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ABSTRACT OF DISSERTATION 

 

 

A CHARACTERIZATION OF KEY RESIDUES IN CLASS I VIRAL FUSION 

PROTEINS IMPORTANT FOR FUSOGENIC ACTIVITY 

 

Viral fusion proteins are critical for viral entry and subsequent infection. 

Class I fusion proteins are characterized by synthesis as an inactive precursor 

requiring cleavage by a host cell protease to become fusion competent. Though 

vaccine and antiviral therapeutic developments often target the fusion protein, 

questions surrounding cleavage dynamics and protein stability remain. The work 

presented in this dissertation investigates specific regions of three class I viral 

fusion proteins in an effort to identify key residues involved in proteolytic 

processing and membrane fusion.  

The trimeric severe acute respiratory syndrome coronavirus 2 (SARS-CoV-

2) spike protein (S) mediates receptor binding, facilitates fusion needed for viral 

entry, and drives cell–cell fusion. We demonstrate that S must be proteolytically 

processed at the S1/S2 border and within the S2 subunit in order to become fusion 

competent. We also identify residues within the internal fusion peptide and the 

cytoplasmic tail that modulate S-mediated cell–cell fusion. 

The transmembrane (TM) region of the HeV hendra virus fusion protein (F) 

has been shown to play a role in F protein stability and the overall trimeric 

association of F. Previous work classified β-branched residues within the C-

terminal TM domain as important for F protein endocytosis, proteolytic processing, 

and protein stability. The work presented here completes the analysis of the HeV 

F TM and identifies specific residues that alter F protein function, suggesting a role 

for these residues in the fusion process. 

The respiratory syncytial virus (RSV) fusion protein (F) requires cleavage at 

two sites, separated by 27 amino acids. Cleavage at both sites results in a 27 

amino acid fragment, termed Pep27. Previous work has provided conflicting results 



     
 

on the relative timing of when the two cleavage events occur. In addition, the fate 

of Pep27 is unclear. Examination of F cleavage kinetics in both infected and 

transfected systems over time determined that cleavage of both sites occurs within 

the secretory pathway as F is transported to the cell surface. We found that the 

deletion of Pep27 does not alter F function, but the mutation of N-linked 

glycosylation sites within Pep27 reduces both F surface expression and cell-cell 

fusion activity. This work clarifies the timing of RSV F proteolytic cleavage and 

offers insight into the crucial role the N-linked glycosylation sites within the Pep27 

play in the biological function of F. The work presented in this dissertation identifies 

residues within distinct regions of class I viral fusion proteins critical for fusion 

protein cleavage and stability, therefore impacting infection.  
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CHAPTER 1. BACKGROUND AND INTRODUCTION 

Enveloped RNA Viruses 

The virus order Mononegavirales is composed of 8 viral families, several of 

which are notable for their impact on human disease globally [1–4]. Structurally, 

these families share a lipid bilayer (termed the envelope) which is derived from the 

host cell and surrounds the viral genetic material. Studding this envelope are 

glycoproteins which facilitate the host cell attachment and fusion [2, 3].  

1.1.1 Class I viral fusion proteins 

Though the Mononegavirales order is highly diverse, the basic mechanism 

of fusion remains consistent for members of this order. As shown in figure 1.1, the 

fusion glycoprotein (F) sits in a metastable prefusion state on the surface of a newly 

synthesized virion. Here, F is in a high energy state; stable enough to maintain the 

prefusion conformation, but prepared to change conformations upon a triggering 

event, initiating fusion [5, 6]. The triggering event is an environmental stimulus, 

often receptor binding, low pH, or both, that induces a conformational change 

allowing the heptad repeat A (HRA) to form a coiled-coil and project the 

hydrophobic fusion peptide (FP) into the target cell membrane. The protein folds 

back on itself bringing HRA to heptad repeat B (HRB). This facilitates the formation 

of the 6-helical bundle required for fusion merging the viral and host membrane, 

forming a fusion pore and allowing the viral genetic material into the target cell 

cytoplasm [7, 8]. The vital role the fusion glycoprotein plays in the viral life cycle 

makes it an excellent therapeutic target. Unfortunately, in the case of many 

viruses, a gap in knowledge remains around the details of the fusion protein and 

the mechanism of entry. The results reported in later chapters of this dissertation 

describe viruses from the Mononegavirales order, specifically the Paramyxoviridae 

and Pneumoviridae families. Fusion dynamics of another enveloped virus from the 

Coronaviridae family are also discussed.  
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1.1.2 Synthesis and posttranslational modifications 

 In the viral life cycle, these critical fusion proteins are initially synthesized in 

the endoplasmic reticulum (ER) in the inactive form. The protein trimerizes and 

moves through the secretory pathway to be post translationally modified and in 

some cases, proteolytically processed (Figure 1.2). The modifications made to F 

are important for stability intracellularly and to preserve the prefusion conformation 

on the cell surface and surface of the released viral particle. Specifically, 

glycosylation of the fusion protein has been shown to impact protein transport, 

expression, and surface stability [9–15]. The two primary forms of glycosylation 

seen in viral research are N-linked and O-linked. N-linked glycosylation is the 

addition of a glycan to the amine group of an asparagine residue, identified by the 

consensus sequence Asn-X-Ser/Thr where X is any amino acid except for proline. 

O-linked glycosylation modifies the oxygen atom of serine or threonine. Notably, 

N-linked glycosylation begins in the ER, making it a co-translational modification; 

while O-linked glycosylation does not occur until later in the secretory pathway. 

Intracellularly, N-linked glycosylation mediates interactions with ER chaperones, 

calnexin and calreticulin, which are critical for protein folding, and aids in the proper 

transport of the protein to the surface [12, 14, 16–18]. On the cell surface, glycans 

can shield the surface proteins from antibody recognition, evading the immune 

system. This shielding is seen across many enveloped viruses, including HIV-1 

and influenza A virus [13, 17, 19]. Additionally, the glycosylation of the fusion 

protein can facilitate receptor binding and viral entry either by direct receptor 

interaction or through conformational stability [9, 13, 20].  

 

1.1.3 Fusion inhibitors 

 The critical role of the fusion protein makes it an excellent therapeutic target. 

The formation of the six-helix bundle by HRA and HRB can be prevented using 

synthetic peptides to bind to these regions, blocking membrane fusion [21]. 
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Synthetic peptides have been designed for many Class I fusion proteins and 

effectively prevent virus replication, cell-cell fusion, and in some cases virus 

infection [21–23]. The fluidity of the membrane is an important factor in viral fusion. 

Previous work has shown that cholesterol, which increases membrane fluidity, 

plays a direct role in viral entry by generating the membrane curvature necessary 

for endocytosis [24, 25]. This has been exploited using cholesterol-tagged peptide 

inhibitors to prevent infection [26, 27]. In viruses that have not been directly shown 

to enter through endocytosis, like respiratory syncytial virus, studies have shown 

that entry is sensitive to cholesterol depletion and regions rich in cholesterol were 

preferred sites of infection [24, 28]. Protease inhibitors have also been explored as 

a method to block viral fusion. The activation of the fusion protein through 

proteolytic processing is a requirement for viral entry. Blocking this priming event 

would effectively stop infection; however, the broad-spectrum inhibitors being 

explored target ubiquitous proteases and would likely impact other cellular 

functions [24, 29]. Although the fusion protein is a common target in antiviral 

therapeutics, gaps in the field remain regarding viral fusion and the specific 

residues that impact this mechanism.   

 

SARS-CoV-2  

1.1.4 Known coronaviruses 

The Coronaviridae family contains enveloped viruses composed of single 

stranded positive-sense RNA. Similar to viruses in the Mononegavirales order, a 

fusion event between the virus and the target cell membrane must occur for viral 

entry. In coronaviruses, the Spike protein (S) facilitates this event by mediating 

both receptor binding and membrane fusion. Several known coronaviruses can 

cause common colds in humans. As zoonotic viruses, infection can spread from 

animals to humans [30, 31]. Bats are the reservoir species for many coronaviruses, 

including severe acute respiratory syndrome (SARS) and middle eastern 
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respiratory syndrome (MERS) [30–33]. These two viruses are significant due to 

the outbreaks seen within the last two decades. In late 2002, the first case of SARS 

was detected in China. As a highly pathogenic virus, over 8,000 cases and 774 

deaths were seen globally through 2004 [30, 31]. A decade later, MERS emerged 

after an infection in Saudi Arabia. Through 2016, there were nearly 2,000 cases 

worldwide with 624 deaths [30, 31]. Despite the threat of SARS or MERS re-

emergence, no vaccines or antiviral treatments were developed.  

 

1.1.5 Fusion and entry 

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is the viral 

agent responsible for the COVID19 pandemic. As of February 14th, 2023, there 

have been over 6.8 million deaths worldwide due to SARS-CoV-2 infection [34]. 

As an enveloped virus, SARS-CoV-2 enters host cells through the fusion of viral 

and host cell membranes. Host cell attachment, fusion, and entry is facilitated by 

the S protein. S is composed of two distinct subunits: S1 which is responsible for 

host cell receptor binding, and S2 which promotes membrane fusion [7, 35, 36]. 

As shown in Figure 1.3a, within S1 there is a receptor binding domain (RBD), an 

N-terminal domain (NTD), and a signal peptide (SP). S2 contains the hydrophobic 

fusion peptide (FP), the internal fusion peptide (IFP), 2 heptad repeat domains 

(HR1 and HR2), a transmembrane domain (TM), and a cytoplasmic tail (CT).  

After binding to the known host cell receptor, Angiotensin Converting 

Enzyme 2 (ACE2), cleavage by a host cell protease allows for the release of the 

S1 subunit [35–37]. The S2 subunit undergoes a conformational change to merge 

the viral and host cell membranes, allowing for the release of viral replication 

machinery into the host cell. The need for two sequential post-translational 

cleavage events for S activation is conserved among most coronaviruses. 

Typically, one event at the S1 and S2 subunit border, and a second within the S2 

subunit, termed S2’ [8, 35, 36, 38, 39].  

SARS-CoV-2 S differs from the closely related SARS and MERS spike 

proteins in that it contains an insertion of 12 nucleotides upstream of the polybasic 
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furin recognition motif found at the S1/S2 border. It has been suggested that the 

addition of this sequence may provide increased transmission by further exposing 

the furin cleavage sequence [40]. Additionally, the SARS-CoV-2 S RBD is more 

stable than that of SARS and MERS [41]. Residues within the SARS-CoV-2 S RBD 

have been shown to increase interactions with the ACE2 receptor compared to 

SARS by increasing stability, thus increasing binding affinity [41, 42]. Compared 

to MERS which uses the dipeptidyl peptidase 4 receptor, the SARS-CoV-2 RBD 

secondary structure loops are more stable due to the position of crucial disulfide 

bonds [41–43]. This stability may contribute to the differences in pathogenesis 

seen in SARS-CoV-2 infection. Notably, the FDA gave emergency approval to 

Pfizer and Moderna for vaccines targeting SARS-CoV-2 composed of S mRNA, 

further demonstrating the importance of S as a therapeutic target [44, 45].  

In Chapter 3, we aim to understand factors that are critical for S cell-cell 

fusion activity, including proteases involved, and cleavage events required. We 

demonstrate that S must be processed at the S1/S2 border in order to mediate 

cell-cell fusion, and that mutations at potential cleavage sites within the S2 subunit 

alter S processing at the S1/S2 border, thus preventing cell-cell fusion. We also 

identify residues within the internal fusion peptide and the cytoplasmic tail that 

modulate S cell-cell fusion. This work therefore offers insight into S stability, 

proteolytic processing, and factors that mediate S cell-cell fusion, all of which help 

give a more comprehensive understanding of this highly sought-after therapeutic 

target. 

HeV 

1.1.6 Fusion and entry 

All members of the paramyxovirus family express two surface glycoproteins, 

an attachment protein and the fusion protein (F), which promote viral entry. The 

attachment protein mediates the binding of the virus to a host cell surface receptor, 

while F facilitates the fusion of the two membranes [6, 46, 47]. F is a class I fusion 
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protein, meaning it requires proteolytic processing to become active and it remains 

a trimer in both the native and cleaved form [6]. As shown in figure 1.3b, HeV F is 

made up of a hydrophobic fusion peptide (FP), two heptad repeat domains (HRA 

and HRB), a single-pass transmembrane domain (TM), and a cytoplasmic tail (CT). 

F is synthesized as an inactive precursor (F0) and must undergo cleavage by a 

host cell protease to become active. These key regions of F are consistent among 

paramyxoviruses.  

Unlike other paramyxoviruses, HeV F is furin-independent and proteolytic 

cleavage occurs following endocytosis [46–49]. After synthesis in the ER, F moves 

through the secretory pathway to the plasma membrane. Upon endocytosis, F re-

enters the cell and is cleaved by the protease cathepsin L in an endosome. 

Cleaved F then traffics back to the plasma membrane to be incorporated into new 

virions [47, 49]. For infection, the HeV attachment protein (G) binds the host cell 

receptor, Ephrin B2 or B3, allowing F to initiate membrane fusion [50].  

 

1.1.7 TM-TM interactions 

Work in the last two decades has challenged the idea of TM regions as 

simply protein anchors. Broadly, previous work has shown the importance of TM-

TM interactions in protein stability [51, 52]. However, in viral fusion proteins TM 

regions play very specific roles that often reach beyond stabilization. Previous work 

on bovine papillomavirus and measles virus identified that the TM of their 

respective fusion proteins mediates and modulates receptor binding respectively 

[53–55]. In HIV-1, the TM of the fusion protein is important in intracellular trafficking 

[56]. Prefusion stability is required for viral entry, as the conformational change to 

the post-fusion form is kinetically essentially irreversible. Understanding what 

factors impact the stabilization of the fusion protein is crucial for the development 

of targeted antivirals and vaccines. In parainfluenza virus 5 (PIV5), the disruption 

of the fusion protein TM completely destabilized the pre-fusion conformation [57]. 

Interestingly, one study identified a leucine-isoleucine zipper motif spanning a 
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region of the HeV F TM [58]. Specific residues within the zipper were determined 

to have minor impacts on protein expression and fusion activity. In contrast, the 

disruption of the entire zipper motif resulted in premature triggering of HeV F, and 

therefore altered fusion activity [58].  

 

1.1.8 β-branched residues 

An analysis of sequences from TM domains of 19 paramyxoviruses 

revealed a pattern of β-branched (leucine, isoleucine, and valine) repeats [58]. 

Alanine scanning mutagenesis of N-terminal β-branched residues in the PIV5 

fusion protein identified residues whose loss significantly decreased fusion [59]. In 

a similar study, mutations made to HeV F C-terminal β-branched residues also 

resulted in a decrease in fusion activity [60]. This suggests that β-branched 

residues within the fusion protein TM may be impacting fusion activity across the 

paramyxovirus family.   

To complete analysis of all residues within the HeV TM, alanine scanning 

mutagenesis was used to evaluate the remaining unexplored N-terminal residues. 

We discovered that changes to residues M491/L492 significantly reduce F fusion 

without drastically altering protein expression. Additionally, we show that residues 

S490, S493, and Y498 play important roles in protein processing, a critical step for 

fusion, consistent with previous work [61, 62]. Our studies in Chapter 4 

demonstrate that targeted disruption of TM-TM interactions significantly impacts 

viral fusion protein stability and function, presenting these interactions as a novel 

target for antiviral development.  
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RSV 

1.1.9 RSV clades 

RSV is an enveloped, single-stranded, negative sense RNA virus belonging 

to the Pneumoviridae family [63]. Similar to the closely related paramyxoviruses, 

pneumoviruses consists of a nucleocapsid protein (N) encapsidating the genetic 

material, with the polymerase (L) and polymerase co-factor, P (phosphoprotein), 

making up the functional replication complex. In addition, there is a matrix (M) 

protein layer linking the nucleocapsid protein complex with the phospholipid 

envelope, and three transmembrane glycoproteins [64]. Two of these 

glycoproteins, the fusion protein (F) and attachment (G) protein, are responsible 

for fusion and entry of newly synthesized virus. While the function of the small 

hydrophobic (SH) protein is not fully understood, functional and structural studies 

suggests that, similarly to its closely related human metapneumovirus (HMPV), the 

RSV SH protein is a pH-dependent viroporin that regulates membrane 

permeability, infectivity, and prevents host cell apoptosis [65–67].  

RSV has two subgroups, A and B, differentiated by antigenic responses to 

monoclonal antibodies [68, 69]. Within subgroups, clades are determined by the 

sequence of a variable domain of G [68, 70]. RSV is seasonal, but A and B strains 

have been shown to co-circulate worldwide [71–73]. Although the prevalence of 

one strain over the other varies between RSV seasons, RSV A has been the 

primary focus of molecular studies. An RSV B strain that emerged in 1999 has 

become the dominant variant detected globally [73–76]. This strain includes a 

duplication in G that impacts viral-host cell attachment [75, 76], indicating that the 

molecular studies using RSV A are not universal to all strains of RSV.  
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1.1.10 F synthesis and cleavage 

Broadly speaking, the F proteins of pneumoviruses and paramyxoviruses 

are class I fusion proteins, synthesized as inactive precursors (F0), and must 

undergo cleavage to become fusion competent. This cleavage is performed by a 

furin-like host cell protease, resulting in two disulfide-linked subunits termed F1 (50 

kDa, AA 137 to 574) and F2 (20 kDa, AA 26 to 109) (Figure 1.3c) [77]. Fusion active 

F exists on the viral surface in a metastable “pre-fusion” state until a triggering 

event induces a conformational change, exposing the fusion peptide which 

undergoes transition to an alpha-helical coiled coil which inserts into the target 

membrane, followed by refolding to a six-helix bundle, and the energy released in 

this process is hypothesized to drive membrane fusion [64, 78]. This process is 

similar for all paramyxoviruses and pneumoviruses; however, there are several 

unique aspects to the RSV F protein that remain to be fully understood.  

Collins et al. and Elango et al., in 1984 and 1985 respectively, were the first 

groups to sequence the RSV F protein [79, 80]. F is synthesized as a 574 amino 

acid, inactive precursor (F0) possessing a polybasic motif (KKRKRR136) 

corresponding to a consensus site for furin, a host cell protease. Unlike other 

paramyxoviruses, the polybasic sequence is six amino acids long, leading Bolt et 

al. to suggest that other proteases can cleave at the same motif (such as proprotein 

convertase 5 and 7) [81] and activate the RSV F protein [82].   However, RSV is 

unlike other paramyxoviruses because F requires cleavage at two sites, rather 

than one, to become fully active. It was not until 2001 that Gozáles-Reyes et al. 

and Zimmer et al. independently demonstrated that the RSV F protein is cleaved 

in two polybasic sites (RARR109 and KKRKRR136 [83, 84]), releasing an internal 

peptide of 27 amino acids, termed P27 (AA 110 to 136). The fate of this P27 

fragment post-cleavage is still unknown. 

