but only obtained high-resolution diffraction data 

from samples containing non-glycosylated NPC1-C. 
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Although the objective was to obtain a crystal of a protein complex of NPC1-C 

with the primed and glycosylated form of A82V EBOV GP, the proteins did not co-

crystallize, regardless of the glycosylation state of NPC1-C, with non-glycosylated NPC1-

C crystallizing alone. After molecular replacement, modeled coordinates were refined 

against data extending to 2.3 Å (Table 1). NPC1-C crystallized in space group P21 (Figure 

4.1C), with two molecules in the asymmetric unit (Figure 4.1D). Electron densities were 

well-defined for residues 400-606 in chain A and residues 401-607 in chain C. The two 

polypeptide chains packed as an antiparallel fashion in the asymmetric unit; however, 

the protein purified as a monomer, as determined by size exclusion chromatography 

(Figure 4.1B). Non-crystallographic dimer packing resulted in unfolding of an N-terminal 

-helix (residues 384-399) observed in a published crystal structure of NPC1-C (PDB 

5F18 (Wang et al., 2016)). Two disulfide bonds expected in the structure, i.e., Cys468-

Cys479 and Cys516-Cys533, are seen clearly resolved in electron density, indicating that 

the refolding protocol was effective.  
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Figure 4.1. A. A schematic of NPC1 showing 13 transmembrane domains (1-13), luminal 

domains A, C, I, and the sterol-sensing domain (SSD). B. Ni-NTA affinity purified His8-

tagged NPC1-C was refolded and purified to homogeneity by using size-exclusion 

chromatography. Shown is a representative Superdex 200 16/60 gel filtration profile of 

the refolded protein. The expected molecular weight of NPC1-C is 30 kDa. The inset 

shows the SDS-PAGE profiles of the final purified protein taken from the labeled peak 

and prepared under non-reducing (β-me -) and reducing (β-me +) buffer conditions. B. 

Ribbons representation of NPC1-C in the crystallographic asymmetric unit. C. Cartoon 

representation of an NPC1-C monomer, rainbow-colored from N- (blue) to C-terminus 

(red), with the seven predicted N-linked glycosylation sites (N452, N459, N478, N524, 

N557, N572 and N598) indicated as spheres. The dashed lines indicate linker segments 

between NPC1-C and transmembrane domains 2 and 3 (TM2 and TM3). D. Antiparallel 

dimer in the asymmetric unit. 
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Table 1. Structure determination statistics 

Data Collection  

Beamline APS 22ID 

Wavelength, Å 1.000 

Processing program HKL2000 

Space group P21 

Cell dimensions a = 53.145 Å, b = 65.207 Å, c = 68.534 Å 

 =  = 90,  = 91.686 
Resolution range, Å 50-2.30 (2.37-2.30) 
Rmeas, Rpim 0.133 (0.677), 0.053 (0.302) 
CC1/2 0.998 (0.772) 

Mean I/I 13.1 (3.1) 

Completeness, % 98.2 (97.4) 
Average redundancy 5.5 (4.8) 
Wilson B-factor, Å2 26.7 

Phasing  

Phasing program MOLREP 

Method Molecular replacement 

Search model PDB 5F18 

Refinement  

Refinement program PHENIX v1.20.1-4487 (phenix.refine) 
Resolution range 41.2-2.30 (2.40-2.30) 
No. of unique reflections, free 20,421 (2,292), 1,088 (136) 
Rwork, Rfree 0.19 (0.25), 0.23 (0.31) 
No. of non-hydrogen atoms 3,343 protein, 160 water 

Average B-factor, Å2 32.8 protein, 33.8 water 

Bond length deviations, Å 0.003 

Bond angle deviations,  0.646 

Validation and Deposition  

Ramachandran favored, outliers, % 96.82, 0 

Ramachandran z-score -0.09 

Rotamer outliers, % 1.08 

MolProbity clashscore 1.38 

PDB ID 8EUS 

Values in parenthesis indicate highest resolution shell 

 

Comparison with other published structures of NPC1-C 

We compared our structure of non-glycosylated NPC1-C with published 

structures of apo non-glycosylated NPC1-C (PDB 5F18 (Wang et al., 2016)), apo 

glycosylated NPC1-C (PDB 5HNS (Zhao et al., 2016)), NPC1-C in complex with NPC2 (PDB 
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5KWY (Li et al., 2016)), NPC1-C in complex with primed EBOV GP (PDB 5F1B (Wang et al., 

