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Abstract 

Rotavirus is the primary cause of gastroenteritis in children. The clinical symptoms of the 

disease include fever, vomiting and diarrhoea, which can be fatal due to excessive fluid loss.  

A protein encoded by rotavirus, NSP4, has been linked to the clinical symptoms of the disease 

acting as an enterotoxin. Further research into NSP4 identified its ability to activate 

proinflammatory signalling by acting as a ligand of Toll-like Receptor 2 (TLR2). Bacterial 

lipoproteins are the canonical ligands of TLR2; therefore, this study was designed to identify 

potential lipid modification of NSP4 and the effect of such modifications on protein function. 

Post-translational fatty acylation was examined using Acyl Biotin Exchange (ABE) and 

biorthogonal labelling of NSP4 with the palmitic acid analogue 17-Octadecynoic acid (17-

ODYA). Location of potential sites of palmitoylation within the NSP4 sequence was 

investigated via mutational analysis. Results reveal that NSP4 (both intracellular and secreted 

forms) produced by bovine rotavirus  (UK strain) is S-palmitoylated. Experiments confirm that 

a cysteine residue conserved throughout all known isolates of rotavirus at position 63 in the 

amino acid sequence is the site of fatty acylation. Based on the pleiotropic nature of NSP4, the 

effect of palmitoylation on several known traits of NSP4 was investigated. Results indicate that 

palmitoylation does not affect the ability of NSP4 to localise to lipid rafts but, governs its 

incorporation into detergent-resistant membranes (DRMs). Interestingly, a chemical inhibitor 

of palmitoylation, 2-bromopalmitate, was shown to influence the rate of rotavirus replication, 

but these experiments did not implicate NSP4. 
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1.1 Rotavirus  

Rotaviruses (RVs) are non-enveloped, double-stranded RNA viruses belonging to the 

Reoviridae family. RVs were first identified in diarrhetic mice (1), monkeys (2) and cattle (3), 

before being identified as the most common cause of acute gastroenteritis (AGE) in young 

children (4, 5). RV infection has an incubation time of less than two days, and the resultant 

illness lasts about a week on average. Initial symptoms include nausea and vomiting, followed 

by diarrhoea which can lead to severe dehydration. RV pathogenesis can range from being 

asymptomatic to severe, with the latter being life-threatening (6). Even after the introduction 

of two RV vaccines back in 2006. Rotarix® and RotaTeq®, the current annual death toll due 

to rotavirus related diarrhoea has been estimated to be around 200,000 for children under the 

age of five (7). Over the last several decades, extensive research has been conducted to gain 

insight into every aspect of RV infection, from viral structure and replication process to 

underlying mechanisms of disease pathogenesis. The complete RV genome consists of 11 

segments of dsRNA and is approximately 18,500 bp in size. The 11 dsRNA segments encode 

six structural (VP1, VP2, VP3, VP4, VP6, VP7) and up to six non-structural (NSP1, NSP2, 

NSP3, NSP4, NSP5, NSP6) proteins, as not all RV species (e.g. RV C) produce NSP6 (8). 

Details of RV genes encoding each viral protein and subsequent functions of the proteins are 

summarised in Tables 1.1 and 1.2.  

 

1.1.1 Rotavirus structural proteins  

The infectious RV particle, termed triple-layered particle (TLP), consists of 3 protein layers. 

TLPs imaged via electron microscopy resembled wheels, rota in Latin, resulting in the genus 

being named Rotavirus (9). The inner structure of the virus particle and arrangement of 
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associated structural proteins (VPs) have been deduced by subsequent studies using cryo-

electron microscopy (cryo-EM) techniques (10). The innermost layer, which makes the core-

shell or single layer particle (SLP), is formed of viral protein 2 (VP2).  The core contains the 

11 segments of dsRNA viral genome, VP1 (viral RNA dependent RNA polymerase (RdRp)), 

and VP3 (viral RNA capping enzyme) (10, 11). The core is surrounded by the middle layer, 

which consists of VP6, resulting in the formation of the double-layered particles (DLPs). The 

DLPs are then finally covered by a layer of VP7 with VP4 protruding out of it like spikes, 

making up the TLPs.  