Through site-directed mutagenesis of bovine respiratory syncytial virus 

(BRSV), Zimmer et al. determined that furin cleavage at site R109 is dispensable 

for fusion activity in vitro, although fusion efficiency was impaired. This highlighted 
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the importance of cleavage at site R136, which exposes the fusion peptide at the 

N-terminus of the F1 subunit [85]. To identify how the presence of two polybasic 

cleavage sites impacts fusion, Rawling et al generated chimeric mutations of the 

Sendai virus (SeV) fusion protein including one, or both of the RSV furin 

recognition sites [86]. SeV is also part of the paramyxovirus family and contains a 

class I fusion protein; however, the fusion protein is only cleaved at one site. 

Additionally, for SeV fusion to occur, the HN attachment protein is required, unlike 

RSV which has demonstrated the ability to fuse in cell culture without the G protein 

[87]. Interestingly, all SeV chimeric mutants that contained both of the RSV 

cleavage sites formed syncytia in the absence of the HN protein. This suggests 

that the ability of RSV to fuse without the attachment protein is facilitated, at least 

in part, by the additional cleavage site. 

 

1.1.11 N-linked glycosylation 

The F protein gene is generally well-conserved across RSV genotypes. 

Hause et al. compared the sequence variability of more than 1,000 RSV 

sequences of both subtypes A and B. They observed that compared to RSV/A 

Long, a popular strain in in vitro studies and vaccine development, amino acids in 

the P27 region of the RSV/B strains exhibited a greater number of non-

synonymous amino acid changes than the RSV/A strains. However, entropy 

analysis, a measure of variability at each amino acid position, revealed that within 

the same subtype, several amino acid position within the P27 sequence of RSV/As 

are more variable than in the P27 sequence of RSV/Bs [88]. 

Glycosylation is a key post-translational modification for viral proteins, as it 

impacts structure, function, stability, and translocation to the cell surface[89–91]. 

The RSV F protein is N-glycosylated on the asparagine (N) residue of the 

consensus sequences N-X-S/T [80, 83]. Five sites are well conserved among 

subtypes (N27, N70, N116, N126, and N500) [83], however certain RSV strains have 
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an additional N120 glycosylation site [92, 93]. Three of these sites are located 

within the P27 segment (N116, N120, and N126).  

The presence of N-linked glycans on the F protein of prototypical RSV/A 

strains was assessed by Zimmer et al. in 2001 and by Leemans et al. in 2018 [83, 

94]. Through systematic N to Q mutations, both groups showed that glycosylation 

in the P27 segment does not impact cleavage or transport of the F protein to the 

cell surface. Both groups transfected BSR T7/5 cells with F protein constructs 

containing the mutations N116Q or N126Q and did not observe molecular weight 

differences compared to the wild-type control. Therefore, Leemans et al. 

concluded that P27 would be missing in a mature F protein. Moreover, when 

evaluating the effect of glycosylation on the function of the F protein, both groups 

observed formation of larger syncytia in BSR T7/5 cells transfected with the mutant 

N116Q. Viral proteins can use glycosylation to shield antigenic sites, evading 

antibody recognition [95]; however, Leemans et al. demonstrated that 

glycosylation of P27 on sites N116 and N126 did not significantly compromise the 

binding of Palivizumab or other neutralizing antibodies targeting the pre-fusion 

conformation.  

These findings were further supported by Leemans et al. in 2019 who 

explored the importance of F protein glycosylation in virus infectivity [96]. They 

incorporated the same aforementioned mutations into an RSV-BAC system to 

generate recombinant infectious viruses and performed infectivity studies in HEp-

2 cells. Similar to what was previously observed using recombinant F proteins, the 

molecular weight of the F proteins expressed by viruses encoding mutations 

N116Q or N126Q was comparable to the molecular weight of the F protein from 

wild-type virus, again suggesting that P27 would be absent from the mature F 

protein. On the other hand, contrary to what was previously observed with 

transfecting HEp-2 cells with glycosylation-deficient recombinant F proteins, 

infection of HEp-2 cells with mutant virus RSV F N116Q led to a decrease in 

syncytium formation compared to wild-type RSV. Although the presence of 

glycosylated P27 was not confirmed, changes in syncytium formation in vitro and 
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in vivo indicates that glycosylation of at least one site on P27 might have an 

important role in RSV biology.  

 

1.1.12 Mechanisms of entry 

RSV F protein detected on the cell surface has been shown to be cleaved 

and in the active state in several studies [83, 84]. One study in particular 

demonstrated that F0 cannot be detected on the cell surface in an RSV infection 

model [82]. In contrast, a recent publication cited that P27 was found on the cell 

surface of infected cells, leading the authors to suggest that uncleaved or partially 

cleaved F0 was present on the cell surface [97].  This finding would be consistent 

with the conclusions drawn by Krzyzaniak et al. in 2013, stating that F exists on 

the viral surface in a partially cleaved state [98]. In this study, the authors detected 

peptides corresponding to the P27 region on purified RSV/A particles through 

liquid chromatography coupled with mass spectrometry (LC/MS) analysis. Then, 

using western blot analysis of infected HeLa cells to examine F cleavage state, 

they concluded that cleavage of the second site to generate P27 did not occur until 

after viral macropinocytosis. In their model, the first of the two furin recognition 

sites (R109) is cleaved in the trans-Golgi after protein synthesis while trafficking to 

the cell surface, and a partially cleaved F is incorporated in RSV virions. Upon 

binding to the epidermal growth factor (EGF) receptor, RSV enters the host cell 

through macropinocytosis. In this model, it is not until the virus is within an 

endosome that the second furin recognition site (R136) is cleaved [98], indicating 

that F is present on the cell surface in a half-cleaved state and remains inactive 

until viral entry (Figure 1.4a). This work is particularly significant in the RSV field 

as it set the precedent for future studies on partially cleaved F protein. However, 

contrary to HMPV, RSV F protein-promoted fusion is pH independent, indicating 

that acidification of endosomes may not be required for cleavage of F protein, 

consequently, for RSV entry [99]. 
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Endocytosis and acidification of endosomes to promote fusion protein 

cleavage and fusogenic function is a common mechanism of entry for many 

viruses. All known paramyxoviruses enter the host cell by direct fusion with the cell 

membrane, not utilizing endosomal routes [100]. Interestingly, in some strains of 

the most closely related human virus to RSV, human metapneumovirus (HMPV) 

requires endocytosis and pH-dependent enzymes to initiate fusion [101–103]. 

However, the cellular location of RSV fusion remains in debate. Early studies 

evaluated the mechanism of RSV entry through an R18 dequenching assay to 

monitor virion-cell fusion [99]. In infected HEp-2 cells, changing the environmental 

pH had no impact on fusion. Similarly, exposing cells to a lysosomotropic agent 

(known to inhibit viral endocytosis) after infection did not change the rate of cell-

cell fusion or the production of new virus. This led the authors to conclude that 

entry primarily occurs through direct viral fusion with the plasma membrane. This 

claim was later supported by Khan et al., again using compounds that alter pH to 

determine that RSV fusion is pH independent (Figure 1.4b) [104]. 

However, later studies acknowledge that RSV is able to enter directly 

through the plasma membrane, but suggested that there may be an additional role 

played by endocytosis. Kolokoltsov et al. used siRNAs to knockdown genes 

associated with clathrin-mediated endocytosis, resulting in a significant decrease 

in infection[105]. The authors concluded that although RSV fusion is pH-

independent, endocytosis is still used as a method of viral entry. Although the 

fusion location of RSV to host cells remains to be fully determined, future studies 

are needed to clarify if RSV may be able to use both, or either, direct fusion with 

the plasma membrane and endocytosis with an additional cleavage event in 

endosome as entry mechanisms in host cells.  
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1.1.13 Trimerization and stability 

The fusion-competent RSV F is formed by non-covalent interactions 

between three disulfide-linked F1 and F2 protomers resulting from the enzymatic 

cleavage of F0 [106–108]. A 2015 study from Gilman et al. characterized an RSV 

neutralizing antibody, AM14, that recognizes cleaved, trimeric, prefusion F [106]. 

AM14 binding proved to be dependent on furin cleavage and this was attributed to 

the potential interference of P27 on AM14 binding through steric inhibition, as well 

as the possibility that F is unable to fully trimerize prior to cleavage. Therefore, 

evidence suggests that P27 impacts trimer stability and therefore must be removed 

for proper stability of the cleaved trimer when it is incorporated into virions. In the 

same year, a study by Krarup et al. determined that the presence of P27 in F 

destabilizes the protein [107]. Using a single furin-site knockout recombinant 

protein, the authors were able to keep P27 associated with F2. This trimer 

containing P27 was subjected to denaturing conditions to evaluate stability 

compared to a trimer without P27. When incubating soluble F proteins in 0.1% 

SDS at room temperature, 97% of RSV F containing P27 were monomerized, while 

only 50% of RSV F without P27 were monomerized under these conditions [107], 

suggesting that P27 could in fact be negatively affecting the stability of trimerized 

F.  

The stability of trimerized F was evaluated by Gilman et al. using an 

antibody specific for soluble, prefusion F trimers [109]. The authors determined 

that on the cell surface, the trimer of F1+F2 heterodimers exist in a dynamic 

equilibrium between associated-dissociated trimers, suggesting a “breathing” 

mechanism for the trimerization of at least portions of F. Similar to the breathing 

motions described for the HIV-1 envelope protein [110–112], the authors indicate 

that trimerized F exhibits conformational flexibility and exists in at least two states 

on the cell surface, one more compact than the other. In the case of HIV-1, the 

more open trimeric state allows for the required conformational change to enable 

receptor binding, making this breathing mechanism an excellent therapeutic target 

[110–112].  
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In Chapter 5, we hypothesize that RSV F from different subtypes has 

different requirements for membrane fusion, including timing and proteolytic 

cleavage events.  Our work, therefore, focused on characterizing differences in the 

RSV F proteins from both lab-adapted A and B subtypes. Through a series of 

mutations, we investigated the proteolytic processing, stability, protein trafficking 

kinetics, and fusion function of RSV F proteins from the difference subtypes. 

Additionally, the role of the P27 fragment has been evaluated in both subtypes. 

The fate of P27 after cleavage remains controversial in the field, given the 

conflicting nature of past studies. This work elucidated the impact of P27 and its 

sequence specificity on proteolytic processing, surface expression, and cell-cell 

fusion.  

Collectively, the work presented here investigates the therapeutically 

relevant fusion proteins of several important human enveloped viruses. By 

specifically exploring proteolytic processing, surface expression, and cell-cell 

fusion we have further characterized the fusion dynamics of this critical protein.  
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Figure 1.1: Class I viral fusion mechanism. A) After proteolytic processing, the 

fusion protein sits on the viral surface (grey) in a metastable, prefusion state. B) A 

triggering event induces a conformational change to form a pre-hairpin structure 

and insert the hydrophobic fusion peptide (yellow) into the target cell membrane 

(purple). C) The protein folds back on itself bringing N-terminal (light blue) and C-

terminal (red) heptad repeats closer to form a 6-helical bundle. D) Lastly, the fusion 

peptide (yellow) and transmembrane domain (dark blue) are pulled together to 

merge the two membranes and open the fusion pore.  
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Figure 1.2: Viral entry and replication. 1) The attachment glycoprotein (G) on 

the viral surface mediate attachment to the host membrane. 2) Viral entry occurs 

through fusion with the host cell plasma membrane, facilitated by the fusion protein 

(F). 3) The viral genetic material is released into the cell, where the genome is 

replicated and 4) transcribed. 5) Encapsidated proteins are translated in the 

cytosol. Viral membrane proteins are translated in the ER and traffic through the 

trans-Golgi network, where they are proteolytically processed and 

posttranslationally moditified before trafficking to the surface. 6) The newly 

synthesized virion is packaged and buds from the host cell membrane. 
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Figure 1.3: Cleavage products of enveloped virus fusion proteins. A) SARS-

CoV-2 S is composed of two subunits: S1 and S2. S1 contains a signal peptide 

(SP), an N-terminal domain (NTD), and the receptor binding domain (RBD). The 

S2 subunit contains a fusion peptide (FP), an internal fusion peptide (IFP), two 

heptad repeat regions (HR1 and HR2), a transmembrane domain (TM), and a 
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cytoplasmic tail (CT).  S is processed at the S1/S2 border during protein trafficking 

to the cell surface by furin or a member of the furin family. There are two other 

potential cleavage sites within the S2 subunit, one 10 amino acids downstream of 

the S1/S2 border, a conserved site used by SARS-CoV S, and one is 100 amino 

acids downstream of the border, termed the S2’ site. B) HeV F is synthesized in 

an uncleaved form (F0) and trafficked to the cell surface. F is then endocytosed 

and cleaved by cathepsin L in endosomes to expose the hydrophobic fusion 

peptide (FP), creating a disulfide linked heterodimer (F1 and F2). The F1 subunit is 

made up of two heptad repeat regions (HRA and HRB), a transmembrane domain 

(TM), and a cytoplasmic tail (CT). C) RSV F is synthesized as an inactive precursor 

(F0) containing two heptad repeat regions (HRA and HRB), the hydrophobic fusion 

peptide (FP), a transmembrane domain (TM), and a cytoplasmic tail. Moving 

through the secretory pathway, F is cleaved by furin or a furin-like protease at two 

predicted sites. Cleavage at site 1 exposes the FP, while the function of cleavage 

at site 2 is unknown. If both sites are processed a small peptide (P27) is released 

from the resulting disulfide linked subunits.  
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Figure 1.4: Two proposed mechanisms of RSV entry. A) In the 

macropinocytosis method of entry, F is only cleaved at FCS1 in the trans golgi, 

expressing on the viral surface in a half-cleaved state. Newly synthesized virus 

enters host cells through macropinocytisis, allowing for FCS2 to be cleaved by 

cathepsin L in an endosome. This activates F, facilitating fusion with the 

endosomal membrane and releasing the viral genetic material into the host cell 

cytoplasm. B) In the direct plasma membrane method of entry, F traffics through 
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the secretory pathway to be cleaved at both FCS1 and FCS2 by furin, expressing 

on the viral surface in a fully cleaved state. Entry occurs through receptor binding, 

resulting in the fusion of the viral and host cell membranes facilitated by F. Image 

was generated using BioRender. 
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CHAPTER 2. METHODS 

SARS-CoV-2 Spike Project 

2.1.1 Cell lines and culture 

Vero (ATCC), BSR T7/5 cells (provided by Karl-Klaus Conzelmann, Pettenkofer 

Institut), with 10% fetal bovine serum (FBS) and 1% penicillin/streptomycin.  Every 

third passage, 0.5mg/ml of G-418 (Invitrogen) was added to the culture media of 

BSR T7/5 cells to select for the expression of the T7 polymerase. A549 cells 

(ATCC) were cultured in F12 Kaighns Modification media (GE Healthcare) with 

10% FBS and 1% penicillin/streptomycin.   

 

2.1.2 Plasmids, antibodies, and mutagenesis 

pCAGGS-SARS-CoV-2 spike was obtained from BEI Resources. SARS-CoV-2 S 

was subcloned into pUC57 and all S mutants were created in pUC57 using the 

QuikChange site-directed mutagenesis kit (Strategene) with primers purchased 

from Eurofins.  Constructs were then subcloned back into the pCAGGS expression 

vector. Other plasmids utilized include pSG5-Cathepsin L (from Terence Dermody, 

University of Pittsburgh), pCAGGS-furin (Promega), and T7 promoted-luciferase 

(Promega).  Antibody anti-SARS spike glycoprotein (ab252690) was purchased 

from Abcam, and anti-TMPRSS2 (H-4) was purchased from Santa Cruz 

Biotechnology, Inc.   

2.1.3 Gel electrophoresis and western blotting 

Proteins were separated on a 10% sodium dodecyl sulphate-polyacrylamide gel 

electrophoresis (SDS-PAGE).  For western blot analysis, proteins were transferred 

to a polyvinylidene difluoride (PVDF) membrane (Fisher Scientific) at 60V for 100 

minutes.  After blocking with 5% milk in tris-buffered saline + Tween-20 (tTBS) for 
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1 hour, membranes were incubated with respective antibodies (anti-SARS S 

1:5000 dilution, anti-TMPRSS2 1:1000 dilution, anti-hACE2 1:1000 dilution) at 4°C 

overnight.  Membranes were then washed with tTBS and incubated with (Li-Cor) 

secondary antibodies at 1:10000 dilution in 5% milk solution for 1 hour.  

Membranes were washed again with tTBS and diH2¬O, before being imaged on 

the Odyssey Image Analyzer (Li-Cor).   

 

2.1.4 Syncytium assay 

 Cells (Vero or A549s) in 6 well plates were transiently transfected with 2μg of 

either wild-type or mutant SARS-CoV-2 S protein plasmid with Lipofectamine 3000 

(Invitrogen) at a ratio of 1:2:2 DNA: P3000: Lipofectamine 3000. For experiments 

with the addition of proteases, the total DNA transfected was kept constant at 2μg, 

in those cases we used 1μg of S and 1μg of the indicated protease.  Syncytia 

formation was imaged at 24 and 48 hours post transfection on a Nikon Ti2 at 20X 

magnification.   

 

2.1.5 Luciferase reporter gene assay 

Effector cells (Vero or A549s) were plated in 12-well plates at 70-90% confluency 

and transfected with 1μg of total DNA (0.4μg of a T7 promoted luciferase plasmid, 

0.6μg of wild-type (wt) or mutant S protein or S protein with additional proteases).  

At the same time BSR cells (constitutively expressing a T7 promoter) seeded in 6-

well plates were transfected with 2μg either empty pCAGGS or pcDNA3.1(+)-

hACE2.  Eighteen to twenty-four hours post transfection BSR cells were lifted using 

trypsin, centrifuged for five minutes at 1500 rpm, resuspended in normal 

DMEM+10% FBS, and overlaid onto the S expressing cells at a ratio of 1:1.  

Overlaid samples were then incubated at 37°C for 9 hours (or as described in the 

text).  Samples were lysed in 100μL of Reporter Gene Lysis buffer (Promega) and 
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frozen overnight.  Plates were then scraped on ice, lysates were vortexed for 10 

seconds, centrifuged at 13,000 rpm for 1 minute at 4°C, and 20μL of the 

supernatant was added to an opaque 96 well plate.  Luciferase activity was 

measured on a SpectraMax iD3 (Molecular Devices) using a Luciferase Assay 

System (Promega).  Background values were subtracted (empty pCAGGS in 

BSRs and effector cells) and luciferase activity was expressed as a percentage of 

wt S (effector cells) and hACE2 (BSR cells).   