2016)) and the full-length structure of NPC1 (PDB 6W5R (Qian et al., 2020)). The overall 

structure of NPC1-C is similar to other published structures of NPC1, as expected, with 

root-mean-square deviations on all common Cα atoms for each aligned pair ranging 

from 0.36 to 0.78 Å. In full-length NPC1, domain C and I fold into similar structures, 

intertwine with each other through an extensive interface, and form a tunnel that may 

function as a path for cholesterol transfer (Qian et al., 2020). It is likely that the absence 

of domain I allowed NPC1-C to crystallize as dimers using the same domain I packing 

interface. Of note, the crystal structure of apo glycosylated NPC1-C (PDB 5HNS) also 

crystallized as an apparent dimer (Zhao et al., 2016). While another structure of apo 

non-glycosylated NPC1-C (PDB 5F18) did not crystallize as a dimer, some of the crystal 

packing contacts also formed along the domain I-interacting interface (Wang et al., 

2016). The main differences between our structure and NPC1-C in complex with primed 

EBOV GP (Wang et al., 2016) or NPC2 (Li et al., 2016) is in the configurations of 

protruding loops (loop 1: Y420-D428 and loop 2: D501-Y506) (indicated in Figure 4.2A-

B). NPC1-C uses these loops to engage with its binding partners, explaining the different 

configurations. In another apo NPC1-C structure (PDB 5F18), both loops are engaged in 

crystal contacts (Wang et al., 2016). Our structure provides further support for the 

conclusion that the luminal C domain is a stably folded interaction module of NPC1. 

NPC1-C has seven predicted N-glycosylation sites: N452, N459, N478, N524, 

N557, N572 and N598 (Figure 4.1C) (Gong et al., 2016; Zhao et al., 2016). N-

glycosylation does not affect binding to primed EBOV GP (Ndungo et al., 2016; Wang et 

al., 2016); consistent with this, comparison of our non-glycosylated structure to that of 

glycosylated NPC1-C (PDB 5HNS) does not indicate large conformational changes. 

Currently, the known role of glycosylation of NPC1 is to contribute to the glycocalyx, 

which protects the membrane proteins and lipids from hydrolytic enzymes (Rudnik & 

Damme, 2020). 
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Figure 4.2. A. Overlay of NPC1-C with NPC1-C-GPcl (PDB ID code 5F1B) and NPC1-C-NPC2 

(PDB ID code 5KWY). Dashed oval indicates the location of the N-terminal helix, which is 

unfolded in our structure B. Overlay of NPC1-C with crystal structure of glycosylated 

form of NPC1-C (PDB ID code 5HNS). The N- and C-termini are indicated by N and C, 

respectively. 

 

Interestingly, non-crystallographic packing of the two NPC1-C copies in our 

crystal resulted in unfolding of an N-terminal -helix (residues 384-399) that is observed 

in the apo non-glycosylated form of NPC1-C (PDB 5F18) and is partially folded in the 

structure of the NPC1-C:EBOV GP complex (PFB 5F1B) (Wang et al., 2016) (dashed oval 

in Figure 4.1C). This helix is also not resolved in other published structures of NPC1-C (Li 

et al., 2016). This result may indicate the dynamic nature of this portion of NPC1-C, 

which is connected to one of the transmembrane segments that undergo 

conformational rearrangements during cholesterol transport ((Qian et al., 2020).  

 

4.4 Conclusion 

The results of our structural study add to the existing body of work on NPC1 as 

well as a detailed protocol for how to efficiently produce recombinant NPC1-C 

expressed in E. coli. Domain C of NPC1 is an independently folding module with flexible 

protruding loops that interact with different binding partners, including EBOV GP and 

NPC2 (Li et al., 2016; Wang et al., 2016).  
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4.5 Methods 

Protein expression and purification 

Production of non-glycosylated NPC1-C: Human NPC1-C (residues 371-621) was 

expressed using pET41a vector in E. coli BL21(DE3) cells with a C-terminal His8-tag. Cells 

were grown to OD600 of 0.6-0.8 and protein production was induced with 0.5 mM IPTG 

for 4 h at 30°C. Cells were harvested by centrifugation (3,700xg at 4°C for 15 min) and 

stored at -80°C. To purify the protein, a 0.5-L bacterial cell pellet was thawed and 

resuspended in 50 mL lysis buffer (20 mM Tris pH 8.0, 300 mM NaCl, 5 mM β-

mercaptoethanol) supplemented with protease inhibitor cocktail (Thermo Scientific). 

Cells were lysed by sonication and the cell lysate centrifuged at 18,000xg at 4°C for 30 

min. The pellet was resuspended in 50 mL solubilization buffer (8 M urea, 20 mM Tris pH 

8.0, 300 mM NaCl, 5 mM β-mercaptoethanol) and incubated at room temperature for 

30 min. The suspension was then centrifuged at 18,000xg at 10°C for 30 min. The 

supernatant was incubated with 4 mL Ni-NTA beads (Thermo Scientific) pre-equilibrated 

with solubilization buffer and incubated overnight on a rotator at room temperature. 