 

 

 

Figure 1.1 Model of RV particle created by reconstructing cryo-EM images of TLPs. 

(A) Cross-section of rotavirus particle showing the middle layer made up of VP6 (blue) and the core 

underneath (green and red). (B) Schematic representation of the genome organisation within RV core. 

Viral dsRNA (light green) shown as inverted conical spirals covering viral transcription enzymes (red), 

embedded within core VP2 layer (green). (C) Outer surface of TLP with VP4 spike (orange) protruding 

out of a layer of VP7 (yellow). Image adapted from Jayaram et al. (10)  
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Table 1.1 RV structural proteins. RV gene segments coding for structural proteins, location of 

proteins within virion, and function based on bovine RV A (strain RVA/ Cow/ France/ RF /1975 

/G6P6[1]) adapted from UniProt.org (12, 13).   

      

Genome 

Segment/ 

Size (bp) 

Protein/Size (kDa) 
Location 

within Virion 
Functions 

1 (3302 bp) VP1 (125 kDa) Inner capsid 
RdRp; RNA binding; viral RNA 

replication 

2 (2687 bp) VP2 (94 kDa) Inner capsid 
Forms core shell; RNA binding; 

required for RdRp activity 

3 (2592 bp) VP3 (88 kDa) Inner capsid 
mRNA guanylyltransferase; RNA 

binding; GTP binding; hydrolase 

4 (2632 bp) VP4 (86 kDa) Outer capsid 

P-type neutralization antigen; virion 

attachment to host cell; viral entry via 

permeabilization of the inner 

membrane 

6 (1356 bp) VP6 (44 kDa) 
Intermediate 

capsid 

species determinant; host cell surface 

receptor binding; metal ion binding; 

required for the transcription activity 

7 (1062 bp) VP7 (37 kDa) Outer capsid 
G type neutralization antigen; metal ion 

binding 
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1.1.2 Rotavirus non-structural proteins 

The non-structural proteins (NSP) of RV play essential roles in its lifecycle. NSP1 is a RNA-

binding protein that has been shown to inhibit anti-viral interferon responses in certain cell 

lines (14, 15). Out of all RV proteins, NSP1 shows the most sequence variability amongst 

different RV strains (16). NSP2 is a multifunctional enzyme that binds to partially replicated 

RNA (17) and interacts with NSP5 to form viroplasms (18). NSP5 is critical for viroplasm 

formation and has been shown to form viroplasm-like structures (VLS) with just NSP2 or VP2, 

respectively (19). NSP5 forms complexes with all proteins contained within viroplasms (NSP2, 

NSP6, VP1, VP2, VP3, and VP6) (19-21) and has been suggested to be instrumental in the 

recruitment of viroplasmic proteins (19). NSP3 form heterodimers and binds to both the 3’-

terminus of viral mRNAs (22), and the translation initiation factor eIF4G by replacing Poly(A)-

binding protein (PABP). In doing so, NSP3 shuts off cellular protein synthesis and allows the 

use of cellular machinery for viral protein synthesis (23). NSP4, the subject of this thesis and 

discussed in detail in Section 1.3, is a multifunctional protein that localizes to different 

organelles within infected cells (24) and is involved in viral morphogenesis (25) and the 

initiation of signalling pathways critical for RV replication (26, 27). NSP4 is also the first-ever 

viral enterotoxin to be identified with its secreted form linked to disease symptoms and 

pathogenesis (28, 29). Despite extensive research, a lot remains unknown about NSP4 

including the following: full-length structure of NSP4, how NSP4 interactive domains bind to 

numerous distinct partners, the mechanism behind its localization to different intracellular 

compartments, and route of trafficking to the plasma membrane (PM) for secretion. The 

proposed research in this thesis can help further elucidate these underlying mechanisms and 

provide a better understanding of one of RV’s most critical proteins. Lastly, NSP6, the least 

studied of the RV proteins and is only expressed in low levels in virus-infected cells (30). NSP3 
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has been shown to localize to the mitochondria (31); however, in a study utilizing a reverse 

genetics system, it was implied to be non-critical in RV replication (32). 