 

2.1.6 Surface biotinylation 

Two μg of wt or mutant S protein was transfected into Vero or A549 cells using the 

Lipofectamine 3000 system (Invitrogen; ratios described above).  Eighteen to 

twenty-four hours post transfection, cells were starved in Cys-/Met- media (Gibco) 

for 45 minutes, and metabolically labelled for six hours using 50μCi of S35 

(PerkinElmer) incorporated into Cys and Met (S35 Cys/Met).  After the label, cells 

were washed once with PBS (pH 8) and incubated with 1 mg/ml of EZ-link Sulfo-

NHS-biotin (Thermo Fisher) in PBS (pH 8) at 4°C for 35 minutes, and then at room 

temperature for 15 minutes.  Next the cells were lysed in 500μl of RIPA buffer (100 

mM Tris-HCl [pH 7.4], 0.1% SDS, 1% Triton X-100, 1% deoxycholic acid) 

containing 150 mM NaCl, protease inhibitors (1 U aprotinin, 1mM PMSF, [both 

from Sigma-Aldrich]), 5 mM iodoacetamide, and cOmplete EDTA-free Protease 

Inhibitor Cocktail Tablets (all from Sigma-Aldrich). Cell lysates were centrifuged at 

55,000 rpm for 10 minutes, and the supernatant was incubated with anti-SARS S 

polyclonal antibody at 4°C for three hours. Following incubation, Protein A 

conjugated to Sepharose beads (Cytiva) were added to the samples, and 

incubated at 4°C for an additional 30 minutes. Post-incubation samples were 

washed two times with each RIPA Buffer+0.3M NaCl, RIPA Buffer+0.15M NaCl, 

and SDS-Wash II buffer (50mM Tris-HCl [pH 7.4], 150mM NaCl, and 2.5mM 

EDTA).  After buffer aspiration and addition of 10% SDS, samples were boiled for 

10 minutes. The supernatant was removed to a separate tube.  15μl of supernatant 
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was removed and added to an equal portion of 2X SDS loading buffer and labeled 

“TOTAL”.  Biotinylation buffer (20 mM Tris [pH 8], 150mM NaCl, 5mM EDTA, 1% 

Triton X-100, and 0.2% BSA) and Streptavidin conjugated beads were added to 

the remaining supernatant, and this was incubated at 4°C for one hour.  Samples 

were again washed as described above and 2X SDS loading buffer was added 

following the washes.  Samples were boiled for 15 minutes and run on a 10% SDS-

PAGE gel. Gels were dried and exposed on a phosphoscreen for two to four days, 

then visualized using a Typhoon Imaging System (GE Healthcare).  Bands were 

quantified using band densitometry using the ImageQuant software (GE 

Healthcare).   

2.1.7 Time course immunoprecipitation 

 Two μg of wt or mutant S was transfected into Vero or A549 cells using the 

Lipofectamine 3000 system (Invitrogen; ratios described above).  Eighteen to 

twenty-four hours post transfection, cells were starved in Cys-/Met- media (Gibco) 

for 45 minutes, and metabolically label for one hour using 50μCi of S35 Cys/Met.  

After the one-hour label, cells were washed once with PBS and normal DMEM + 

10% FBS was added for indicated times.  Cells were then lysed in 500μl of RIPA 

lysis buffer.  Anti-SARS S polyclonal antibodies were used to immunoprecipitate 

the CoV-2 S protein as previously described and the protein was analyzed on a 

10% SDS-PAGE gel.  Gels were dried and exposed on a phosphoscreen for 2-4 

days and visualized using a Typhoon Imaging System (GE Healthcare).  Bands 

were quantified using band densitometry using the ImageQuant software (GE 

Healthcare).   

2.1.8 Immunofluorescence  

Sub-confluent cells on coverslips in 6 well plates were transfected with 2μg of DNA 

using the Lipofectamine 3000 transfection system (Invitrogen).  Eighteen to twenty-

four hours post transfection cells were fixed with 4% PFA for 15 minutes at room 

temperature.  Cells were permeabilized in a solution of 1% Triton X-100 in 
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PBS+0.02% Sodium Azide (PBSN) for 15 minutes at 4°C.  After permeabilization, 

coverslips were moved to a humidity chamber and blocked with 1% normal goat 

serum (NGS) in PBSN for 1 hour at 4°C.  Cells were labeled with anti-SARS S 

antibody (1:2000 dilution) in blocking buffer overnight at 4°C or for three to five 

hours at room temperature.  Samples were washed with PBSN+0.01% Tween-20 

seven times and incubated for 1 hour at 4°C with goat anti-rabbit FITC (1:2000 

dilution).  Samples were again washed with PBSN+0.01% Tween seven times and 

mounted onto slides using Vectashield mounting media (Vector Laboratories). 

Slides were imaged on an Axiovert 200M (Zeiss) at 63x magnification using 

Metamorph to collect Z-stacks and processed using Nikon NIS Elements.   

 

2.1.9 Statistical analysis 

Statistical analysis was performed using Prism 7 for Windows (GraphPad).  A p 

value of <0.05 was considered statistically significant.  Multiple comparison tests 

were generated using one-way or two-way analysis of variance (ANOVA) with 

Dunnett’s multiple comparison test.  *: p<0.05, **: p<0.01, ***: p<0.0005, ****: 

p<0.0001 

 

HeV F Transmembrane Project 

2.1.10 Cell lines and culture 

Vero cells and BSR cell lines were maintained in Dulbecco’s modified Eagle’s 

medium (DMEM; Invitrogen) supplemented with 10% fetal bovine serum (FBS; 

Sigma) and 1% penicillin and streptomycin. For the BSR cell line, 0.5mg/ml G-418 

sulfate (Invitrogen) was added to the medium every third passage to select for T7 

polymerase expressing cells.  
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2.1.11 Plasmids and antibodies 

Plasmids containing Hendra F or G provided by Dr. Lin-Fa Wang (Australian 

Animal Health Laboratory) were subcloned into pCAGGS either as described 

(Pager, Worth, Dutch (2004)), or using primers for PCR subcloning. pCAGGS 

plasmids were transiently transfected into Vero cells to express Hendra F or G. All 

Hendra F mutants were made in pGEM using the QuickChange site-directed 

mutagenesis kit (Stratagene) and subcloned into the eukaryotic expression vector 

pCAGGS. Polyclonal antibodies (Genemed Custom Peptide Antibody Service, 

San Francisco, CA) were generated to residues 516-529 of Hendra F.  

 

2.1.12 Syncytium assay 

Vero cells (70-90% confluent) in 6-well plates were transiently transfected with 

pCAGGS-Hendra F in combination with the attachment protein, pCAGGS-Hendra 

G. Transfections were performed at a ratio of 1:3 using Lipofectamine 3000 system 

(Invitrogen) according to the manufacturer’s protocol. 24 h post transfection, 

syncytia formation was examined, and images were taken using a Nikon digital 

camera mounted atop a Nikon Ti2 microscope with a 20x objective.  

2.1.13 Luciferase reporter gene assay 

Vero cells (70-90% confluent) in 12-well plates were transiently transfected with 

0.15ug of pCAGGS-Hendra F or one of the HeV F mutants, 0.45ug of pCAGGS-

Hendra G, and 0.4ug of a T7 promoted Luciferase plasmid. Transfections were 

performed using Lipofectamine and Plus reagent (Invitrogen) according to the 

manufacturer’s protocol. At 24 h post transfection, BSR cells were lifted with 

trypsin, resuspended in DMEM supplemented with 10% FBS were overlain on to 

Vero cells that were washed once with PBS. These were incubated for 4 h at 37C. 

Then, cells were lysed with reporter lysis buffer (Promega) and analyzed for 

Luciferase activity using the luciferase assay system (Promega) per 



28 

manufacturer’s instructions. A SpectraMax iD3 plate reader (Molecular Devices; 

Sunnyvale, CA) was used to read the luminescence. Results were normalized to 

cells expressing WT Hendra F and G, after subtracting the background (HeV G 

only).     

2.1.14 Surface biotinylation 

Vero cells were plated in 60mm dishes and transiently transfected using 

Lipofectamine 3000 reagent per the manufacturer’s protocol with 2ug of WT 

pCAGGS-HeV F or one of the TMD mutants. At 24 h post-transfection, the cells 

were washed with PBS and starved for 45 min in DMEM deficient in cysteine and 

methionine (Cys-/Met- DMEM). The cells were radiolabeled for 3 h with Cys-/Met- 

DMEM containing Tran-35S. The cells were then washed twice with 1ml ice cold 

PBS (pH 8.8) and biotinylated for 35 min at 4°C with rocking using 1ml of 1mg/ml 

EZ-Link-Sulfo-NSH-Biotin (Pierce) in PBS (pH 8.8). This was followed by an 

incubation at room temperature for 15 min. Cells were washed were washed twice 

with ice cold PBS (pH 8.8) and treated with 500 ul RIPA lysis buffer. The cell 

lysates were centrifuged at 136,500 X g for 15 min at 4°C. The supernatant was 

transferred to 1.5-ml tubes and incubated with 4µl of Hendra F antibody for 3 h at 

4°C with rocking. Proteins were immunoprecipitated by incubating each sample 

with 30µl protein A-Sepharose beads (GE Healthcare) for 30 min at 4°C with 

rocking. The beads were washed twice with RIPA buffer plus 0.30 M NaCl, twice 

with RIPA buffer plus 0.15 M NaCl, and once with SDS wash II (150 mM NaCl, 50 

mM Tris-HCl, pH 7.4, 2.5 mM EDTA). Following the washes, 60 µl of 10% SDS 

was added and the samples were boiled for 10 min, then transferred to a new tube, 

and repeated with 40 µl of 10% SDS for a total of 100 µl. Ten microliters of each 

sample was separated and resuspended in 2 X SDS loading buffer with 400 µl  

biotinylation dilution buffer (20 mM Tris [pH 8.0], 150 mM NaCl, 5 mM EDTA, 1% 

Triton X-100, 0.2% bovine serum albumin (US Biological Life Sciences)) and 30 µl 

streptavidin beads for 1 h at 4°C with rocking. The washes described previously 

were repeated and the samples were resuspended in 2 X loading buffer containing 

DTT. After the samples were boiled, analysis of HeV was conducted using 15% 
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SDS-PAGE and visualized using the Typhoon imaging system (GE Healthcare). 

Band densitometry using ImageQuant version 5.2 was performed for each 

experiment to quantitate the relative percent expression of F compared to WT HeV 

F. The quantification is the sum of F0 and F1 for each sample.  

 

2.1.15 Immunoprecipitation 

Subconfluent Vero cells in six-well plates were transiently transfected using 

Lipofectamine Plus (Invitrogen) as previously described with pCAGGS-HeV F and 

one of the TMD mutants. At 24 h posttransfection, the cells were washed with PBS, 

starved for 45 min at 37°C in Cys-/Met- DMEM, and metabolically labeled for one 

h with Trans[35S] metabolic label (100 µCi/ml; MP Biomedicals). At appropriate 

time points, the cells were washed three times with PBS and lysed with RIPA 

buffer. Immunoprecipitation and imaging were performed as described for surface 

biotinylation. 

 

2.1.16 Time course immunoprecipitation 

At 24 hr posttransfection, cells were washed twice with PBS and starved with Cys-

/Met- DMEM for 45 min at 37°C. Cells were then metabolically labeled with Cys-

/Met- DMEM containing Trans[35S] (100 µCi/ml; MP Biomedicals) for 2 h. 

Following the label, cells were washed twice with PBS, then chased with DMEM 

(10% FBS, 1% penicillin-streptomycin) for 1, 2, 4, 8, and 24 h. At the appropriate 

timepoints, chase media was aspirated and cells were washed three times with 

PBS. The cells were lysed with RIPA buffer and frozen at -20°C. The samples for 

the 0 h timepoint were immediately lysed with 500 µl of RIPA lysis buffer and frozen 

after the label. Cell lysate was immunoprecipitated and protein was visualized as 

described for surface biotinylation.  
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RSV Cleavage and P27 Project 

2.1.17 Cell lines, culture, and viruses 

Vero cells (ATCC) and BSR T7/5 cells (provided by Karl-Klaus Conzelmann, 

Pettenkofer Institut), were maintained in Dulbecco’s modified Eagle’s medium 

(DMEM, GE Healthcare), with 10% fetal bovine serum (FBS;Sigma) and 1% 

penicillin/streptomycin.  Every third passage, 0.5mg/ml of G-418 (Invitrogen) was 

added to the culture media of BSR T7/5 cells to select for the expression of the T7 

polymerase. HEp-2 cells (ATCC) were grown in Opti-MEM (Gibco) supplemented 

with 2% FBS. A549 cells (ATCC) were cultured in F12 Kaighns Modification media 

(GE Healthcare) with 10% FBS and 1% penicillin/streptomycin. All cells were 

maintained at 37°C and 5% CO2. Recombinant respiratory syncytial virus A2 

expressing green fluorescent protein (GFP, rgRSV-A2), was propagated in HEp-2 

cells. 

2.1.18 Antibodies 

The mouse anti-human monoclonal antibody, mAb RSV7.10 was kindly provided 

by Dr. Gale Smith (Novavax, Gaithersburg, MD). The mouse anti-human 

monoclonal antibody, synagis, was a kind gift from MedImmune/Astrazeneca. RSV 

F lab adapted A2 and B9320 strains were kind gifts from MedImmune/Astrazeneca 

in the mammalian expression vector pVAX.  All RSV F constructs were created in 

pVAX using the QuikChange site-directed mutagenesis kit (Stratagene) with 

primers purchased from Eurofins. The RSV F A2 and B9320 Randomized P27 

mutants also use the pVAX expression vector, but were purchased from 

GenScript. Each mutant construct was fully sequenced through ACGT DNA 

sequencing services.  

2.1.19 Syncytium assay and counts 

Vero cells in 6 well plates were transiently transfected with 2μg of either wild-type 

(WT) or mutant RSV F protein plasmid with Lipofectamine 3000 (Invitrogen) at a 
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ratio of 1:2:2 DNA: P3000: Lipofectamine 3000. Syncytia formation was imaged at 

24 and 48 hours post transfection on a Nikon Ti2 at 20X magnification.  Nuclei 

were counted by defining the total syncytia area and dividing that by the area of 

the field.  In some cases, nuclei were scored and counted as either nuclei in 

syncytia and total nuclei. The fusion index was expressed as 1-(total nuclei – nuclei 

in syncytia + number of syncytia) / total nuclei.  

 

2.1.20 Surface biotinylation 

Two μg of WT or mutant F protein was transfected into Vero cells using the 

Lipofectamine 3000 system (Invitrogen; ratios described above).  Twenty-four 

hours post transfection, cells were starved in Cys-/Met- media (Gibco) for 45 

minutes, and metabolically labelled for three hours using 50μCi of 35S 

(PerkinElmer) incorporated into Cys and Met (35S Cys/Met). After the label, cells 

were washed once with PBS (pH 8) and incubated with 1 mg/ml of EZ-link Sulfo-

NHS-biotin (Thermo Fisher) in PBS (pH 8) at 4°C for 35 minutes, and again at 

room temperature for 15 minutes. After incubation, the cells were lysed in 500μl of 

RIPA buffer (100 mM Tris-HCl [pH 7.4], 0.1% SDS, 1% Triton X-100, 1% 

deoxycholic acid) containing 150 mM NaCl, protease inhibitors (1 U aprotinin, 1mM 

PMSF, [both from Sigma-Aldrich]), 5 mM iodoacetamide, and cOmplete EDTA-free 

Protease Inhibitor Cocktail Tablets (all from Sigma-Aldrich), and frozen overnight. 

Cell lysates were centrifuged at 55,000 rpm for 10 minutes, and the supernatant 

was incubated with Palivizumab at 4°C for three hours. Following incubation, 30μl 

Protein A conjugated to Sepharose beads (Cytiva) were added to the samples and 

incubated at 4°C for an additional 30 minutes. Post-incubation, samples were 

washed twice with RIPA Buffer+0.3M NaCl, RIPA Buffer+0.15M NaCl, and once 

with SDS-Wash II buffer (50mM Tris-HCl [pH 7.4], 150mM NaCl, and 2.5mM 

EDTA).  After buffer aspiration and addition of 10% SDS, samples were boiled for 

10 minutes. The supernatant was removed to a separate tube. 15μl of supernatant 

was removed and added to an equal portion of 2X SDS loading buffer and labeled 
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“TOTAL”.  Biotinylation buffer (20 mM Tris [pH 8], 150mM NaCl, 5mM EDTA, 1% 

Triton X-100, and 0.2% BSA) and Streptavidin conjugated beads were added to 

the remaining supernatant, and incubated at 4°C for one hour. Samples were again 

washed as described above and 2X SDS loading buffer was added following the 

washes. Samples were boiled for 15 minutes and proteins were separated on a 

10% sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) 

gel. Gels were dried and exposed on a phosphoscreen for 2-4 days, then 

visualized using a Typhoon Imaging System (GE Healthcare). Bands were 

quantified using band densitometry using the ImageQuant software (GE 

Healthcare).   

 

2.1.21 Radiolabel immunoprecipiation 

2μg of WT or mutant F was transfected into Vero or A549 cells using the 

Lipofectamine 3000 system (Invitrogen; ratios described above). Twenty-four 

hours post transfection, cells were starved in Cys-/Met- media (Gibco) for 45 

minutes, and metabolically labeled for one hour using 50μCi of 35S Cys/Met. After 

the one-hour label, cells were washed once with PBS, then lysed in 500μl of RIPA 

lysis buffer and frozen overnight.  Palivizumab was used to immunoprecipitate the 

RSV F protein as described above and the protein was analyzed on a 10% SDS-

PAGE gel. Gels were dried and exposed on a phosphoscreen for 2-4 days and 

visualized using a Typhoon Imaging System (GE Healthcare). Bands were 

quantified using band densitometry using the ImageQuant software (GE 

Healthcare).   

2.1.22 Time course immunoprecipitation 

2μg of WT or mutant F was transfected into Vero or A549 cells using the 

Lipofectamine 3000 system (Invitrogen; ratios described above), or infected with 

rgRSV-A2 at MOI 0.3.  Twenty-four hours post transfection or infection, cells were 

starved in Cys-/Met- media (Gibco) for 45 minutes, and metabolically labeled for 
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15 minutes using 50μCi of 35S Cys/Met.  After the label, cells were washed once 

with PBS and DMEM + 10% FBS was added for indicated times. The DMEM + 

10% FBS was aspirated, then cells were washed once with PBS followed by lysis 

with 500μl of RIPA lysis buffer and frozen overnight.  Palivizumab was used to 

immunoprecipitate the RSV F protein as described above, and the protein was 

analyzed on a 10% SDS-PAGE gel. Gels were dried and exposed on a 

phosphoscreen for 2-4 days and visualized using a Typhoon Imaging System (GE 

Healthcare). Bands were quantified using band densitometry using the 

ImageQuant software (GE Healthcare).   