Beads were then washed with 100 mL solubilization buffer. The protein was eluted using 

elution buffer (8 M urea, 20 mM Tris pH 8.0, 300 mM NaCl, 200 mM imidazole, 5 mM β-

mercaptoethanol). To refold the protein, sequential dialysis was performed at 4°C: 2 L of 

buffer A (4 M urea, 50 mM Tris pH 8.0, 200 mM NaCl) for 10-12 h, 2 L of buffer B (2 M 

urea, 50 mM Tris pH 8.0, 100 mM NaCl) overnight, 500 mL refolding buffer (100 mM Tris 

pH 8.0, 400 mM L-Arg, 5 mM reduced glutathione, 0.5 mM oxidized glutathione) for 2 h, 

and finally 2 L dialysis buffer C (20 mM Tris pH 8.0) for 2x24 h. The sample was then 

concentrated using a filter cell (10,000 MWCO filter) and mixed with equal volume of 
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size-exclusion chromatography (SEC) buffer (20 mM MES pH 5.5, 100 mM NaCl). 

Precipitate was removed by centrifugation (4,000xg at 4°C for 20 min). The supernatant 

was then concentrated in a 10,000 MWCO Amicon filter (MilliporeSigma) to 2-3 mL and 

further purified by size-exclusion chromatography on a Superdex 200 16/60 column (GE 

Healthcare) equilibrated with SEC buffer. Fractions containing the target protein were 

pooled and concentrated. The concentrated protein was stored at -80°C. Our 

purification protocol reproducibly yielded around 2 mg of pure, folded NPC1-C per liter 

of E. coli culture.  

Production of glycosylated NPC1-C: A pDisplay plasmid encoding human NPC1-C (V372-

V621) with an N-terminal His6-tag, with the NPC1 residues flanked by sequences that 

form a coiled coil (Deffieu & Pfeffer, 2011) was used. 293F cells were seeded in 125-mL 

shaker flasks (1x106 cells/mL) and transfected with the plasmid using 293fection reagent 

with or without 5 µM kifunensine. 24 h post-transfection, 10 mM sodium butyrate was 

added to induce protein expression. 72 h post-transfection, the cell suspension was 

collected and cleared by centrifugation (2,400xg, 4°C, 5 min). The cleared media was 

filtered (0.2 µm), supplemented with protease inhibitor cocktail, and concentrated using 

Amicon Ultra-15, 30,000 MWCO. The concentrated protein solution was then added to 5 

mL Ni-Sepharose beads that were pre-equilibrated with binding buffer (50 mM MES, pH 

6.5, 150 mM NaCl, 20 mM imidazole) and incubated overnight at 4°C with gentle 

agitation. After washing, the protein was eluted using elution buffer (50 mM MES 

pH 6.5, 150 mM NaCl, 300 mM imidazole), dialyzed 3x against 1 L of dialysis buffer (50 

mM MES pH 5.5, 150 mM NaCl), concentrated using an Amicon filter (30,000 MWCO) 

and stored at -80°C.  

Production of glycosylated A82V Ebola virus (EBOV) glycoprotein (GP): The A82V EBOV 

GP construct had the mucin-like and transmembrane domains (residues 312-462) and 

633-676) removed and two N-linked glycosylation sites (T42V) mutated (Lee et al., 

2008). Recombinant baculoviruses expressing A82V EBOV GP with C-terminal One-

STrEP-FLAG (OSF) tag was generated using the Bac-to-Bac baculovirus expression system 

(Thermo Scientific). Suspension Sf9 insect cells grown in ESF-921 medium (Expression 
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Systems) were infected with recombinant baculoviruses at an MOI of 10 (Hanson et al., 

2007). 72 hours after infection, the cell supernatant was collected, filtered, and 

concentrated using Sartorius a tangential flow filtration system with a 10,000 MWCO 

filter (Sartorius). The pH of the concentrate was adjusted to pH 7.5 with 1 M Tris pH 9 

and clarified by centrifugation (38,400xg, 30 min). The concentrate was further filter 

using PES 0.22 μm filtration unit. The filtered concentrate was then loaded onto 

StrepTactin beads (IBA Lifesciences) that were pre-equilibrated in PBS and incubated 

overnight with gentle agitation. The StrepTactin-supernatant slurry was loaded into a 

1.5 x 20 cm glass chromatography column (BioRad). Following column loading, the flow-

through was passed a second time through the column and subsequently washed 

extensively (x3 column volumes) with PBS, and the protein eluted with 10 mM 

desthiobiotin in PBS. The eluate was first concentrated using Amicon filter (50 kDa 

MWCO) then the buffer exchanged to HMSS (thermolysin) buffer (20 mM HEPES, 20 

mM MES, 150 mM NaCl, 10% w/v sucrose, pH 7.9). The protein was cleaved with 1 

mg/ml thermolysin (MilliporeSigma) (1:50 by mass, enzyme:substrate) in the presence 

of 50 mM CaCl2 to generate primed (~19 kDa) A82V EBOV GP. Proteolysis was allowed to 

proceed for 18-24 h at 4°C and the reaction terminated by adding 10 mM 

phosphoramidon (MilliporeSigma). The cleaved protein was immediately applied onto a 

Superdex 200 (Santa Cruz) column preequilibrated in HMS buffer (20 mM HEPES, 20 mM 

MES, 130 mM NaCl, pH 7.5). Fractions corresponding to primed A82V EBOV GP were 

pooled and concentrated using an Amicon filter (30,000 MWCO), and stored at -80°C. 