 

2.1.23 Immunofluorescence  

Vero cells were split to have 4.9x105 on the day of infection, in 6-well plates with 

12mm #1 coverslips (Fisher, NC1418755). Cells were infected with WT A2 RSV 

(ATCC VR-1540) at a MOI of 0.1. 24H post infection live cells were stained with 

wheat germ agglutinin 488 (Life Technologies, W11261) by diluting to 5ug/mL in 

HBSS. Samples were then fixed with 4% PFA at 4°C for 15 minutes, and washed 

with PBSN (0.02% NaN3), before being moved to a humidified chamber. 

Coverslips were blocked in PBSN with 1% natal goat serum (block buffer) for 1 

hour, also at 4°C. Primary anti-pep27 antibody was adding at 1:1000 in block 

buffer, for 1 hour at room temperature. Samples were washed 7 times with PBSN 

+ 0.05% tween prior to secondary goat anti-human 647 (prepared in block buffer), 

then incubated 1 hour at 4°C. Finally, PBSN + 0.05% tween washes were 

repeated, and coverslips were mounted to slides using 10μL of Everbrite hard-set 

mounting media (Biotium, 23002), and left covered overnight to solidify. Slides 

were imaged on the Axiovert 200M 63x, or 100x, oil objectives.  

 



34 

2.1.24 Flow cytometry 

A549 cells were infected with rgRSV-A2 at a multiplicity of infection (MOI) of 1.0 in 

OptiMEM (Fisher Scientific; CAS 31-985-088). At 24hpi, the cells were blocked 

with 5% Bovine Serum Albumin (BSA) (Cytiva; CAS: SH30574.02) in 1X PBS (pH 

7.2) for 15 minutes at 4°C and lifted with 10mM EDTA (VWR; CAS: 60-00-4). The 

cell population was split in half and spun at 1,150 x g for 2 minutes. Each half of 

the cell population was rocked for 1 hour at 4°C with either human anti-Pep27 

(1:250) or Palivizumab (1:1000) primary antibodies resuspended in 1% BSA in 1X 

PBS. Samples were subjected to two washes by centrifugation at 1,150 x g for 2 

minutes and resuspension in 1X PBS, then resuspended in Alexa647 AffiniPure 

goat anti-human IgG (1:1000) (Jackson ImmunoResearch Laboratories; CAS: 

109-605-003).  After 1 hour of rocking at 4°C, the cells were washed twice as 

described, then resuspended in 1% Paraformaldehyde (VWR; CAS: 30525-89-4) 

in 1X PBS. After rocking at 4°C for 30 minutes, the samples were loaded onto 

Guava easyCyte HT benchtop flow cytometer (Millipore; Burlington, MA, USA) and 

ran until 7,000 events were acquired of cells gated by forward and side scatter 

parameters. A secondary gate was used to exclude debri fluorescence seen below 

the background control signal. The mean fluorescence intensity (MFI) was 

calculated using the Guava® InCyte software to quantify the mean 647 signal 

intensity of the debri-excluded cell events. 

 

2.1.25 Statistical analysis 

Statistical analysis was performed using Prism 7 for Windows (GraphPad). A p 

value of <0.05 was considered statistically significant. Multiple comparison tests 

were generated using one-way or two-way analysis of variance (ANOVA) with 

Dunnett’s multiple comparison test.  *: p<0.05, **: p<0.01, ***: p<0.0005, ****: 

p<0.0001. 

  



35 

CHAPTER 3.  EFFECT OF CLINICAL ISOLATE OR CLEAVAGE SITE 

MUTATIONS IN THE SARS-COV-2 SPIKE PROTEIN ON PROTEIN 

STABILITY, CLEAVAGE, AND CELL-CELL FUSION  

 

*Portions of this chapter were adapted and reprinted with permissions from 

the Journal of Biological Chemistry: Barrett, C. T., Neal, H. E., Edmonds, K., 

Moncman, C. L., Thompson, R., Branttie, J. M., Boggs, K. B., Wu, C. Y., Leung, 

D. W., & Dutch, R. E. (2021). Effect of clinical isolate or cleavage site mutations in 

the SARS-CoV-2 spike protein on protein stability, cleavage, and cell-cell fusion. 

The Journal of biological chemistry, 297(1), 100902. 

 

**This work was completed in collaboration the help of several individuals, 

specifically Dr. Chelsea Barrett who contributed intellectually to this work. Myself, 

Dr. Rachel Thompson, and Dr. Cheng-Yu Wu generated all of the SARS-CoV-2 

mutants used. Chelsea, Kearstin Edmonds, and I all performed the pulse chase 

and surface biotinylation experiments as well as the luciferase reporter gene 

assays. Chelsea and I performed all of the syncytia assays as well as compete the 

respective figure generation. All fluorescent images were taken and processed by 

Dr. Carole Moncman. This work was written by Chelsea, and myself as needed, 

as part of the manuscript listed above.   

Introduction 

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is the 

causative viral agent of the ongoing coronavirus disease of 2019 (COVID-19) 

global pandemic. As of February 14th, 2023, there have been over 6.8 million 

deaths worldwide due to SARS-CoV-2 infection [34].  Due to the widespread global 

impact of this pandemic, a concerted effort has been made to rapidly develop a 

vaccine or antiviral treatment.   
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The SARS-CoV-2 spike (S) protein is the major transmembrane 

glycoprotein studding the surface of the viral particle, and is exclusively 

responsible for viral attachment and cell entry, thus making it the major target of 

current vaccine strategies and antiviral therapeutics [113]. The S protein consists 

of two distinct subunits: the S1 subunit, which binds to the known host receptor, 

angiotensin converting enzyme 2 (ACE2) [114–122] and the S2 subunit that 

promotes the viral-to-host cell membrane fusion event needed for viral infection 

[39, 113, 118, 123–128]. Most known coronavirus (CoV) S proteins undergo two 

post-translational proteolytic cleavage events, one at the border of the S1 and S2 

subunits, and one downstream within the S2 subunit (termed S2’) [36, 38, 39, 113, 

118, 123–125, 129].    

Similar to several other CoVs, SARS-CoV-2 likely utilizes bats as a reservoir 

species, specifically Rhinolophus affinis or horseshoe bats [32, 121, 130–132]. 

SARS-CoV-2 has 96% sequence identity to a CoV found in this bat population, 

RaTG13, with limited differences between them [130]. One difference is the 

polybasic, PRRA, insertion at the S1/S2 border which gives this site the canonical 

sequence requirements for cleavage by the cellular proprotein convertase furin 

[40, 133–135]. This change may be a key factor in the zoonotic transmission of 

SARS-CoV-2. The presence of a furin consensus sequence at the cleavage site 

has been observed in other human infecting CoVs [40, 136–138], as well as in 

highly pathogenic forms of influenza [139, 140] and previous studies have 

demonstrated its functional significance. For SARS-CoV-2, the insertion is 

suggested to allow for expanded cellular tropism and infectivity [40, 125, 141, 142]. 

For most CoVs, cleavage at a downstream S2’ site may be carried out by a number 

of cellular proteases, including serine proteases like transmembrane serine 

protease 2 (TMPRSS2), or endopeptidases, including members of the cathepsin 

family [36, 125, 127, 129, 143].  

Following receptor binding by the S1 subunit and priming by proteolytic 

cleavage, the S2 subunit of S promotes the critical membrane fusion step of viral 

entry by undergoing dynamic conformational changes to promote merging of the 
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viral and host cell membranes [115, 142, 144]. For entry of SARS-CoV-2, cleavage 

at the S1/S2 border (by furin or a similar protease), is critical for TMPRSS2 

cleavage and entry at the plasma membrane. However, when S1/S2 border 

cleavage is blocked, viral entry can be mediated through endosomal 

compartments with proteolytic cleavage carried out by a member of the cathepsin 

family, similar to the entry pathway of SARS-CoV [115, 142, 144–146]. In addition 

to promoting virus-cell fusion during viral particle entry, S can also promote cell-

cell fusion, a pathogenic effect observed in the lungs of COVID-19 patients where 

neighboring cells fuse together to form large multi-nucleated cells, termed syncytia 

[147–152]. While the role of cellular proteases and S cleavage in viral entry is being 

extensively investigated, insight into the cleavage requirements for cell-cell fusion 

in SARS-CoV-2 remains more limited. Recent studies have suggested that S 

cleavage at the S1/S2 border is critical for cell-cell fusion, and TMPRSS2, while 

not required, appears to enhance this cell-cell fusion [115, 144, 147, 153, 154].  

However, relatively little is known about the timing and efficiency of these cleavage 

events, and how mutations in S may affect the process.  

 Though CoVs mutate at a slower rate than most RNA viruses due to the 

presence of viral proofreading machinery, a meta-analysis of genomes of 

circulating SARS-CoV-2 found several mutations within S circulating in significant 

percentages of the analyzed populations [155, 156]. The most common mutation, 

now found in most of the global population, is an aspartate to glycine mutation at 

residue 614 (D614G) in the S1 subunit.  Additional mutations throughout the S1 

and S2 subunits of S have been found in a smaller percentage of the viral 

population.  Since S2 contains the fusion machinery, mutations in this region may 

have an impact on overall protein stability and fusion. Understanding the effects of 

mutations in this region will allow for a more comprehensive understanding of the 

overall S function.   

 We tested wild-type (wt) SARS-CoV-2 S and variants in different host cell 

lines to analyze the effects on stability, proteolytic processing, and cell-cell fusion. 

Here we demonstrate that furin cleavage of S at the S1/S2 border is required for 
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efficient cell-cell fusion, and that the presence of TMPRSS2 in target cells 

enhances S mediated cell-cell fusion, consistent with previous studies [115, 144, 

153]. We also show that mutations of the cleavage sites at the S1/S2 border, S2’ 

site, or a cathepsin L (cath L) cleavage site, conserved from SARS-CoV S, all 

reduce initial cleavage at the S1/S2 border during viral protein synthesis, 

suggesting that mutations downstream of the S1/S2 border likely alter the overall 

conformation of the protein.  Additionally, we identify two S2 subunit residues, one 

in the internal fusion peptide and another in the cytoplasmic tail, that alter protein 

fusion function when mutated without changing overall protein expression and 

cleavage, providing more insight into regions of the protein important for the 

regulation of the fusion process. Finally, we demonstrate protein turnover and 

cleavage kinetics in a range of host cells, as well as in the presence of several 

exogenous proteases, providing a more comprehensive picture of the S protein.   

 

Results  

3.1.1 Spike Mediated Cell-Cell Fusion  

 The S2 subunit of S mediates both viral-cell fusion and cell-cell fusion [147, 

148, 150], with cell-cell fusion readily observed both in a laboratory setting and in 

the lungs of SARS-CoV-2 infected patients [147–152]. To better understand the 

requirements and contribution of cellular proteases to S2 mediated cell-cell fusion, 

we performed syncytia and reporter gene assays.  For syncytia analysis, a small 

number of syncytia, were observed at 24 hpt in all samples (Fig. 3.1a).  At 48 hpt, 

similar numbers of large syncytia were observed with S alone or S co-expressed 

with TMPRSS2 or cath L (Fig. 3.1b).  However, co-expression of S with furin 

resulted in increased syncytia formation. The cells exhibited nearly complete 

fusion, suggesting that the presence of exogenous furin further increases S 

mediated cell-cell fusion (Fig. 3.1b, panel 3).   
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To characterize the role of cellular proteases in the hACE2 expressing 

target cells, S-expressing effector cells were overlaid with target cells containing 

hACE2 alone or hACE2 with TMPRSS2, furin, or cath L.  The amount of plasmid 

transfected was kept constant by supplementing with a plasmid encoding an empty 

expression vector (EV). When Vero cells were used as the S-expressing effector 

cell and TMPRSS2 was present in the target cells, a significant increase in fusion 

was observed. This is consistent with the concept that TMPRSS2 plays a role in 

fusion after or during the hACE2 (receptor) binding step in the fusion cascade (Fig. 

3.1c) [115, 126, 138, 144, 153], although the presence of TMPRSS2 in these target 

cells also appeared to process hACE2. In samples with cath L or furin in the target 

cells, fusion levels were similar to hACE2+EV (Fig. 3.1c).  When A549 cells were 

used as the S-expressing effector cell, none of the conditions produced statistically 

significant differences from background levels (Fig. 3.1c), so Vero cells were used 

as the effector cells for the remainder of the experiments performed.  

Having analyzed the function of proteases in the target cells, we were also 

interested in the role of proteases present in the S-expressing effector cells.  To 

test this, EV, TMPRSS2, cath L, or furin were co-expressed with S and samples 

were overlaid with target cells expressing hACE2 (Fig. 3.1d).  Similar to what we 

observed in syncytia assays, only co-expression of S and furin produced a 

statistically significant increase in fusion (Fig. 3.1d).   

   

3.1.2 Importance of CoV-2 cleavage sites 

 Early protein sequence analysis of CoV-2 S protein demonstrated the 

presence of three potential cleavage sites [40]: a putative furin cleavage site at the 

S1/S2 border; a conserved site 10 residues downstream from the S1/S2 border, 

shown to be cleaved by cath L in SARS-CoV; and the S2’ site which is potentially 

cleaved by TMPRSS2 [40]. To functionally understand the role of each cleavage 

site in S cell-cell fusion, a series of mutants were made.  Alanine mutations of all 

the residues within each potential cleavage site (S1/S2 AAAAA, Cath L AAAA, S2’ 
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AA), and single alanine mutations at the terminal arginine of the S1/S2 border and 

S2’ site (S1/S2 PRRAA, S2’ KA) were created. Finally, a mutant with residues 

(PRRA) upstream of the S1/S2 border deleted (del. PRRA), leaving a single R 

residue at this site, was made, creating an S1/S2 border similar to SARS-CoV S 

(Fig. 3.2a). Pulse-chase analysis (Fig. 3.2b) showed that all mutants exhibited 

similar protein degradation compared to wt S in Vero cells. However, in A549s 

several mutants demonstrated more rapid protein turnover than wt S at later chase 

time points. Surprisingly, mutations at all three sites led to either a complete loss 

or significant delay in the proteolytic processing of the S protein at the S1/S2 

border, indicated by the lack of a band corresponding to the S2 subunit. This 

suggests that mutations at distal sites can strongly influence cleavage at S1/S2. 

After an eight-hour chase, no cleavage at the S1/S2 border was observed for the 

mutants del. PRRA and S1/S2 AAAAA, confirming that deletion or mutation of the 

furin consensus prevents cleavage at this site. For all other mutants, cleavage at 

the S1/S2 border reached 30-50% of wt levels in both Vero and A549 cells the 

eight-hour time point (Fig. 3.2c and 3.2d). Finally, surface biotinylation showed that 

both total and cell surface expression of all mutants were not significantly 

significantly different from wt S levels (Fig. 3.2e, f, and g). Similar to the results 

discussed previously, a band corresponding to cleavage at the cath L site or the 

S2’ site was not observed in any condition tested.  

 To assess the effects of the mutations on cell-cell fusion, syncytia formation 

assays in Vero cells were performed. While syncytia were readily observed in all 

samples containing wt S, none of the mutants exhibited syncytia formation at 24 

or 48 hpt when expressed alone (Fig. 3.3, panel 2). Addition of TMPRSS2 did not 

recover syncytia formation in any mutant (Fig. 3.3, panel 3), and the addition of 

furin only recovered syncytia formation in the S1/S2 PRRAA mutant (Fig. 3.3, 

panel 4, syncytia denoted with black arrows). To analyze this result, cells were 

lysed following the 48-hour imaging and protein levels examined by western blot. 

Results showed that co-expression of furin with the S1/S2 PRRAA mutant restored 

cleavage at the S1/S2 border, while all other mutants did not show cleavage at this 

site (data not shown). This suggests that cleavage at the S1/S2 border is critical 
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for cell-cell fusion, and that the double R motif in the PRRAA mutant can be 

cleaved by over-expressed furin.   

3.1.3 Effect of Circulating S Mutations on Protein Stability, Cleavage, and 
Fusion 

 An early examination revealed several mutations in the S protein gene in 

circulating viral variants [155, 156], including the D614G substitution now found in 

most of the global SARS-CoV-2 [156–163]. The D614G mutation lies in the S1 

subunit of the protein, just downstream of the receptor binding domain, and is 

proposed to play a critical role in receptor binding by alteration of the positioning 

of the receptor binding domain. Other mutations in circulating variants were found 

throughout the S2 subunit [155, 156].  To assess the effect(s) of these mutations, 

we created the mutants D614G, A831V, D839Y/N/E, S943P, and P1263L (Fig. 

3.4a).  Pulse-chase analysis in Vero and A549 cells (Fig. 3.4b) demonstrated that 

all circulating mutants tested exhibited protein turnover (Fig. 3.4f) and protein 

cleavage (Fig. 3.4c) at similar rates as wt S in both cell lines. Surface biotinylation 

confirmed that all tested mutants displayed total protein and surface protein levels 

comparable to wt S, suggesting that none of the mutants caused major defects or 

enhancement of protein trafficking to the cell surface (Fig. 3.4d, e). Syncytia 

formation and evaluation of protein location by immunofluorescence were similar 

between all mutants and wt S (Fig. 3.5).  Interestingly, cellular extensions 

containing the S protein were observed for the wt and each of the mutants (Fig. 5, 

white arrows) [164].  While most of the mutants displayed fusion levels similar to 

wt S, three mutants exhibited significant changes (Fig. 3.5). D839Y and D839N 

displayed reduced levels of cell-cell fusion compared to wt, while P1263L cell-cell 

fusion increased. These changes in fusion are unlikely to be due to significant 

differences in cell surface protein expression or cleavage levels, although it is 

worth noting that D839Y and D839N demonstrated a lower percent cleavage than 

other mutations tested, though this decrease was not statistically significant.  This 

data may suggest that residues near the internal fusion peptide, where D839 is 
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located, and residues in the cytoplasmic tail, where P1263 is located, may play an 

important role in controlling the fusion cascade.   

  

Discussion   

In this study, we present a detailed characterization of the cleavage 

patterns, protein stability, and cell-cell fusion function of the SARS-CoV-2 S 

protein, as well as analysis of mutations within the S2 subunit that may affect these 

important protein properties. Consistent with recently published work [40, 142, 154, 

165–167], our analysis confirms that S is readily cleaved at the S1/S2 border in a 

variety of mammalian cell lines. While cleavage appears to be primarily carried 

about by the cellular protease furin, the sequence at this border does have the 

ability to be cleaved by other members of the pro-protein convertase family when 

furin is not present [154].  

Additionally, we carefully assessed the role different proteases play in cell-

cell fusion, finding that furin increases cell-cell fusion when present in the same 

cell as S, and TMPRSS2 increases cell-cell fusion when present in a target cell, 

consistent with previous studies [115, 144, 153].  Interestingly, when cell-cell fusion 

assays were performed using A549 cells as the effector cell (Fig. 3.1c), high 

background fusion levels were observed. High TMPRSS2 expression or 

exogenous treatment with trypsin has been shown to restore cell-cell fusion in low 

ACE2 receptor expression environments for SARS-CoV S [168, 169].  It is also 

worth noting that co-expressing TMPRSS2 and hACE2 in the target cells (BSR/T7) 

leads to a double banding pattern for hACE2, suggesting that TMPRSS2 may be 

cleaving hACE2 (Fig. S2c, [147]). Therefore, we cannot exclude the possibility that 

the increase in fusion observed when TMPRSS2 is present in these cells is due to 

an effect on hACE2.  

The viral entry and cell-cell fusion pathways of SARS-CoV, MERS-CoV, and 

SARS-CoV-2 have several noteworthy commonalities, but do have marked 

differences. They all share the ability to facilitate entry through endosomal 
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pathways, with S proteolytic activation mediated by endosomal/lysosomal 

proteases [36, 115, 142, 144–146, 152, 170–173].  Additionally, they all can utilize 

cell surface (such as TMPRSS2) or extracellular proteases (trypsin) for S activation 

and subsequent viral entry [115, 144, 146, 154, 168, 173–178]. SARS-CoV-2 and 

MERS-CoV S differ from SARS-CoV S in that their S1/S2 border harbors a 

canonical furin cleavage motif [40, 134, 138], resulting in S pre-activation by furin 

during synthesis and cellular trafficking, prior to reaching the cell surface or being 

incorporated into viral particles [36, 115, 142, 144, 145, 177]. This pre-activation 

by furin likely enhances the ability of SARS-CoV-2 and MERS-CoV S to participate 

in cell-cell mediated fusion without over-expression of cell surface or extracellular 

proteases [115, 144, 153]. Addition of this cleavage sequence in SARS-CoV S 

allows SARS-S to facilitate cell-cell fusion without exogenous proteases [115, 179]. 

We show an increase in both syncytia formation and luciferase reporter gene 

assay fusion when cleavage at the S1/S2 border is enhanced by overexpression 

of furin (Fig. 3.1b and c), confirming that furin cleavage of SARS-CoV-2 S plays a 

critical role in cell-cell fusion. Interestingly, furin cleavage is not required for SARS-

CoV-2 infection [115, 142, 144, 154], although removal of the site or inhibition of 

furin does appear to attenuate the virus [142, 145, 154] and reduce cellular tropism 

[153]. 

Two other potential cleavage sites have been identified in work with other 

CoVs. The S2’ site is essential for both SARS and MERS infection [126, 138, 180–

182] while a cath L activated site play a critical role for SARS-CoV S [125, 143, 

183, 184]. Interestingly, mutations made at the S2’ site of SARS-CoV-2 S 

significantly reduce S1/S2 border cleavage, both in our study and others (Fig. 3.2b-

d, [153, 185]), even though the sites are distal from each other. A similar reduction 

in cleavage is observed when the conserved cathepsin site is mutated (Fig. 3.2 b-

d). Our analysis of the published structures [116, 119, 186, 187] indicates that a 

full alanine mutation of this site may simply collapse the exposed S1/S2 loop, 

rendering it inaccessible. However, these mutants are still synthesized and 

trafficked to the surface despite not being cleaved (Fig. 3.2 e-g), thus this change 

in conformation is unlikely to have drastically misfolded the protein. These results 
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suggest that there may be a dynamic interaction between the S1/S2 border and 

S2’ cleavage sites in SARS-CoV-2 S needed to facilitate viral entry and cell-cell 

fusion. This dynamic control could also be regulated by S receptor binding 

exposing cryptic protease sites, although studies analyzing this in SARS and 

MERS S conflict on this topic [36, 171, 176, 188, 189].  

We also assessed the effect on protein stability, cleavage, and cell-cell 

fusion function of a series of mutations in other regions of S.  The D614G mutation 

emerged during 2020, and is now found in most circulating variants globally [156]. 

D614G has been shown to increase S incorporation into viral particles [190], 

increase receptor binding [191, 192], and reduce S1 subunit shedding and particle 

infectivity [193]. Importantly, the D614G mutant shifts S to favor a “heads up” 

conformation of the receptor binding domain [192, 194, 195]. In our study, the 

D614G mutation did not impact the cell-cell fusion function (Fig. 3.5), expression, 

or stability of the protein (Fig. 3.4 c-f), consistent with one previous study [185]. 

Our fusion results however conflict with two previous studies that demonstrated 

D614G increases cell-cell fusion, measured by cell depletion in flow cytometry 

[191], and syncytia formation in 293T and Hela cells stably expressing hACE2 

[196]. These discrepancies may be due to differences in experimental conditions 

or cell types utilized.  We are, however, the first to date to utilize a luciferase 

reporter gene assay to quantitate cell-cell fusion of a D614G S mutant. Using this 

assay, we also show that mutations found at two other residues (discovered in 

small, non-dominant population subsets [155]) alter the cell-cell fusion activity of S 

(Fig. 3.5) without changing the overall protein expression or stability levels (Fig. 

3.4d-f). Mutations at D839, a residue within the internal fusion peptide, to the polar 

amino acids, tyrosine or asparagine, significantly reduce fusion. Interestingly, a 

mutation at this residue that conserves the negative charge, D839E, has no effect 

on fusion activity. The negative charge at this residue may play a role in the 

regulation of S mediated fusion due to its location in the internal fusion peptide. 

Alternatively, this residue is in close proximity to C840, which may participate in a 

disulfide bond, so mutations at D839 may disrupt this disulfide bond, destabilizing 

the protein and changing fusion activity. Additionally, mutation of residue P1263 to 
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a leucine significantly increases S mediated cell-cell fusion, suggesting that 

residues in the cytoplasmic tail may play a role in the S-promoted cell-cell fusion 

process. Notably, a study that removed the entire S cytoplasmic tail still observed 

syncytia formation at levels similar to wt S [185], indicating that regulation by the 

cytoplasmic tail may be complex or that the role of the cytoplasmic tail in fusion is 

not regulation, but interaction with cellular host factors [197]. 

In this work, we also provide critical insight into the kinetics of protein 

cleavage and overall stability of CoV-2 S. S protein processing at the S1/S2 border 

occurs within two hours of synthesis and continues to increase over time, reaching 

60-80% protein cleavage by eight hours of chase time, depending on the cell type. 

It is likely that an overexpression of furin increases the efficiency of S1/S2 border 

cleavage, and which may account for the increase in cell-cell fusion observed 

when furin is co-expressed with S (Fig. 3.1a-c, [144, 153]). This protein turnover is 

similar to turnover rates seen in PIV5 fusion protein, also activated by cellular furin 

[198], and slightly slower turnover than Hendra fusion protein, activated by cellular 

cathepsins [199, 200]. Over-expression of cellular proteases that may process S 

did not affect these protein turnover rates. Protein oligomers with differential 

proteolytic processing may also account for the small population of un-cleaved 

protein we observed at the cell surface in our experiments (Fig. 3.2e, Fig. 3.4d).   

Through biochemical and cell biological analysis of the SARS-CoV-2 S 

protein, we have provided important observations about the stability, proteolytic 

processing, and requirements for cell-cell fusion of this highly sought-after 

therapeutic target.This information may be helpful in directing treatments that 

inhibit S protein fusion, or for discerning methods to stabilize CoV-2 S in 

therapeutic development. Additional studies are needed to understand the 

potential interplay between S cleavage sites and how that may contribute to S 

protein function, as well as to further investigate spike S2 subunit regions that are 

critical for protein function. 
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Figures 

 

Figure 3.1: CoV-2 spike alone mediates cell-cell fusion. Vero cells expressing 

S and TMPRSS2, furin, or cathepsin L were imaged at 24 (a) and 48 (b) hpt for 

syncytia formation (black arrows). Magnification bar is 100μM.  c) A luciferase 

reporter gene assay was performed with target cells (BSR/T7 cells expressing 

hACE2 and additional proteases) overlaid onto effector cells (Vero or A549 cells 

expressing S) for 9 hours. d) Luciferase reporter gene experiment was performed 

with additional proteases co-expressed with S in Vero cells and overlaid with target 

cells expressing hACE2. Results expressed as the percent fusion normalized to 

samples with S in the effector cells, and hACE2 only in the target cells (c-e are 

average ± SD for 3 independent experiments, performed in duplicate). Significance 

was determined by two-way ANOVA. *: p < 0.05, ****: p<0.0001 Chelsea Barrett, 

Kearstin Edmonds, and I completed the luciferase reporter gene assays. Chelsea 

Barrett and I performed all of the syncytia assays. 
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Figure 3.2: Mutations at all three potential spike cleavage sites reduce 

cleavage at the S1/S2 subunit border. a) Full or partial alanine substitution 

mutations were made at each of the three potential cleavage sites. b) Plasmids 

expressing wt S or mutants were transfected into Vero and A549 cells, cells were 

metabolically labeled for one hour, and chased for the times indicated.  Percent 

cleavage was determined in (c) Vero cells and (d) A549 cells (average ± SD for 3 

independent experiments) e) Surface biotinylation was performed on cells 

expressing wt S and each mutant. Cells were radiolabeled for 6 hours.  Protein 

expression in (f) Vero and (g) A549 cells, results are normalized to wt S, and error 

bars represent the standard deviation (average ± SD for 3 independent 

experiments).  Myself, Rachel, and Cheng-Yu generated all of the SARS-CoV-2 

mutants used. Chelsea Barrett, Kearstin Edmonds, and I all performed the pulse 

chase and surface biotinylation experiments. 
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Figure 3.3: Mutations made at any of the three potential cleavage sites 

abolish syncytia formation.  Vero cells were transfected with wt S or each of the 

cleavage mutants.  The first panel shows immunofluorescence of wt S or S 

cleavage mutants (green, magnification bar is 20μm).  The remaining panels show 

syncytia formation at 24 hours post transfection with S or mutants co-expressed 

with EV, TMPRSS2, or furin.  Syncytia are indicated by the black arrows, 

magnification bar is 100μM. Chelsea Barrett and I performed all of the syncytia 

assays. All fluorescent images were taken and processed by Carole Moncman. 
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Figure 3.4: Spike S2 subunit mutations found in circulating variants variably 

affect spike mediated cell-cell fusion.  a) Mutations in the S2 subunit of S 

identified in circulating SARS-CoV-2 variants, b) WT S or the mutants were 

transfected into Veros and A549 cells, metabolically labeled for one hour, and 

chased for the times indicated.  Percent cleavage was determined in (c) Veros and 

A549 cells (average ± SD for 3 independent experiments).  d) Surface biotinylation 

on cells expressing wt S or each mutant. e) Total and surface protein expression 

normalized to wt S (average ± SD for 3 independent experiments). f) Overall 

protein stability normalized to wt S (average ± SD for 3 independent experiments). 

Significance was determined by two-way ANOVA, *: p<0.05, **: p<0.01. Myself, 

Rachel Thompson, and Cheng-Yu Wu generated all of the SARS-CoV-2 mutants 

used. Chelsea Barrett, Kearstin Edmonds, and I all performed the pulse chase and 

surface biotinylation experiments. 

 

Figure 3.5: Circulating mutations form large syncytia, similar to wt S. 

Immunofluorescence of wt S or the circulating mutants (S stained in green) 

transiently expressed in Vero cells. White arrows indicated S positive cellular 
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extensions. The magnification bar is 20μM All fluorescent images were taken and 

processed by Carole Moncman. 
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CHAPTER 4. ANALYSIS OF HENDRA VIRUS FUSION PROTEIN N-TERMINAL 

TRANSMEMBRANE RESIDUES 

*Portions of this chapter were adapted and reprinted with permissions from 

Viruses:  Barrett CT, Neal HE, Edmonds K, Zamora JLR, Moncman CL, Popa A, 

Smith EC, Webb SR, Dutch RE. Analysis of Hendra Virus Fusion Protein N-

Terminal Transmembrane Residues. Viruses. 2021 Nov 24;13(12):2353. 

 

**This work completed was completed in collaboration with Dr. Chelsea Barrett, 

Dr. Juana Reyes-Zamora, and Kearstin Edmonds. Chelsea, Juana, Kearstin, and 

I all completed independent replicates of syncytia assays and reporter gene 

assays (Fig. 4.4a and 4.4b). Chelsea, Kearstin, and I completed independent 

replicates of the surface biotinylation assay and pulse chase experiments (Fig. 

4.1b/c/d and Fig. 4.3b/c/d).  All other experiments, as well as figure generation was 

completed by me and Chelsea. This work was co-written as part of the manuscript 

listed above.   

Introduction:  

Hendra virus (HeV) is a zoonotic, enveloped virus within the viral family 

Paramyxoviridae. HeV, similar to all enveloped viruses, uses surface glycoproteins 

to promote binding to a host cell and fusion with host cell membranes to facilitate 

viral entry [201–204].  In HeV, these proteins are termed the attachment protein 

(G), responsible for binding the host cell, and the fusion protein (F), responsible 

for merging the viral and host cell membranes. F is a trimeric transmembrane 

protein [205]. Following proteolytic cleavage, receptor binding, and receipt of a 

triggering signal, HeV F undergoes a large, dynamic conformational change 

enabling the viral and host cell membranes to merge [47, 202, 205]. In order to be 

cleaved by cellular cathepsins, HeV, and the closely related Nipah virus, F proteins 

undergo a unique trafficking pattern. They are initially synthesized, trafficked 

through the secretory pathway to the cellular surface, then are endocytosed to be 
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cleaved by cathepsin L in recycling endosomes before being trafficked back to the 

cell surface [49, 61, 206–208]. Throughout this trafficking, the F protein remains 

associated as a trimer [57, 62, 201, 202]. Interactions within the transmembrane 

(TM) regions of F trimers have been implicated in protein stability and fusion 

function [58, 60–62, 209]. Additionally, residues S490 and Y498, have been 

demonstrated to be involved in the endocytosis of F [61]. Previously, alanine 

scanning mutagenesis of the C-terminal end of the HeV F TM region has been 

performed [60]; however, this has not been completed for the N-terminal end of 

the TM region.  

Here we performed double-alanine scanning mutagenesis of the first 20 

amino acids of the TM region of HeV F and assessed the effect on protein stability, 

expression, proteolytic processing, and fusion.  Mutants altering residues S490 

and Y498 show defects in protein cleavage, surface expression and fusion, 

consistent with previous work showing these residues are important in protein 

endocytosis [61].  Additionally, a mutant altering S493 had lower protein surface 

expression, slightly lower cleavage, and significantly reduced fusion, again 

consistent with previous work [62].  Interestingly, we found that the alanine 

mutation of residues M491 and L492 significantly reduced fusion without altering 

protein expression, newly implicating these residues in the fusion process.  

Additionally, we demonstrate that alanine mutation of the remaining residues does 

not have an effect on protein expression, stability or fusion function. The work 

presented here, when considered with previously published work [58, 60–62, 208],  

provides a comprehensive analysis of the entire HeV F TM region and identifies 

the critical residues within it.   

Results 

 To assess the potential role of residues at the N-terminus of the HeV F 

protein TM region, double alanine scanning mutants were created (Fig. 4.1a).  

Surface biotinylation was then performed to determine the surface and total protein 

population of transiently transfected wild-type (WT) HeV F or mutant F (Fig. 4.1b). 
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WT HeV F and most TM mutants were detected after immunoprecipitation as two 

bands, corresponding to F0 (un-cleaved F) and F1 (cleaved F) (Fig. 4.1b).  Using 

band densitometry, percent expression (Fig. 4.1c) and percent cleavage (Fig. 4.1d) 

were calculated for both surface and total protein populations and normalized to 

WT HeV F.  Mutants IS, SM, and LY all showed reduced surface expression 

compared to WT F.  SM also demonstrated lower total protein expression.  

Additionally, mutants IS, SM, and LY all had a significant reduction in protein 

cleavage in both surface and protein populations. Interestingly, the ML mutant had 

a slight, but significant reduction in cleavage in the surface protein population, 

while showing no cleavage differences in the total protein or overall protein 

expression. This suggests, consistent with previous studies, that mutant IS, SM, 

and LY have defects in the endocytosis process needed for proteolytic processing.  

   Pulse-chase analysis was utilized to examine WT F or mutant protein 

cleavage kinetics and protein stability (Fig. 4.2a). Most TM mutants displayed no 

change in protein cleavage compared to WT F; however, two showed lower 

cleavage at later chase time points (Fig. 4.2b). At four and eight hours of chase, 

the SM mutant demonstrated a significant reduction in cleavage compared to WT 

F (p<0.01 at four hours and p<0.0001 at eight hours). Additionally, the LY mutant 

exhibited a reduction in cleavage at eight hours of chase (p<0.01). Despite these 

two differences in cleavage, all TM mutants had similar protein turnover kinetics 

compared to WT F, with protein remaining stably expressed through 2 hours of 

chase.  After four and eight hours of chase, only about 40-50% of protein remains, 

and only about 10-15% remains after twenty-four hours (Fig. 4.2b). This suggests 

that even mutations that alter F protein cleavage do not disrupt protein stability.   

 To understand how the mutations created effected the overall fusion 

function of HeV F syncytia formation analysis and a luciferase reporter gene fusion 

assay were performed.  For the syncytia assay, WT HeV F or the TM mutants were 

transiently co-expressed with HeV G and imaged at 48 hours (Fig. 4.3a).  The 

formation of large syncytia was observed in WT samples, as well as mutants SL, 

II, VL, SI, and LC.  Very few syncytia were observed in samples IS and ML, and 
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no syncytia were found in samples with mutant SM or LY (Fig. 4.3a). To quantitate 

fusion, a luciferase reporter gene assay was employed by transiently co-

expressing WT HeV F or each TM mutant with HeV G in Vero cells, and overlaying 

them with BSR/T7 cells. All samples were normalized to samples expressing WT 

HeV F and G. Similar to the syncytia results, samples SL, II, VL, SI, and LC 

demonstrated fusion levels similar to WT (Fig. 4.3b).  Samples SM and LY did not 

exhibit any fusion about background levels (p<0.0001), and mutants IS and ML 

exhibited significantly reduced fusion levels (20% [p<0.01] and 50% [p<0.05], 

respectively) compared to WT.  The reduction in cleavage observed for mutants 

IS, SM, and LY is consistent with the significantly reduced protein expression and 

cleavage observed for these mutations (Fig. 4.1c and 4.1d).  However, the slight 

reduction in cleavage observed for the surface population of ML is not enough to 

account for the 50% reduction in fusion since previous work has shown that the 

amount of cleaved protein at the cell surface directly correlates to the amount of 

fusion [203]. 