Following collection, all steps were performed at 4°C. 

 

Crystallization and structure determination 

Crystallization trials were performed by mixing 5 mg/mL of NPC1-C with 5 mg/mL of 

primed A82V EBOV GP, in an attempt to co-crystallize the complex. Crystals were grown 

at 20°C in sitting drops in equal volumes of protein solution and precipitant (0.1 M 

sodium malonate pH 6, 20% w/v PEG 3350) for at least 3 days. Crystals were 

cryoprotected with 20% v/v glycerol and flash-frozen in liquid nitrogen. Diffraction data 
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were collected at the Advanced Photon Source beamline 22ID. Indexing, integration and 

scaling were performed with HKL2000 (Otwinowski & Minor, 1997). Although diffraction 

spots were observed beyond 2.3 Å, data was truncated at this resolution to ensure high 

completeness and keep CC1/2 at the last resolution shell above 0.2. The structure was 

solved by molecular replacement with MOLREP (Vagin & Teplyakov, 2010), using PDB 

entry 5F18 as search model. Iterative refinement, model building and validation were 

performed using Phenix (Adams et al., 2011) and Coot (Emsley et al., 2010). Structure 

validation was performed throughout the refinement process using Molprobity (Chen et 

al., 2010), as implemented in Phenix. Figures were prepared using PyMOL (Schrödinger, 

2020). 
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Chapter 5. Summary and Future Directions 
 

 

The goal of this thesis work was to gain further insight into the later stages of 

EBOV entry, particularly the events immediately preceding membrane fusion. To do so, 

we developed supported planar endosomal membranes (SPEMs), which are prepared 

from endosomes derived from HEK 293T cells, as described in Chapter 2. We validated 

the use of SPEMs as target membranes for viral fusion by recapitulating the known 

fusion pH dependences of influenza and Lassa viruses (Figures 2.2 and 2.3). Consistent 

with previous findings, we showed that fusion mediated by primed 19-kDa EBOV GP is 

dependent on low pH and enhanced by Ca2+ (Figure 2.4). We also provided evidence 

that the final trigger for EBOV GP-mediated fusion is further cathepsin action. 

Additionally, immunofluorescence analysis of SPEMs indicated the presence of 

membrane-associated cathepsin B (Figure 2.S9).  

We also investigated the role of cholesterol in EBOV entry. We found that EBOV 

GP interacts with cholesterol via several glycines (G655, G657, and G660) in the 

membrane-proximal external region and transmembrane (MPER/TM) domains. 

Mutating G660 to L, showed that G660, the initiating glycine in a GXXXA cholesterol 

binding motif, is critical. EBOV G660L MPER/TM showed decreased cholesterol binding 

to the TM domain (Figure 3.2), a wider angle between MPER and TM domains (Figure 

3.3), and decreased fusion and entry activity (Figures 3.5 and 3.6). 

Finally, we obtained the structure of non-glycosylated luminal domain C of NPC1 

(NPC1-C). The goal was to obtain the structure of NPC1-C in complex with primed A82V 

EBOV GPcl, as part of an effort to explore the basis of enhanced infectivity of the A82V 

variant in the 2013-2016 Ebola Outbreak in West Africa (Diehl et al., 2016; Urbanowicz 

et al., 2016; Wang et al., 2017). Although A82V GPcl did not crystallize, NPC1-C 

crystallized in the space group P21, which is different from other published structures of 
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NPC1-C (Figures 4.1 and 4.2). Additionally, we also showed that non-glycosylated NPC1-

C is less thermally stable than the glycosylated from (Appendix B). 

 

5.1 Further Exploration of EBOV GP cleavage 

It is generally accepted that filovirus GP undergoes proteolytic processing by 

cathepsins in the endosome to yield GPcl (Chandran et al., 2005; Schornberg et al., 

2006), which interacts with the EBOV receptor, NPC1 (Carette et al., 2011; Côté et al., 

2011). However, data thus far suggest that cathepsin B and cathepsin L (CatB and L) are 

differentially involved in priming different filoviral GPs in different cells. EBOV entry into 

human dendritic cells and Vero cells has been shown to be dependent on CatB, but not 

CatL (Chandran et al., 2005; Martinez et al., 2010; Schornberg et al., 2006). Taї Forest 

virus (TAFV) entry is also CatB-dependent, while Sudan virus (SUDV), Reston virus 

(RESTV), Lloviu virus (LLOV), and Marburg virus (MARV) GP-mediated entry have 

reduced requirements for CatB activity (Marzi et al., 2007; Misasi et al., 2012; Ng et al., 

2014; Wong et al., 2010). Misasi et al. postulated that variations at the C-terminus of 

GP1 as well as the presence of several endosomal cysteine proteases with overlapping 

substrate preferences may explain the virus-specific differences of CatB/L-dependence 

(Misasi et al., 2012).  

Of note, work by Chandran and coworkers presented in a PhD thesis revealed 

that in vitro CatL removes five amino acids from the mature N-terminus of EBOV GP2 

(Bortz, 2021). This removal by CatL does not affect infectivity or conformational stability 

but it does inhibit recognition and neutralization by several monoclonal antibodies. They 

also found that CatL cleaves TAFV GP2, albeit less efficiently, but does not cleave SUDV 

GP2. We speculate that removal of the five N-terminal residues of GP2 would make it 

easier for the fusion loop to insert into target membranes. Previous studies examining 

the sequences of primed EBOV GPcl obtained by thermolysin treatment showed that 

GP2 remained intact (Dube et al., 2009). It is likely that thermolysin does not produce 

the same cleavage products as CatL (or CatB) since they are members of different 
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protease families, metalloprotease and cysteine protease families, respectively. The 

discrepancy in GP2 cleavage between these two proteases warrants further 

investigation. Taken together, these findings may point to a revised model of EBOV 

entry where GP1 and GP2 both undergo (perhaps simultaneous) processing by 

cathepsins, which allows GP1 to interact with NPC1 and the fusion loop of GP2 to better 

insert into target membranes and thereby drive membrane fusion more efficiently.  

Another question that may be worth exploring is whether all the GP2 subunits of 

all filoviruses undergo similar removal of amino-terminal residues. EBOV and TAFV GP2 

are sensitive to CatL cleavage, while SUDV GP2 is insensitive to CatL cleavage (Bortz, 

2021). It remains to be seen if this additional cleavage occurs in other filoviral GP2s. 

Perhaps different cysteine cathepsins process other filoviral GPs. Indeed, entry of the 

majority of filoviruses has been shown to be sensitive to E-64d but amongst them they 

display species-specific dependence on different cathepsins (Misasi et al., 2012; Ng et 

al., 2014). In this context, it is interesting that E-64d did not fully inhibit fusion in our 

EBOV GPcl-to-SPEM system (Figure 2.4). Other cathepsins have been found to play a role 

in entry of other viruses. For example, cathepsin W, another cysteine protease, was 

recently identified as a host factor required for successful influenza A virus entry 

(Günther et al., 2022). 

 

5.2 Future studies employing SPEMs as target membranes for studying 
viral entry 

During viral entry of enveloped viruses, the viral core separates from the viral 

membrane to allow the internal viral content to enter cells upon fusion of the viral and 

host membranes. This process is generally referred to as membrane uncoating 

(Haywood, 2010), and typically also involves disassembly of the viral matrix that links 

the membrane envelopes to the genome containing cores of viruses. Several 

matrices/cores of endosome-entering viruses have been shown to undergo pH-

mediated disassembly, including those of EBOV (Winter et al., 2022), influenza A virus 
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(Stauffer et al., 2014), and vesicular stomatitis virus (Mire et al., 2009). SPEMs may be 

well suited to investigate the role of matrix disassembly on full fusion of endosome-

entering enveloped viruses. 

 Non-enveloped viruses use various strategies to facilitate membrane penetration 

while maintaining similar basic steps of entry as enveloped viruses. Engagement with 

the host cell induces conformational changes in the surface proteins of viral particles 

that expose hydrophobic moieties or release of lytic factors. This in turn compromises 

the integrity of host cell membranes allowing the viral particle, or just the viral genome, 

to cross those membranes (Tsai, 2007). It is interesting that several endosome-entering 

non-enveloped viruses have been found to require endosomal factors for efficient entry. 

For example, rotaviruses require the activity of cathepsins B, L, and S for entry (Díaz-

Salinas et al., 2014). Bluetongue virus utilizes the late endosomal lipid, 

bis(monoacylglycerol)phosphate (BMP), for productive membrane penetration (Patel et 

al., 2016). Thus, SPEMs could provide a useful platform to explore how host cell factors 

including pH, ion concentration (K+, Ca2+), and endosomal proteins, affect endosomal 

cell entry of non-enveloped viruses. 