Discussion:  

 The role of several residues within the N-terminus of the TM of HeV F has 

previously been explored.   Residues L488 (mutant SL), I495 (mutant II), and I502 

(mutant SI) were determined to be part of a Leucine-Isoleucine zipper (LI Zipper) 

motif that ran through the TM region [58].  Single mutations of each of these 

residues resulted in only minor protein expression, cleavage, and fusion activity 

change [58] consistent with our study.  However, mutation of the entire LI zipper 

resulted in a significantly destabilized pre-fusion conformation protein, thus 

abolishing the fusion activity [58]. Interestingly, including the neighboring residues 

(S, I, S) with mutations to the LI Zipper had no appreciable effect on protein 

expression, stability, or fusion function suggesting that these serine residues and 

isoleucine residue are dispensable for HeV F function (Fig. 4.1, 4.2, 4.3).  Residues 

S490 (mutant IS) and Y498 (mutant LY) were demonstrated to play a role in protein 

endocytosis and subsequent recycling, with the hydroxyl group and aromatic 

nature being critical in each residue, respectively [61].  Efficient endocytosis and 
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recycling of the HeV F protein was also shown to be critical for proper virus-like 

particle assembly, as endosomes are the likely location of HeV F association with 

HeV matrix protein during particle assembly [208]. Remarkably, inclusion of the 

neighboring residues methionine and leucine seemed to allow for slightly more 

protein cleavage and slightly enhanced stability compared to previous work on the 

single point mutations [61]. This suggest that mutation of the two neighboring 

residues may have compensatory effect, potentially restoring some of the protein 

endocytic recycling.  Residue S493 (mutant SM) has been demonstrated to have 

slightly reduced cell surface expression and fusion levels reduced by about 80% 

in a previous study [62]. Interestingly, when we including the neighboring 

methionine residue in the mutation, cell surface expression was further reduced 

and fusion activity was abolished, indicating a compounding effect when both the 

S and M are mutated.  This may indicate both of these residues play critical roles 

in fusion, protein conformation, and stability.   

 Residues M492 and L493 (mutant ML) had not previously been explored in 

the context of HeV F.  Residue M492 is predicted to lie on the contact interface 

between the protomers in the trimeric protein [61], suggesting it may have a role 

in TM-TM associations of this protein.  While this mutant is still able to form protein 

oligomers (Fig. 4.2d), it does exhibit a significant reduction in protein fusion (Fig. 

4.3b). The mutation of the large methionine and β-branched leucine residues to 

alanines may cause the protein trimer to pack together too tightly disrupting the 

TM-TM dissociation needed to carry out fusion [209]. Alternatively, this mutation 

could increase the flexibility of the protein in this region, loosening TM-TM 

associations, causing the TM regions to dissociate too much during the fusion 

process, thus destabilizing protomer association during intermediate steps of 

fusion or these mutations disrupt interactions with the fusion peptides that are 

needed for fusion pore expansion.   

 In addition to mutation of residues M492 and L493, this work also 

represents the first-time residues V499/L500 and L505/C506 were investigated.  

When the C-terminal end of the HeV F TM region was studied, mutations of β-
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branched residues appeared to play a critical role. Interestingly, both mutant VL 

and LC, which lie in the middle of the predicted HeV F TM and contain β-branched 

residues, demonstrate no change to protein expression or fusion activity, indicating 

these residues are not critical. This suggests that these residues play a larger role 

in the C-terminus of the HeV F TM, potentially contributing to an increase in 

flexibility needed by that end [60]. This work, when partnered with previous studies 

[58, 60–62, 208], completes characterization of the entire HeV F TM region.  While 

this work has investigated HeV F protein stability, expression, and cell-cell fusion 

function, understanding the interactions of HeV F TM residues with viral proteins 

other than HeV G, or host proteins and membrane lipids remains to be explored.   
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Figures

 

 

 

 

Figure 4.1: Several HeV F TM mutants have impaired protein expression and 

protein cleavage. (a) Alanine scanning mutations at the N-terminus of the HeV F 

TM were generated to assess the importance of these residues.  (b) Surface 

biotinylation was performed to analyze the surface and total population of HeV F 

for WT and each of the mutants created.  Cells were radiolabeled for 3 hours. 

Using band densitometry, percent expression (c) and percent cleavage (d) was 

measured for the total and surface protein. All measurements represent the 

average of three independent experiments ± SD, and all samples were normalized 

to WT. Significance was determined by two-way ANOVA * = p < 0.05, ** = p < 0.01, 

*** = p < 0.005, **** = p < 0.001. Chelsea Barrett, Kearstin Edmonds, and I 

completed independent replicates of the surface biotinylation assay.    
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Figure 4.2: HeV F TM mutations at residues SM and LY decrease protein 

cleavage levels.  (a) Vero cells were transfected with WT HeV F or the TMD 

mutant DNA, metabolically labeled for one hour, and chased for times indicated 

(hours).  Using band densitometry (b) percent cleavage and (c) percent stability 

were calculated. Graphs are shown as the average of three independent 

experiments ± SEM. Chelsea Barrett, Kearstin Edmonds, and I completed 

independent replicates of the pulse chase experiments.  
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Figure 4.3: Mutations at residues IS, ML, SM, and LY in the HeV F TM reduce 

fusion.  (a) Vero cells were transfected with the HeV attachment protein (G), and 

WT HeV F or one of the TMD mutants. Syncytia formation was analyzed at 48 hpt. 

Black arrows indicate syncytia formation. Images are representative of 4 

independent experiments. (b) A luciferase reporter gene assay was performed 

using BSR/T7 cells overlaid onto Vero cells transfected with HeV G and WT HeV 

F or each of the TMD mutants at 24 hpt. Results are normalized to samples with 

WT HeV F and G and representative of 3 independent experiments, performed in 

duplicate.  Significance was determined by one-way ANOVA. *  = p < 0.05, ** = p 

< 0.01, *** = p < 0.005. Chelsea Barrett, Juana Reyes-Zamora, Kearstin Edmonds, 

and I all completed independent replicates of syncytia assays and reporter gene 

assays.  
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CHAPTER 5.  CHARACTERIZING RSV FUSION PROTEIN CLEAVAGE 

DYNAMICS AND THE POTENTIAL ROLE OF PEP27 

*This work was completed with the help of Dr. Chelsea Barrett. Chelsea performed 

pulse chase and surface biotinylation replicates (Fig. 5.1 and 5.2) and took 

syncytia images (Fig. 5.4). Syncytia counts were done by Dr. Carole Moncman 

(Fig. 5.4b and 5.7b). Chase Heim performed the flow cytometry experiment (Fig. 

5.8E). Kearstin Edmonds performed the immunofluorescence experiment and took 

fluorescent images (Fig. 5.8F).  All other experiments, figure generation, and 

writing were completed by me. 

Introduction: 

Respiratory syncytial virus (RSV) is an important cause of hospitalizations 

and death worldwide for young children, the immunocompromised, and adults over 

the age of 65 [210, 211]. This global burden has led to significant research on this 

virus and a concerted effort to develop an RSV vaccine for over 60 years [212]. 

The ongoing RSV research has resulted in countless discoveries; however, 

several aspects of the mechanisms of entry, triggering, and fusion remain unclear.  

The two RSV clades, A and B, co-circulate worldwide [71–73]. Although the 

dominance of one strain over the other varies between RSV seasons, RSV A has 

been the primary focus of molecular studies.  

 The RSV fusion glycoprotein (F) facilitates fusion between viral and host 

cell membranes. RSV F is a class I fusion protein synthesized as an inactive 

precursor (F0) in the endoplasmic reticulum (ER) and must undergo cleavage by a 

host cell protease to become fusion competent [213–216]. RSV F differs from other 

paramyxovirus/pneumovirus class I fusion proteins in that cleavage must occur at 
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two sites, rather than one, to be active. These two sites both contain a canonical 

furin recognition motif (R-X-K/R-R), and are separated by a 27 amino acid 

fragment termed Pep27 (P27) [77, 83, 213]. Furin cleavage site 1 (FCS1) is located 

between residues 105-109 with furin cleavage site 2 (FCS2) between residues 

130-136. During infection, the timing of cleavage at each site remains controversial 

among the field.  

Because P27 is not covalently attached through disulfide bonds to the rest 

of RSV F, it has been widely assumed that after proteolytic processing in the trans 

golgi, P27 separates from the rest of F, playing no further role in fusion or infection. 

However, recent studies have found that after RSV infection, children and young 

adults display a strong immune response to the P27 region of F [217, 218]. 

Because P27 is not thought to be present with the rest of F on the cellular or viral 

surface, it has been concluded that the p27 immune response is likely due to 

exposure to immature virions or dying infected cells [217]. Interestingly, a very 

recent study detected P27 on the surface of infected A549 cells and lung tissue 

samples from infected mice [97]. The authors suggested that this was due to a 

large proportion of unprocessed F0 on the cell surface, which would be consistent 

with a model where part of F proteolytic processing occurs after viral entry [98].  

In the RSV A2 subtype, there are five putative N-linked glycosylation sites 

within the F protein. A large body of previous work in many different viruses has 

shown a vital role for the glycosylation of viral proteins in proper folding and 

transport [219–225], though little is known about the impact of RSV F glycosylation 

on folding and glycosylation. Two of these five N-liked glycosylation sites are highly 
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conserved among RSV A2 and RSV B9320 subtypes. Early studies indicated that 

the removal of RSV F N-linked glycosylation sites had no effect on surface protein 

expression [226]. However, the authors did note that in the mature F protein P27 

is not present, leading them to exclude the two N-linked glycosylation sites within 

P27 from surface expression experiments. In a more recent study, an attempt to 

generate replication competent recombinant virus failed when all five glycosylation 

sites were mutated simultaneously. The inability to produce viable virus suggests 

a crucial role in infection for at least one of these N-linked glycosylation sites [96], 

and combined with the earlier data suggests that these vital sites are within P27. 

Recent work has shown that immunizing mice with a plasmid encoding a mutation 

to block N-glycosylation at site 116 led to an increased immune response [94]. This 

further suggests that the P27 region may be important in entry, infection, or 

immune evasion.  

 We evaluated the timing of RSV F cleavage at both recognition sites using 

mutagenesis to disrupt the furin recognition motifs, followed by time course 

experiments. We confirm that F surface expression remains similar to WT levels 

when either cleavage site is disrupted.  We also show that both RSV A2 and RSV 

F B9320 require both furin recognition sites to be fusogenically active, a finding 

that confirms previous work for RSV F A2 [83, 213], but is novel for RSV F B9320. 

In both subtypes, the presence and the glycosylation of P27 was evaluated.  We 

conclude that in the absence of P27, F remains stably expressed on the cell 

surface, but cell-cell fusion is reduced. The glycosylation of P27 impacts cell-cell 

fusion differently in RSV F A2 and RSV F B9320. Importantly, we also demonstrate 
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that cleavage at FCS1 and FCS2 occur within the same timeframe, suggesting that 

RSV F cleavage is nonsequential, in contrast to a currently existing model [98].  

Results:  

RSV F has two predicted furin cleavage sites, FCS1 (RARR109) and FCS2 

(KKRKRR136) (Figure 5.1A). Mutants were created to alter these motifs for both 

RSV F A-2 and RSV F B9320 to assess the role of each cleavage site, and to allow 

comparison between F proteins from the A and B clades, as the one previous study 

had examined only RSV A [83]. These mutations (Figure 5.1a) remove the furin 

cleavage motif at either FCS1 or FCS2. Cleavage at only FCS1 generates F1+ (the 

F1 subunit with P27) disulfide linked to the F2 subunit, while cleavage at only FCS2 

generates F1 disulfide linked to F2+ (the F2 subunit with P27) (Figure 5.1b). 

Radiolabeling combined with surface biotinylation was used to evaluate how 

cleavage at primarily one site impacts protein total and surface expression. As 

shown in Figure 5.1c, F proteins containing the mutation altering FCS1 (RARA) 

generated a band corresponding to the F1 cleavage product in the surface and 

total protein populations for both the RSV F A2 and B9320 subtypes. This indicates 

that cleavage still occurs at FCS2 in the absence of cleavage at FCS1, and verifies 

that P27 remains attached to the F2 subunit.  The F protein mutants with altered 

FCS2 showed a band corresponding to F1+ product formation for both RSV F A2 

and B9320 in both surface and total protein populations. Although the FCS2 

mutations introduced are not consistent with the canonical furin recognition motif, 

furin or an alternative protease did inefficiently cleave at these sequences, as a 

small amount of F1 product formation was observed. These F protein mutants 
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showed varying levels of protein expression in surface and total populations. In 

both RSV F subtypes, the KKKKKK mutant had the highest level of protein 

observed while effectively generating the F1+ cleavage product, potentially 

because this mutant was more stable than the other FCS2 mutants. In subsequent 

experiments, the F proteins with the RARA and KKKKKK mutations were 

exclusively used. Bands for surface and total protein populations were quantified 

and indicated that altering FCS1 did not significantly change the ratio of F1 or F1+ 

product formation compared to what was observed for the WT F protein for either 

surface and total protein for either subtype (Figure 5.1d and e). Additionally, in the 

FCS2 mutants there was a significant decrease in F1 product formation (Figure 

5.1d) and a significant increase in F1+ product formation (Figure 5.1e) compared 

to WT. The F2 and F2+ products are too small to accurately be measured through 

this assay.  

5.1.1 RSV F Cleavage is Nonsequential 

The relative timing of cleavage at the two sites has proven to be 

controversial. While the earliest examinations of RSV F indicated cleavage of both 

sites in the cell [83, 213], a 2013 study presented data that suggested that RSV F 

was cleaved at FCS1 in the trans-golgi after initial protein synthesis, with cleavage 

at FCS2 occurring later after viral entry. If this is the case, F1 and F1+ cleavage 

products would appear at different timepoints during F protein processing.  

Using the FCS1 and FCS2 mutants for both RSV F A2 and RSV F B9320, 

the timing of cleavage at each site was evaluated through a pulse-chase time 

course. Vero cells were transfected with plasmids expressing WT, the FCS1 
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mutant (RARA), or the (FCS2) mutant KKKKKK, for either subtype. For both the 

WT RSV F A2 and WT RSV F B9320, bands corresponding to F1+ and F1 were 

present beginning at the 0.5-hour chase mark, becoming more prevalent at the 1-

hour chase mark (Figure 5.2a). This indicates that cleavage at FCS1 and FCS2 

occurs within the same timeframe, suggesting cleavage is nonsequential. F 

proteins with the RARA mutations (altering FCS1) produced bands corresponding 

to F1 at the 0.5-hour chase mark, again becoming more prevalent at the 1-hour 

chase mark, while F proteins with the KKKKKK mutations (altering FCS2) 

produced bands corresponding to F1+ at the same timeframe. This supports the 

independent nature of cleavage at either site, as the timing of cleavage was similar 

in F proteins with both cleavage sites or F proteins with only one.  

When bands were quantified, there were no significant differences in F1 or 

F1+ product formation between WT A2 and WT B9320 at any timepoint (Figure 5.2b 

and e), indicating that cleavage timing is similar in F proteins from the two clades. 

There was a significant decrease in F1 product formation in the FCS2 mutant 

(KKKKKK) compared to WT of either respective subtype starting at 0.5-hours, as 

predicted from the mutation of the cleavage site needed to generate F1. However, 

a significant increase in F1+ product formation was seen in the FCS2 mutant 

(KKKKKK) compared to WT at the same timepoint (Figure 5.2f and g).  These 

results suggest that cleavage at FCS1 and FCS2 occur independently and within 

the same timeframe. Figure 5.2c and d again show that although inefficient, 

cleavage can occur at the FCS2 site in the KKKKKK mutants, likely either due to 

inefficient furin processing or due to cleavage by other cellular proteases. 
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5.1.2 Cleavage Dynamics are Consistent in Transfection and Infection Models 

 The model proposing cleavage of the second site after viral internalization 

into target cells was based on data from an infection with RSV A2 [98]. To 

determine if cleavage is nonsequential in both transfection and infection systems, 

a time course immunoprecipitation experiment was performed using rgRSV A2 

Long infected A549 or Vero cells, and this was direction compared to transfected 

cells expressing WT A2 F. As shown in Figure 5.3a, in both transfected and 

infected Vero cells, bands corresponding to the F1 and F1+ products began at the 

0.5-hour timepoint, becoming more prominent at the 1-hour timepoint. These 

bands were quantified and showed no significant differences in F1 or F1+ product 

formation (Figure 5.3c and e). In A549 cells, the same pattern was seen (Figure 

5.3d and f). Thus, for both RSV infected cells and transfected cells expressing RSV 

F, products of cleavage at both sites are detectable within the first hour after protein 

synthesis. These findings strongly support a model where furin cleavage of both 

sites occurs at similar times during transport through the secretory pathway.  

 

5.1.3 Cell-cell fusion is abolished with the disruption of either cleavage site 

 Previous studies have indicated that cleavage at both FCS1 and FCS2 is 

necessary for cell-cell fusion activity [83, 213]. However, this has exclusively been 

shown for a clade A virus. To evaluate the impact of cleavage site alterations in 

both clades, Vero cells were transfected with plasmids expressing WT F or a 

cleavage site mutation, and cells were imaged at 48-hours post transfection. 
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Syncytia formation was used as an indicator for cell-cell fusion. In either subtype, 

mutants with a mutation in either FCS1 or FCS2 could not promote detectable 

syncytia formation (Figure 5.4a). Images were analyzed and syncytia were 

counted, as displayed in Figure 5.4b. Thus, in either subtype, processing at both 

cleavage sites is required for cell-cell fusion competency.   

 

5.1.4 The randomization of P27 decreases F1+ product formation. 

The necessity of cleavage at both FCS1 and FCS2 raises questions 

regarding the role of P27, which is between these two sites, and which would not 

be covalently attached to the rest of RSV F after cleavage at both sites occurs. It 

has generally been assumed that P27 separates from F and does not serve a 

further role in viral infection. However, recent studies indicate an immunogenic 

response to the P27 region in children and young adults, suggesting it may play a 

larger role in the infection process or immune evasion [217]. Within the P27 

fragment, two N-linked glycosylation sites are conserved among subtypes. The 

glycosylation of these specific sites has also recently been defined as 

immunogenic, further indicating that P27 is more important for RSV than previously 

thought [94, 96]. 