 

5.3 Summary  

 In this work, we developed SPEMs, as a model membrane system for studying 

virus entry through endosomes, provided further evidence that cathepsin activity is 

required for EBOV entry, showed that cholesterol enhances EBOV membrane fusion and 

cell entry by interacting with and affecting the structure of its MPER/TM domains, and 

provided a new structure of NPC1-C at 2.3 Å resolution. Overall, the work provides 

further insight into the complex processes of EBOV entry and fusion. Moreover, the 

SPEM model system should be generally useful for probing entry requirements for both 

additional enveloped as well as non-enveloped endosome-entering viruses.  
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Appendix A: Phospholipid 

bis(monoacylglycerol)phosphate (BMP) enhances 

lipid mixing, but not docking, of pseudoviruses 

bearing Lassa GP with supported planar endosomal 

membranes (SPEMs) 
 

 

A.1 Introduction 

Lassa virus (LASV), an Old World arenavirus, is the causative agent of Lassa fever, 

which is a hemorrhagic fever that affects 100,000-300,000 individuals annually, resulting 

in an estimated 5,000 deaths (Bell-Kareem & Smither, 2021). Lassa fever is endemic to 

parts of West Africa and is primarily transmitted through contact with excrement from 

infected multimammate rats (Mastomys natalensis), and nosocomial transmission 

through contact with bodily fluids (CDC, 2022c). Due to the possibility of aerosol 

transmission of Lassa, as well as its high lethality, LASV has been deemed a category A 

agent by the Centers for Disease Control and Prevention (CDC, 2018). Currently, there 

are no FDA-approved vaccines, and the only treatment options include supportive care 

and off-label usage of the antiviral ribavirin. However, recent studies suggest that 

ribavarin may be ineffective (and may even be harmful) in the treatment of Lassa fever 

(Eberhardt et al., 2019; Salam et al., 2022). 

All arenaviruses have a bi-segmented, negative sense RNA genome comprising a 

large (L) and a small (S) segment. The L segment encodes the RNA-dependent RNA 

polymerase complex and the multifunctional matrix protein, while the S segment 

encodes the glycoprotein precursor complex (GPC) and the nucleoprotein (Hallam et al., 

2018). The GPC is proteolytically processed by cellular signal peptidase and subtilisin 

kexin isozyme-1/site-1 protease (SKI-1/S1P), generating three functional units: stable 

signal peptide (SSP), GP1 and GP2 (Eichler et al., 2003; Lenz et al., 2001). These three 

subunits stay associated via noncovalent interactions to ultimately form a tripartite 
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glycoprotein spike in the viral membrane. GP1 mediates interaction with the host cell, 

GP2 is responsible for driving membrane fusion, and SSP has several roles including, 

intracellular trafficking of GPC, and sensing pH changes to induce fusion (Hallam et al., 

2018; Pennington & Lee, 2022).  

During LASV entry, GP1 engages with at least two different cellular receptors: 

the alpha subunit of dystroglycan (α-DG) at the cell surface (Cao et al., 1998) and 

lysosomal-associated membrane protein 1 (Lamp1) in endosomes (Cohen-Dvashi et al., 

2015; Jae et al., 2014; Katz et al., 2022). Once in an appropriate endosome, low pH 

triggers a fusion cascade mediated by GP2 that results in fusion of the host and viral 

membranes followed by the delivery of the viral genome into the cytoplasm 

(Pennington & Lee, 2022). Lamp1 is not strictly necessary for GP-mediated entry but it 

raises the pH threshold for fusion thereby increasing the efficiency of infection 

(Hulseberg et al., 2018). 

The endosomal lipid composition also influences fusion (Mazzon & Mercer, 

2014), with anionic lipid, bis(monoacylglycerol)phosphate (BMP; also known as 

lysobisphosphatidic acid (LBPA)), having been shown to be a critical factor for entry of 

several viruses. BMP promotes fusion of Lassa virus (Markosyan et al., 2021), as well as 

dengue virus (Nour et al., 2013; Zaitseva et al., 2010), vesicular stomatitis virus (VSV) 

(Roth & Whittaker, 2011), and influenza virus (Mannsverk et al., 2022). The non-

enveloped bluetongue virus also utilizes BMP for productive membrane penetration and 

viral entry (Patel et al., 2016). BMP is a structural isomer of phosphatidylglycerol (PG) 

with an unusual chemical configuration, sn-1-glycerophosphate-sn-1’-glycerol 

(compared to the standard sn-3 of other mammalian phospholipids) (Figure A.1). This 

atypical stereoconfiguration renders BMP resistant to hydrolysis by most 

phospholipases (Gruenberg, 2020). BMP is restricted to late endosomes, amounting to 

15-20 mol% of the phospholipids of late endosomes (Kobayashi et al., 2002; Kobayashi 

et al., 1998).  
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Figure A1. Structure of PG and BMP.  BMP possesses unusual sn-1:sn-1’ 

stereoconfiguration different from other mammalian phospholipids that exhibit sn-3:sn-

1’ configuration. Adapted from (Hullin-Matsuda et al., 2009). 

 

As discussed in Chapter 2, using the in vitro SPEM fusion assay that we 

developed, we demonstrated the Lamp1 and pH dependences of LASV GP-mediated 

fusion. We also observed a modest increase in docking of HIV particles pseudotyped 

with LASV GP to supported planar endosomal membranes (SPEMs) with and without 

Lamp1 at low pH. We therefore explored the possibility of BMP being a binding partner 

for LASV GP. In agreement with previous findings (Markosyan et al., 2021), we show that 

BMP enhances lipid mixing, but not docking of the virus to the SPEMs.  

 

A.2 Results and Discussion 

We tested the ability of LASV pseudoviruses to fuse with SPEMs. As described in 

Chapter 2, fusion efficiency increased when the pH was lowered from 7.4 to below 6.0 

and then sharply increased at pH 5.5 with SPEMs derived from wild-type cells. The 
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fusion probability decreased when the pH was further lowered. In Lamp1-negative 

SPEMs, we observed a similar increase in fusion probability with lowering of the pH, 

without a peak at pH 5.5. We next assessed the docking of LASV pseudoviruses to 

Lamp1- positive and negative SPEMs. Docking of LASV pseudoviruses to SPEMs with and 

without Lamp1 was slightly increased at lower pHs (Figure A.2.1 A; see Chapter 2). 

However, there was little difference in docking between SPEMs with and without 

Lamp1. To investigate this observation, we examined if there would be increased 

docking of LASV pseudoviruses to supported lipid bilayers (SLBs) prepared from 

liposomes with or without BMP. Docking events were monitored for 2.5 minutes. There 

was no difference observed in docking to SLBs with or without BMP at neutral and low 

pH (Figure A.2.1 B). We also examined lipid mixing of LASV pseudoviruses with SPEMs 

and SLBs. As expected, there was increased lipid mixing with SPEMs with or without 

Lamp1 at pH 5.75 (Figure A.2.2 A). Lipid mixing of LASV pseudovirus with SLBs at low pH 

was enhanced (~3-fold) by the presence of BMP in the target membrane (Figure A.2.2 

B). This is in agreement with other recent findings showing that BMP promotes LASV GP-

mediated fusion (Markosyan et al., 2021). 

Figure A.2.1. Docking of LASV pseudovirus particles to SPEMs with or without Lamp1 (A) 

or supported lipid bilayer (SLB) composed of lipids only with or without BMP (B).  
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Figure A.2.2. Lipid mixing of LASV pseudovirus particles with SPEMs with or without 

Lamp1 (A) or supported lipid bilayer (SLB) composed of lipids only with or without BMP 

(B).  

 

Lassa virus has been shown to utilize Lamp1 for efficient entry (Jae et al., 2014); 

however, Lamp1 is not explicitly necessary for entry (Hulseberg et al., 2018). Since 

Lamp1 is an extensively glycosylated protein (Carlsson & Fukuda, 1990), LASV GP may be 

interacting non-specifically with other glycosylated proteins present in the endosomal 

membrane. Additionally, LASV GP may also be interacting non-specifically with lipids 

allowing for interaction with both SPEMs and SLBs. 

 

A.3 Methods 

Endosome enrichment protocol and preparation of supported planar endosomal 

membranes (SPEMs) is described in Chapter 2.  

Preparation of protein-free liposomes: brain PC and cholesterol (80:20) were pipetted 

into a glass tube from chloroform solutions and dried down using N2 gas. For BMP-

containing liposomes, 15 mol% BMP was also included. 5 Lipids were further dried in a 

vacuum desiccator overnight. Lipids were then suspended in the desired volume of 

buffer. The lipid suspension was put through 7-10 freeze -thaw cycles in liquid nitrogen 
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and a water bath, followed by extrusion through a 100-nm pore polycarbonate filter 

(Avestin). After extrusion, the liposomes were used within 48 hours.  

Preparation of supported lipid-only bilayers (SLBs): Supported lipid-only bilayers were 

prepared in the same way as SPEMs with one difference: protein-free liposomes 

composed of brain PC, cholesterol and/or BMP, were used instead of the endosomes in 

the vesicle fusion step on the preformed supported monolayers. 
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Appendix B: Effect of Glycosylation on the Stability of 

the Human NPC1 Luminal Domain C 
 

 

B.1 Introduction 

Glycosylation is a very common and essential form of post-translational modification 

that occurs during or after protein synthesis. Glycosylation generates diversity in 

proteins with glycoforms sharing an identical backbone but having different 

oligosaccharide units (Lis & Sharon, 1993). There are six glycosylation types: N-, O- and 

S-linked glycosylation, C-linked mannosylation, glypiation (addition of a 

glycosylphosphatidylinositol (GPI) anchor), and phosphoglycation (Mikolajczyk et al., 

2020). N-linked glycosylation is the best-studied form of protein glycosylation. N-glycans 

are biosynthesized in the endoplasmic reticulum and attached to asparagine within a 

consensus sequence, usually Asn-X-Ser/Thr tripeptide, where X can be any amino acid 

except Pro (Moremen et al., 2012). N-glycosylation plays an important role in protein 

stability by protecting proteins from proteolytic degradation, extreme pH, aggregation 

and thermal denaturation (Zhou & Qiu, 2019). 