 To evaluate how N-linked glycosylation at these sites impacts protein 

expression, cleavage, surface expression, and cell-cell fusion, mutants were 

created to remove the glycosylation site at either site 116 or 126, in both RSV F 

A2 and RSV F B9320 (Figure 5.5a). Additionally, a mutant was made to randomize 
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the residues within P27, with the exception of the N-linked glycosylation sites, to 

explore the sequence specificity of P27 on its potential functions. A P27 deletion 

mutation was also generated, keeping both FCS1 and FCS2 intact (Figure 5.5a). 

 The stability and expression of these mutations was tested using a 

metabolic radiolabel (Figure 5.5b). Vero cells were transfected with plasmids 

expressing each of the designed mutations, then labeled with 35S for 1 hour, and 

immunoprecipitated. All mutations were properly expressed in Vero cells (Figure 

5.5b), though some decrease was observed in the overall protein expression levels 

for some of the mutants compared to the WT F proteins indicating that none of the 

mutations drastically disrupted the stability of the F protein.  

A time course immunoprecipitation experiment was performed to identify 

how these mutations impact F cleavage and stability over time (Figure 5.6a). In 

Vero cells transfected with plasmids expressing a P27 deletion, bands 

corresponding to F1 appeared at 0.5-hours, similar to what was observed in the 

WT F protein of each respective subtype, suggesting that the timing and efficiency 

of cleavage is not impacted by the deletion of P27. Additionally, the protein 

expression over time was similar to that of WT, indicating that the deletion of P27 

does not drastically change stability in either subtype. As expected, there was no 

formation of the F1+ cleavage product as P27 has been deleted. In the N116Q and 

N126Q mutations, stability over time, cleavage timing, and cleavage efficiency 

were similar to that of WT F (Figure 5.6a). Interestingly, compared to WT F for 

either subtype, the P27 random mutant showed less F1+ product formation (Figure 

5.6a), indicating that cleavage at FCS1 prior to FCS2 does not occur as frequently 
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in this mutant. In addition, in both subtypes, an upward shift was seen in F0 starting 

at the 1-hour timepoint potentially indicating changes in post-translational 

modifications 

 Bands corresponding to F1 were quantified for both subtypes (Figure 5.6b 

and d). In RSV F A2 (Figure 5.6b), there was a small but statistically significant 

increase in F1 product formation for the P27 deletion mutation compared to WT at 

0.5 and 1-hour timepoints. However, in RSV F B9320 (Figure 5.6d), this significant 

increase was seen at 0.25 and 0.5-hour timepoints. This slight increase in 

proportion of F1 product formation compared to WT can be attributed to the 

absence of P27, and therefore the lack of F1+ formation.  The F1+ cleavage 

products were quantified for both subtypes as shown in Figure 5.6c and e. As 

expected, no F1+ was formed in the P27 deletion mutant for either subtype. 

Interestingly, in the RSV F A2 randomized P27 mutant, there was a significant 

decrease in F1+ formation compared to WT at hours 1 and 2 (Figure 5.6c). This 

suggests that the formation of F1+ as an intermediate product may be P27 

sequence specific.  

 

5.1.5 P27 mutations impact cell-cell fusion differently in subtypes 

 Previous work with bovine RSV (BRSV) concluded that the deletion or 

randomization of residues within P27 results in reduced cell-cell fusion [227]. This 

indicates that in the case of BRSV, P27 is sequence specific. To understand how 

similar mutations impact cell-cell fusion in human RSV, Vero cells were transfected 
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with the P27 mutations designed in Figure 5.5a, and syncytia formation imaged at 

48-hours post transfection. As shown in Figure 5.7a, in RSV F A2 the disruption of 

either N-linked glycosylation site reduced syncytia formation compared to WT. The 

deletion of P27 also reduced the size and frequency of syncytia (Figure 5.7a). 

Interestingly, in the randomized P27 construct, the level of syncytia detected was 

similar to that of WT A2 (Figure 5.7a). Given that in the randomized P27 mutant 

both N-linked glycosylation sites are conserved, this suggests that either the 

asparagine residues at sites 116 and 126, or the glycosylation at these sites, is 

important for cell-cell fusion efficiency in RSV F A2. The reduction in syncytia 

formation in the P27 deletion mutant indicates that the presence of this fragment 

is not vital to cell-cell fusion, but does aid in efficiency. The same is not true for 

RSV F B930. As shown in Figure 5.7a, WT B9320 did not form syncytia as 

efficiently as WT A2. In the N116Q and N126Q mutants, syncytia detection was 

similar to that of WT B9320. In contrast to what was seen in A2, in both the RSV F 

B9320 P27 deletion and randomized constructs, very little syncytia formation was 

detected (Figure 5.7a). This indicates that glycosylation within P27 may impact 

cell-cell fusion differently between subtypes. Syncytia formation was quantified as 

shown in Figure 5.7b. In the cells transfected with plasmids containing the RSV F 

A2 mutant constructs, there was a significant decrease in cell-cell fusion compared 

to WT RSV F A2. There was no significant difference in cell-cell fusion between 

cells transfected with plasmids containing RSV F B9320 mutant constructs and 

cells transfected with WT RSV F B9320.  
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5.1.6 Low levels of P27 but little uncleaved F0 can be detected on the cell 
surface  

 In a recent study, P27 was detected on the cell surface of infected A549 

cells [97]. The authors attributed this detection to immature, uncleaved F0 on the 

cell surface; however, other studies have concluded that F0 is inefficient in 

reaching, or unable to reach the surface [77, 82, 228]. To determine the proportion 

of F0, F1, and F1+ on the cell surface, a surface biotinylation experiment was 

performed. Vero cells were transfected with plasmids expressing WT RSV F, the 

FCS2 mutation KKKKKK (Figure 5.1a) or the P27 mutations (Figure 5.5a). Bands 

corresponding to F0, F1+, and F1 were quantified for both total and surface levels 

(Figure 5.8b-d). Very little F0 was detected in the surface or total protein 

populations, indicating that during the 3-hour label period, most of the F protein 

was cleaved (Figure 5.8b). As anticipated, the FCS2 mutants KKKKKK formed 

significantly less F1 and significantly more F1+ than WT for either subtype (Figure 

5.8c and d), and this form was expressed on the cell surface, indicating that lack 

of cleavage at FCS2 did not prevent cellular transport. In WT F and the remaining 

mutants, nearly 80% of surface and total protein was detected as F1 (Figure 5.8c). 

As shown in Figure 5.8d, there was a significant decrease in A2-N116Q F1+ surface 

expression compared to WT A2. A significant decrease in total F1+ expression for 

A2-Random compared to WT A2 was also observed. In both subtypes, there was 

no F1+ formation detected in the P27 deletion mutation (Figure 5.8d). These results 

indicate that in WT RSV F A2 and B9320, uncleaved F accounts for less than 10% 

of F expressed on the cell surface in a transfection model. To examine for the 

presence of uncleaved F in infected cells, A549 cells were infected with rgRSV-
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A2. The infected cell population was split into two groups to be labeled with 

palivizumab, which detects F in either the pre-fusion or post-fusion state, or a P27 

monoclonal antibody, both used under saturating conditions. Flow cytometry was 

used to determine the mean fluorescence intensity (MFI) of each group and 

measurements were normalized to palivizumab. As shown in figure 5.8E, P27 can 

be detected on the surface of infected cells at a level 20-fold less than 

palivuzumab, though both are well characterized human monoclonal antibodies. 

The P27 monoclonal antibody was used to detect P27 on the cell surface through 

immunofluorescence (Figure 5.8F). Vero cells were transfected with plasmids 

expressing the cleavage site mutation A2-KKKKKK as a control because P27 

would remain within the F1 subunit, forcing the fragment to the surface to be 

detected by the antibody. Vero cells transfected with plasmids expressing WT RSV 

F A2 also demonstrated strong P27 surface expression (Figure 8F). 

 

Discussion: 

 In this study, we present a detailed evaluation of RSV F cleavage timing 

and kinetics, as well as a functional characterization of the role of P27 in RSV F-

mediated cell-cell fusion, F surface expression, and F stability over time. 

Consistent with previous work, we show that cleavage at both furin cleavage sites 

is necessary for cell-cell fusion in RSV-A2 [83, 213]. Importantly, we confirmed that 

both the A and B subtypes require cleavage at FCS1 and FCS2 for cell-cell fusion 

by evaluation of the strain RSV-B9320. Our study also evaluated the timing of 
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cleavage at either site using mutations to alter the furin recognition motif at one 

site or the other, combined with time course radiolabel experiments. We 

determined that cleavage at both sites occurs within the same time frame and is 

consistent with both sites undergoing cleavage during initial transport through the 

secretory pathway, in contrast to the model of a previous report [98]. Analysis of 

cleavage timing was also performed using an infection model, and again showed 

that cleavage consistently occurs within the same timeframe (Figure 5.4).  

The requirement for cleavage at both sites raises questions about the role 

of the P27 fragment between them. P27 has recently been shown to play a 

significant role in immune recognition in children and young adults [94, 96, 217], 

though the mechanism by which P27 is available for B cell recognition is not 

known. A recent study detected P27 on the surface of infected A549 cells and lung 

tissue of infected mice [97], which the authors attributed to the presence of the 

uncleaved F0 form on the cell surface. This conclusion was in contrast to previous 

research which concluded that very little, if any, F0 was displayed on the cell 

surface [82, 228]. Our studies found that less than 10% of the F surface population 

is in the uncleaved, F0 form (Figure 5.8b). In infected A549 cells, P27 is detected 

on the surface at levels 20-fold lower than that of palivizumab under saturating 

conditions, consistent with the majority of F no longer containing P27 because it 

has been fully cleaved (Figure 5.8E). However, in transfected cells, P27 can can 

be detected through immunofluorescence (Figure 5.8F). This suggests that P27 is 

either reaching the cell surface independently of uncleaved F, or that the small 

amount of uncleaved F0 is sufficient for significant antibody recognition.  
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 No closely related viruses require cleavage at two sites, though cleavage 

at two sites is needed for other viral fusion proteins including the coronavirus spike 

protein (S). Similar to RSV F, S is cleaved by a furin-like host cell protease to 

generate two disulfide linked subunits, and when one cleavage site is rendered 

inactive, fusion competency suffers [40, 229, 230]. Interestingly, in the 

unenveloped human adenovirus capsid protein, cleavage at two sites produces a 

33 amino acid peptide [231]. The capsid protein, synthesized as pVI, is cleaved at 

both termini. The resulting C-terminal fragment is an important protease cofactor. 

Only recently, the N-terminal cleavage product, termed pVIn, has been shown to 

remain non-covalently associated with mature adenovirus, aiding in the release of 

the newly synthesized virus from the endosome [232]. The pVIn fragment remains 

in a cavity created by hexon trimers until fusion with the endosomal membrane 

[231, 233–235].  It is plausible that P27 could similarly remain non-covalently 

associated with either F subunit, leading to surface detection of P27 with little F0 

present, as seen in this study. Ultimately, the structural plasticity of RSV F has 

made structural studies or many of its conformations difficult. Currently, only 

structures for uncleaved F are available [236]. A cleaved, post fusion 

conformational structure of F might illuminate the complex interactions between F 

and P27.  

 P27 contains two of the five N-linked glycosylation sites within RSV A2 F. 

These two sites are conserved in the B9320 F subtype as well. Posttranslational 

modifications to viral fusion proteins of viruses can impact protein expression, 

intracellular transport, proteolytic cleavage, receptor binding, and biological activity 
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[237–240].  Studies evaluating the glycosylation of P27 have revealed that 

disrupting the N-linked glycosylation motif at site 116 increases the level of F 

protein immune recognition in an RSV infection [94, 96]. To better understand how 

glycosylation at either site impacts the RSV F protein, we generated mutations to 

disrupt the P27 glycosylation sites in both RSV A and B. The P27-Random 

mutation was used to determine if the processing of P27 was sequence specific, 

or if the presence of any combination of residues induces the same impact. When 

previously evaluated in BRSV F, a randomized P27 mutant and a P27 deletion 

mutant both led to a reduction in cell-cell fusion compared to WT [227], but in these 

mutants, the N-linked glycosylation sites were not preserved. Here, the A2-

Random P27 mutation maintained the two P27 glycosylation sites, and did not alter 

cell-cell fusion compared to WT A2 F. In contrast, a reduction in cell-cell fusion 

was seen in the A2-P27 deletion mutant, which lacked both the P27 region and its 

glycosylation sites. Combined with the significant decrease in syncytia formation 

seen in A2 N116Q and N126Q compared to WT, glycosylation at these sites does 

impact cell-cell fusion in RSV F A2. There were no significant changes to F surface 

expression or stability seen in these mutations, so the decrease in syncytia 

formation suggests that N-linked glycosylation is important for cell-cell fusion 

activity by some mechanism beyond overall protein stability. It is possible that P27 

is used as a placeholder to maintain conformational stability. Similarly, when 

infecting cells with recombinant RSV A2 expressing disruptions to N-linked 

glycosylation motifs within the F protein, Leemans et al. saw a decrease in syncytia 

formation [96]. In combination with the data shown here, it can be predicted that 
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N-linked glycans within P27 are important for proper folding and conformational 

stability to facilitate cell-cell fusion.  

The same impact for N-linked glycans in P27 was not seen in RSV B9320 

F. There was a slight increase in syncytia formation seen the N116Q construct and 

a slight decrease in syncytia formation seen for N126Q Compared to WT B9320 

F. Consistent in both subtypes, cells transfected with the N116Q construct showed 

an increase in cell-cell fusion compared to cells transfected with the N126Q 

construct. Interestingly, there was very little cell-cell fusion detected in cells 

transfected with plasmids containing the B9320 F P27-Random construct. This 

may indicate a striking difference in cell-cell fusion requirements between clades. 

However, this also may be attributed to sequence specificity that remains 

unaccounted for. As the WT P27 fragments were randomized, the residues 

remained consistent, only the order changed. The sequence used in the A2 P27 

randomized mutant may have retained conformational stability that was not seen 

in the B9320 P27-Random construct, disrupting cell-cell fusion. Further studies are 

needed to ascertain whether cell-cell fusion relies on the N-linked glycosylation of 

P27 for conformational stability. 

The work presented here provides a biochemical characterization of RSV F 

cleavage and explores the fate of the P27 fragment in both RSV A2 and RSV 

B9320. We have made important observations regarding role of P27 in F stability 

and surface expression, while the biological function remains to be determined. In 

the closely related BRSV, after F protein cleavage, P27 is further processed and 

secreted by cells as virokinin, a peptide hormone in the tachykinin family. The 
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constant secretion of virokinin was shown to desensitize the G-protein coupled 

receptor tachykinin receptor 1 (TACR1) [241]. Given that tachykinin receptors are 

prominently expressed in immune cells, desensitization by virokinin could 

attenuate immune responses to BRSV infection. Though human RSV does not 

contain a tachykinin motif, there may be different downstream modifications made 

to P27 to generate an alternative biologically active peptide. Additional studies are 

needed to fully understand the fate of the P27 fragment.  
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Figures 

 

Figure 5.1: Mutations at the second cleavage site alter product formation in 

both surface and total populations. A) Alanine or Lysine mutations were made 

at each of the RSV cleavage sites in both subtypes, disrupting the furin recognition 

motif. B) This diagram outlines the products formed according to which cleavage 

site is active. C) Vero cells transfected with plasmids expressing WT RSV F or the 

RSV F cleavage mutants were metabolically labeled for 3 hours and surface 

proteins were biotinylated to analyze the surface and total populations. Using band 

densitometry, percent F1 (D) and F1+ (E) cleavage product formation was 
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measured for both surface and total populations. All measurements represent the 

average of three independent experiments ± SD. Significance was determined by 

two-way ANOVA * = p < 0.05, ** = p < 0.01, **** = p < 0.001. Surface biotinylation 

was done in collaboration with Chelsea Barrett.  
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Figure 5.2: RSV F cleavage is nonsequential. A) Vero cells transfected with 

plasmids expressing WT RSV F or the RSV F cleavage mutants were metabolically 

labeled for 15 minutes and chased for the times indicated (hours). Using band 

densitometry, percent F1 (B, C, and D) and F1+ (E, F, and G) cleavage product 

formation was measured. All measurements represent the average of three 

independent experiments ± SD. Significance was determined by two-way ANOVA 

* = p < 0.05, ** = p < 0.01, **** = p < 0.001. Pulse chase was done in collaboration 

with Chelsea Barrett.  
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Figure 5.3: Cleavage dynamics are consistent between transfection and 

infection models.  Vero cells (A) and A549 cells (B) were transfected with 

plasmids expressing WT RSV A2 F or infected with RSV A2 Long were 

metabolically labeled for 15 minutes and chased for the times indicated (hours). 

Using band densitometry, percent F1 (C and D) and F1+ (E and F) cleavage product 

formation was measured for both cell types. All measurements represent the 

average of three independent experiments ± SD. Significance was determined by 

two-way ANOVA * = p < 0.05, ** = p < 0.01, **** = p < 0.001. 
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Figure 5.4: Cell-cell fusion is abolished with the disruption of either cleavage 

site.  A) Vero cells were transfected with plasmids expressing WT F or a cleavage 

site mutation and imaged at 48 hours post-transfection on a Nikon Ti2 for the 

presence of syncytia formation (denoted by white arrows). Images are 

representative. B) Nuclei were counted by defining the total syncytia area and 

dividing that by the area of the field.  In some cases, nuclei were scored and 

counted as either nuclei in syncytia or total nuclei. The fusion index was expressed 

as 1-(total nuclei – nuclei in syncytia + number of syncytia) / total nuclei. All 

measurements represent the average of three independent experiments ± SD. 