 Niemann-Pick C1 (NPC1) is a 1278-residue, 13-pass transmembrane glycoprotein 

that is a resident of late endosomes and lysosomes. NPC1 has three large luminal 

domains: A, C and I (Davies & Ioannou, 2000). N-glycosylated proteins in the limiting 

membrane of lysosomes form the glycocalyx, which is thought to offer protection from 

hydrolytic enzymes (Rudnik & Damme, 2020). NPC1 plays a role in cholesterol 

homeostasis by facilitating cholesterol export from late endosomes (Kwon et al., 2011; 

Li et al., 2015) and regulating endoplasmic reticulum (ER)-late endosome contact sites to 

mediate cholesterol egress to the ER (Höglinger et al., 2019). Mutations in NPC1 can 

lead to a rare but severe neurodegenerative lysosomal storage disorder named 

Niemann-Pick type C disease (Evans & Hendriksz, 2017). NPC1 has also been implicated 

in filoviral entry and infection (Carette et al., 2011; Côté et al., 2011), with the NPC1 
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domain C (NPC1-C) being minimally sufficient for interaction with Ebola virus 

glycoprotein (E. H. Miller et al., 2012).  

In this study, we demonstrate that the glycosylated form of NPC1-C is more 

thermostable than the non-glycosylated form. 

 

B.2 Methods, Results and Discussion  

 Non-glycosylated NPC1-C (non-glyNPC1-C) was expressed in E. coli and 

glycosylated NPC1-C (glyNPC1-C) was obtained by expressing it in 293F cells as described 

in Chapter 4 (Figure B2.1 A). The stability of non-glyNPC1-C and glyNPC1-C was 

determined by measuring the melting temperature using a thermal shift assay (TSA). 

Protein samples at 0.1 mg/mL were mixed with 1x SYPRO Orange dye (Thermo Fisher) at 

the desired pH, in a final volume of 50 µl. Samples were placed in a semi-skirted 96-well 

PCR plate, sealed and heated in an RT-PCR machine with a temperature gradient from 

25°C to 90°C. Experiments were carried out in triplicate. 

GlyNPC1-C had a higher melting temperature (Tm) than non-glyNPC1-C across the 

pH range 5.5-7.5, suggesting that protein stability increases with glycosylation (Figure 

B2.1 B). This observation is in agreement with other studies done on glycosylated 

proteins (Dekoster & Robertson, 1997; Shental-Bechor & Levy, 2008; Wang et al., 1996). 

When cells were grown in the presence of the mannosisidase inhibitor kifunensin, the 

melting temperatures were the same as in its absence, demonstrating that potential 

cleavage of terminal mannose units did not contribute any decreased stability of 

GlyNPC1-C.  Additionally, the pH dependence of the thermal stability of NPC1-C was 

studied in the same pH range. The Tm increases with decreasing pH, with the difference 

in Tm between pH 7.5 and 5.5 for non-glycosylated NPC1-C being 9.4°C and for 

glycosylated NPC1-C, 11.1°C. The melting temperatures of non-glycosylated and 

glycosylated NPC1-C are listed in Table B2.1.  
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Figure B2.1. Thermal shift assay of glycosylated and non-glycosylated NPC1-C. A. SDS-

PAGE of glyNPC1-C and non-glyNPC1-C. The glycosylated NPC1-C was expressed in 293F 

cells in the presence or absence of kifunensine (kif), a mannosidase inhibitor. B. The 

effect of glycosylation on the melting temperature of NPC1-C at different pHs. The error 

bars indicate standard error. The lines are linear regressions of the data. 

 

Table B.1 Melting temperature of NPC1-C at different pHs 

 

pH 

5.5 6 6.5 7 7.5 

Non-glyNPC1-C 43.5 ± 0 45.2 ± 0.4 42.0 ± 1.9 37.6 ± 2.0 34.1 ± 1.1 

GlyNPC1-C 56.3 ± 0.4 54.3 ± 1.1 51.0 ± 1.4 42.4 ± 8.0 45.2 ± 0.2 

Non-gly: non-glycosylated, Gly: glycosylated 

 

NPC1 is a highly glycosylated protein with 14 N-glycosylation sites: 5 on domain 

A, 7 on domain C and 2 on domain I (Gong et al., 2016). The glycosylation sites on NPC1-

C are N452, N459, N478, N524, N557, N572 and N598. Of note, glycosylation of NPC1-C 

is not required for interaction with Ebola virus glycoprotein (Ndungo et al., 2016; Wang 

et al., 2016).  

In summary, our data show that the non-glycosylated form of NPC1-C is less 

thermally stable than the glycosylated form. Shental-Bechor and Levy propose that the 
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stabilization effect of glycans is due to destabilization of the unfolded state and an 

increase in the unfolding energy barrier (Shental-Bechor & Levy, 2008). Hence, 

glycosylation of NPC1 not only contributes to the lysosomal glycocalyx, but also 

increases the stability of NPC1. 
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