Syncytia images were taken in collaboration with Chelsea Barrett. Syncytia counts 

were done by Carole Moncman.  
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Figure 5.5: Mutations within P27 targeting N-linked glycosylation and the 

deletion of P27 do not drastically impact protein expression in either 

subtype. A) Mutations were made in both subtypes to delete P27, randomize the 

P27 sequence while preserving N-linked glycosylation sites, and to disrupt either 

N-linked glycosylation site. B) Vero cells were transfected with plasmids 

expressing WT F or the mutant constructs. An 35S metabolic label was performed 

to determine if the mutant constructs impact protein expression. 
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Figure 5.6: The randomization of P27 decreases F1+ product formation. A) 

Vero cells transfected with plasmids expressing WT RSV F or the RSV F P27 

mutants were metabolically labeled for 15 minutes and chased for the times 

indicated (hours). Using band densitometry, percent F1 (B and D) and F1+ (D and 

E) cleavage product formation was measured. All measurements represent the 
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average of three independent experiments ± SD. Significance was determined by 

two-way ANOVA * = p < 0.05, ** = p < 0.01, **** = p < 0.001. 
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Figure 5.7: Mutations within P27 impact cell-cell fusion.  A) Vero cells were 

transfected with plasmids expressing WT F or a P27 mutation and imaged at 48 

hours post-transfection on a Nikon Ti2 for the presence of syncytia formation 

(denoted by white arrows). Images are representative. Nuclei were counted by 

defining the total syncytia area and dividing that by the area of the field.  In some 

cases, nuclei were scored and counted as either nuclei in syncytia or total nuclei. 

The fusion index was expressed as 1-(total nuclei – nuclei in syncytia + number of 

syncytia) / total nuclei. All measurements represent the average of three 

independent experiments ± SD. Syncytia counts were done by Carole Moncman. 
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Figure 5.8: Low levels of P27 but little uncleaved F0 can be detected on the 

cell surface. A) Vero cells transfected with plasmids expressing WT RSV F or the 

RSV F P27 mutants were metabolically labeled for 3 hours and surface proteins 

were biotinylated to analyze the surface and total populations. Using band 

densitometry, percent F0 (B), F1 (C), and F1+ (D) product formation was measured 

for both surface and total populations. E) A549 cells were infected with rgRSV-A2 
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at MOI of 1.0. Flow cytometry was used to determine the MFI of palivizumab and 

P27 on the cell surface. Measurements are normalized to palivizumab MFI. F) Vero 

cells transfected with plasmids expressing RSV F A2-KKKKKK and RSV F WT A2 

were labeled with a P27 monoclonal antibody (red), dapi (blue), and WGA 488 

(green). RSV F A2-KKKKKK samples imaged on Nikon CSU-W1 SORA 100X and 

decovolved. RSV F WT A2 samples imaged on Axiovert 200M 100x. All 

measurements represent the average of three independent experiments ± SD. 

Significance was determined by two-way ANOVA * = p < 0.05, ** = p < 0.01, **** 

= p < 0.001. Flow cytometry was performed by Chase Heim and 

immunofluorescence was done by Kearstin Edmonds.  
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CHAPTER 6. DISCUSSION AND FUTURE DIRECTIONS 

Overview 

The work presented in this dissertation further characterizes specific 

regions of three class I fusion proteins. As the global pandemic brought focus to 

SARS-CoV-2 S, we discovered regions of the protein that may play a role in the 

fusion mechanism. We also analyzed key residues in proteolytic processing of the 

protein at the S1/S2 border, which appears to regulate trimer stability (Chapter 3). 

Using the HeV fusion protein, we discovered that residues M491/L492 within the 

TMD strongly affect membrane fusion, indicating they play a role in the overall 

fusion mechanism of the HeV F protein (Chapter 4) and further presenting this 

region as more than simply a membrane anchor. Lastly, we explored the 

mechanisms and cleavage patterns of RSV fusion proteins from different lineages, 

providing better understanding of how the fusion processes may differ between the 

RSV subtypes. The post-cleavage location and potential function of the conserved 

Pep27 region was also characterized (Chapter 5). Taken together, this work 

provides novel information on critical residues and regions within these fusion 

proteins; however, several questions surrounding these important therapeutic 

targets remain.    

SARS-CoV-2 spike protein mutations 

 The COVID-19 pandemic quickly became an international public health 

emergency. At the time of publication, the circulating mutations mentioned in 

Chapter 3 were the only circulating mutations identified. However, as the virus 

continued to spread, the spike protein continued to mutate. By late 2022, the WHO 

recognized five strains of SARS-CoV-2, each with varying mutations within S [34, 

242, 243]. Interestingly, in the variants identified, fifteen mutations reduced virus 

neutralization in post-vaccination patient sera, with seven falling within the S1 

subunit receptor binding domain (RBD) [243]. The strain of SARS-CoV-2 S initially 

identified in late 2019 exhibits stronger binding to the ACE2 receptor compared to 

SARS [41, 244]. Alternative receptors may be targeted by SARS-CoV-2 S variants, 
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potentially the dipeptidyl peptidase 4 receptor used by the closely related MERS 

[43, 245]. To determine if this is the case, plasmids expressing the newly identified 

mutations can be transfected into cell lines deficient in ACE2 and another cell line 

deficient in the dipeptidyl peptidase 4. Comparing cell-cell fusion between the two 

deficient cell lines would be indicative of impacts on viral spread. Additionally, the 

insertion of twelve residues upstream of the S1/S2 cleavage site set SARS-CoV-2 

apart from other β-coronaviruses. Two recently identified mutations fall within that 

region.  Evaluating the cleavage dynamics and stability impacts through surface 

expression assays and pulse chase analysis of these variants could illuminate how 

this insertion is giving SARS-CoV-2 a biological advantage over other 

coronaviruses.  

 Understanding the structural impacts of each of the currently circulating 

variants will help design more effective therapeutics. One potential antiviral 

therapeutic that has been used to target HIV is synthetic peptides [246–248]. 

Designing synthetic peptides to target the S1 subunit RBD, preventing receptor 

binding would effectively halt fusion. However, with the rapidly mutating S protein, 

designing long-term peptides targeting the S1 RBD presents a challenge.  

 

HeV F TM stability 

 Our understanding of TM interactions in henipaviruses has grown 

substantially in the last decade. Importantly, previous work has shown that class I 

fusion protein TMs can trimerize in the absence of the remainder of the protein. 

This suggests that trimeric TM interactions are important factors mediating F 

folding and conformational stability.  Interestingly, these interactions keep HRB in 

place in the prefusion conformation, indicating that TM-TM interactions prevent the 

early triggering of the HeV F [60, 62]. Using synthetic peptides targeting the HRB 

region in henipaviruses has been shown to prevent infection in vitro [249], making 

this a prominent candidate for antiviral therapeutics. However, disrupting the TM-

TM interactions may also be an effective antiviral target, as this could result in 
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premature triggering of the F protein to its post-fusion state. Using synthetic 

peptides to disrupt TM-TM associations in combination with synthetic peptides 

targeting HRB may provide additional infection prevention.  

 RSV F cleavage dynamics 

 RSV F has been a prominent vaccine target for nearly 60 years, though 

many questions remain regarding F cleavage and entry. The results of my work 

are in contrast to a very influential publication that suggested that RSV F is cleaved 

once in the secretory pathway and again after viral entry by macropinocytosis. The 

authors measured the RSV F1 subunit size at viral binding and after internalization, 

finding that upon internalization, F1 is smaller. They attributed this to cleavage at 

FCS2 after viral entry, effectively separating P27 from F1 [98]. However, no further 

publications have supported this finding, and attempts to repeat this experiment 

within our lab have been unsuccessful. Using a pulse chase experiment, we 

determined that cleavage is nonsequential with both FCS1 and FCS2 being 

cleaved within the secretory pathway before budding of a new virus. The 

straightforward reasons why our data differs from the previous publication such as 

differences in cell lines or infection versus transfection models have been closely 

examined and ultimately ruled out. Cleavage dynamics in a transfection and 

infection model system remain consistent. The same RSV A2-Long strain used in 

this previous publication was used for infection, again yielding consistent results. 

We currently do not have an explanation for the difference in results between the 

work. However, my work is consistent with earlier studies [83, 250]. Moving 

forward, cleavage of the cytoplasmically-exposed C-terminal tail of the F protein 

might account for the decrease in band size observed in the 2013 study, but this 

has not been explored. Using a P27 monoclonal antibody to confirm that the size 

change seen is in fact due to the loss of P27 would be the first step in uncovering 

the cleavage dynamics they observed.  
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P27 and conformational stability 

Several of our findings suggest that the N-linked glycosylation sites within 

P27 may impact RSV F protein conformational stability or receptor binding. 

Deletion of the P27 region resulted in a mutant with decreased cell-cell fusion, 

suggesting a role for P27 in F function. In contrast, the RSV F A2 randomized P27 

mutant which conserves the two N-linked glycosylation sites produced syncytia 

similar to WT F, suggesting that the presence of these sites was sufficient for the 

critical function of P27. This effect of the P27 glycans could be due to the impact 

glycosylation has on RSV F conformational stability, even though the glycans 

appear to be removed upon cleavage in the trans-Golgi. RSV F trimer stability was 

previously evaluated using an antibody specific for pre-fusion F trimers [109]. It 

was concluded that on the cell surface, the trimer of F1+F2 heterodimers exists in 

a dynamic equilibrium between associated-dissociated trimers. This indicates a 

“breathing” mechanism in that trimerized F exhibits conformational flexibility, 

existing in two states on the cell surface, one more compact than the other. The 

HIV-1 envelope protein exhibits a similar mechanism  [110–112]. The more open 

trimeric state permits a conformational change to facilitate receptor binding. It is 

possible that the cell-cell fusion seen in the RSV F A2 P27 randomized mutation 

is due to the conservation of the N-linked glycosylation sites in P27 maintaining 

the proper prefusion conformational flexibility in the early folding events to then 

permit receptor binding, while the deletion of P27 made for a more rigid prefusion 

protein unable to bind properly. Structural studies to determine how the removal of 

P27 impacts conformational stability have yet to be completed. The breathing 

mechanism is a working theory for RSV F. Understanding the oligomer equilibrium 

using cross-linking assays would gain further insight into which regions are crucial 

for proper oligomerization to generate cell-cell fusion competent F. The work 

presented in this dissertation has specifically highlighted the importance of P27 

and the two N-linked glycosylation sites in terms of cell-cell fusion capability. Using 

plasmid constructs designed to delete P27 and disrupt N-linked glycosylation 

motifs to perform a cross-linking experiment would further confirm the reliance of 

F on these residues for conformational stability.  
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Interestingly, the same cell-cell fusion patterns were not seen in cells 

transfected with plasmids containing the RSV F B9320 clade mutations. Though 

the RSV F A2 P27 and RSV F B9320 P27 fragments share a homology of 68%, 

the randomization of RSV F B9320 P27 resulted in little to no syncytia formation, 

even with the glycan sites retained. This indicates that in the case of RSV F B9320, 

there may be increased importance of residue specificity within P27. The alteration 

of the P27 sequence may have disrupted early protein folding events which then 

trigger downstream impacts like a decrease in cell-cell fusion. The randomization 

could also be altering the ability of sites 116 and 126 to be glycosylated, therefore 

disrupting receptor binding and diminishing cell-cell fusion function.  

The RSV A2 and RSV B9320 fusion proteins have often been grouped 

together due to their 89% sequence homology. However, recent work including 

ours suggests there may be important functional differences between the F 

proteins of the two clades. A recent study evaluated the differences between 

clades in terms of pre-fusion stability [251]. Under reducing and denaturing 

conditions, the authors detected higher levels of P27 in RSV A2 infected cells 

compared to RSV B9320, suggesting a different cleavage efficiency between 

subtypes. Additionally, when subjected to temperature stress tests, RSV F A2 was 

able to better sustain the pre-fusion F conformation, potentially due to the 

increased levels of P27. The impact of P27 on pre-fusion conformational stability 

has yet to be evaluated, though the pre-fusion conformation of F has become a 

prominent therapeutic target. Ultimately, the lack of understanding of RSV F 

conformational stability is universal to all clades. Notably, the two N-linked 

glycosylation sites within RSV F A2 P27 are conserved, but RSV F B9320 P27 has 

a third N-linked glycosylation site at residue 120. Using mass-spec analysis to 

uncover potential differences in post-translational modifications could expose why 

P27 detection and cell-cell fusion activity differ between subtypes. Identifying 

which specific residues or modifications impact RSV F A2 and RSV F B9320 

differently in terms of stability may bring the field closer to uncovering what 

separates these clades.  
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Pre-fusion F as a vaccine target 

 In 1966, a formalin inactivated vaccine was developed for RSV [252–254]. 

In the later stages of clinical trials, it was found that the vaccine stimulated high 

levels of serum antibodies but there was markedly little resistance to infection [253, 

254]. Unfortunately, the vaccine induced a severe, and in two cases lethal, 

response to RSV infection [253, 254]. This failure resulted in vaccine development 

hesitancy and increased safety concerns, despite the major push to develop an 

effective vaccine continuing over the coming decades. With promising clinical 

results, almost sixty years later in March of 2022, Pfizer was granted breakthrough 

status by the FDA for their pre-fusion F vaccine, calling for the vaccine 

development process to be expedited. The vaccine is 81% effective in preventing 

hospitalization in the child’s first 90 days after birth if given to mothers in their third 

trimester. There are currently five additional late-stage vaccine candidates, four of 

which target the pre-fusion conformation of F [255]. The pre-fusion F structural 

model does not include P27 as its intrinsically disordered nature precludes 

structural analyses. Interestingly, recent studies have found an increased immune 

response specifically to the P27 region of F after infection [217]. Regardless of the 

role P27 may play in fusion or stability, the immune recognition studies suggest 

there may be a large missing piece with the exclusion of P27 from therapeutic 

models. My work in combination with others [97] has shown some level of P27 on 

the surface of infected and transfected cells. However, it remains to be determined 

whether newly synthesized virions display P27 on the viral surface. Using flow 

virometry to potentially identify P27 on the viral surface would give insight into the 

role P27 plays in prefusion stability [256]. If P27 could be detected on the viral 

surface, it would indicate that pre-fusion F, or another viral surface protein, is 

interacting with the fragment as a newly synthesized virion.  

Protein triggering 

 One of the most prominent unanswered questions surrounding RSV F is 

what triggers the conformational change from the pre-fusion to post-fusion form. 
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The F protein from some strains of the closely related pneumovirus, human 

metapneumovirus, is triggered through a drop in pH, but RSV is pH-independent. 

Ebola virus is also pH independent, but is endocytosed and proteolytically 

processed by endosomal proteases. The active fusion protein is then triggered by 

endocytic receptor binding [257]. Understanding what triggers RSV F to change 

conformations is important for therapeutic development. The conformational 

change to insert the fusion peptide into the target membrane is absolutely crucial 

for viral entry. Understanding, and thereby preventing, that change would prevent 

viral entry. Recent publications have suggested potential receptors for RSV F and 

the RSV attachment protein (G) [258–260]. One proposed signaling cascade for 

RSV prefusion F begins with binding to insulin-like growth factor 1 (IGF1R) on the 

cell surface, activating protein kinase C zeta to recruit nucleolin to the surface 

which also binds to RSV F [259]. Meanwhile, RSV G has been suggested to bind 

to CX3C chemokine receptor 1, potentially calling more nucleolin to the surface 

while tethering the virus to the host cell during fusion [259, 260]. Though vaccine 

development is at the forefront of the RSV field, the interactions between pre-

fusion RSV F and nucleolin have recently been characterized as potential targets 

for RSV drug development [258]. There is little consensus regarding the receptor 

binding activity and downstream signaling cascade for RSV. Because RSV is 

fusion competent in cell culture without G, transfecting plasmids containing RSV F 

into cell lines deficient in targeted receptors would uncover if binding to the 

respective receptors is facilitated by F. Re-introducing G using co-transfections 

would determine how receptor binding and thus fusion activity is impacted by the 

presence of both surface glycoproteins.  

P27 potential biological functions 

Although no other human paramyxovirus or pneumovirus fusion protein 

uses two cleavage sites and generates a fragment similar to P27, the closely 

related bovine RSV (BRSV) does. BRSV and human RSV fusion proteins are 

strikingly similar with a homology of 82% [261]. After initial synthesis as inactive 

F0, BRSV is cleaved into disulfide linked subunits, F1 and F2, releasing BRSV P27 
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[261]. In BRSV, P27 is metabolized into virokinin, a peptide hormone [262, 263]. 

Virokinin is a member of the tachykinin family, known to be proinflammatory and 

have immunomodulatory properties. After cleavage at FCS1 and FCS2, BRSV P27 

is converted into virokinin through post translational modifications. Virokinin is then 

secreted by infected cells and desensitizes tachykinin receptor 1, while acting on 

tachykinin receptor 3 to induce a pulmonary inflammatory response [263]. 

Tachykinin receptors are prominent immunomodulators, so the constant secretion 

of virokin suppresses the immune response. BRSV P27 contains a tachykinin motif 

that is not shared with human RSV P27 [262]. However, the direct impact of P27 

on the immune response to BRSV suggests there could be a similar fate for human 

P27. Though not a tachykinin peptide hormone, human P27 may be metabolized 

into a bioactive peptide after cleavage. BRSV P27 is converted to virokinin through 

posttranslational modifications after release from F. To evaluate human RSV for a 

similar mechanism, the P27 monoclonal antibody could be used to 

immunoprecipitate P27 from infected cells. Posttranslational modifications could 

be identified through mass spec analysis, revealing potential modification patterns 

consistent with other bioactive peptides. Identifying the potential biological function 

of P27 would help characterize a seemingly overlooked fragment within the RSV 

fusion protein, which has remained at the forefront of vaccine and antiviral 

development for nearly six decades.  

Elucidating the structure and function of these infection critical viral fusion 

proteins may present oportunites for more specific treatments and antivirals. As 

seen in SARS-CoV-2, vaccines targeting the fusion protein have been successful 

in preventing severe illness. As we continue to learn about viral fusion and entry, 

similar vaccines may be on the horizon for other viruses that continue to be a 

worldwide burden.  
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APPENDIX:  ABBREVIATIONS 

ACE2 Human angiotensin converting enzyme 2 

BRSV Bovine respiratory syncytial virus 

Cath L Cathepsin L 

CoV Coronavirus 

COVID-19 Coronavirus disease of 2019 

CT Cytoplasmic tail domain 

ER Endoplasmic reticulum 

F Fusion protein 

FCS1 Furin cleavage site 1 

FCS2 Furin cleavage site 2 

FP Fusion peptide 

G Attachment protein 

HeV Hendra Virus 

HIV-1 Human immunodeficiency virus type 1 

HMPV Human metapneumovirus 

Hpt Hours post transfection 

HR Heptad repeat 

L-I Zipper Leucine-Isoleucine zipper 

MERS Middle eastern respiratory syndrome coronavirus 

Pep27 or P27 Peptide 27 

RSV Respiratory syncytial virus 

S Spike protein 

SARS Severe acute respiratory syndrome coronavirus 

SARS-CoV-2 Severe acute respiratory syndrome coronavirus 2 

TM Transmembrane 

TMD Transmembrane domain 

TMPRSS2 Transmembrane serine protease 2 

WT Wild-type 
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