 

Table 1.2 RV non-structural proteins. RV gene segments coding for non-structural proteins with 

respective functionalities based on bovine RV A (strain RVA/ Cow/ France/ RF /1975 /G6P6[1]) 

adapted from UniProt.org (12, 13)     

 

Genome Segment / 

Size (bp) 
Protein/ Size (kDa) Functions 

5 (1581 bp) NSP1 (58 kDa) 
Suppression of host interferon activity; metal 

ion binding; RNA binding 

8 (1059 bp) NSP2 (36 kDa) 
ATP binding; RNA binding; hydrolase; 

essential for viroplasm formation 

9 (1074 bp) NSP3 (34 kDa) 
RNA binding; displaces PABP; inhibits host 

protein translation 

10 (751 bp) NSP4 (28 kDa) 

ER transmembrane glycoprotein; viroporin; 

intracellular receptor for DLPs; induces host 

autophagy pathway; enterotoxin secreted 

11 (666 bp) NSP5 (21 kDa) 
RNA binding; kinase; essential for viroplasm 

formation 

 NSP6 (12 kDa) Interacts with NSP2 and NSP5 
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1.2 Rotavirus Replication Cycle  

RV replication can be summarised in the following five steps:   

1. Attachment of virion to the cell surface by VP4 and VP7 

2. Cell membrane penetration and uncoating of virion within cell cytoplasm 

3. mRNA synthesis from viral RNA using VP1, VP2 and VP3 

4. Formation of viroplasm followed by RNA synthesis and DLP formation 

5. Maturation of DLP to TLP and release from the cell  

 

 

Figure 1.2 RV replication cycle.  

Depiction of known mechanism involved in cellular entry, replication and exit by RV. Image adapted 

from Estes and Greenberg (2013) (33).  
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1.2.1 Virus particle attachment 

Trypsin mediated proteolytic cleavage of VP4 spikes into its subunits VP5* and VP8* is 

essential for RV attachment and entry into host cells (34). RV TLP initially attaches to the cell 

surface via the interaction of VP8* to sialic acid on glycan receptors (35, 36). Studies have 

identified several cell surface proteins that then act as co-receptors after initial RV attachment, 

such as integrins (α2β1, ανβ3, αxβ2, α4β1) (37-40) and human heat shock cognate protein 70 

(Hsc70) (41-43), via their interaction with VP5* or VP7. 

 

1.2.2 Virus particle entry and uncoating  

Once attached to cell surface receptors, VP4 undergoes a conformational change exposing its 

VP5* subunit from under the VP8* subunit, in what is described as a “post-penetration 

umbrella” conformation (44-46). Treatment of RV TLP with trypsin-like proteases increases 

its infectivity (47) and has recently been associated with trypsin’s effect on the above 

mentioned conformational changes to VP4 (48, 49). RV mutants with partial resistance to 

trypsin exhibit delayed cellular entry (50). Although the exact mechanism of RV entry and 

uncoating remains unknown, it has been suggested that receptor-mediated endocytosis plays a 

role in virus entry and that uncoating and formation of DLP is facilitated by low Ca2+ levels 

within intracellular microenvironments (51). For some RV strains presence of GTPase 

dynamin and cholesterol has been shown necessary for RV entry (52). In a study utilizing 

genome-wide RNAi screening, it was identified that ‘endosomal sorting complex for transport’ 

(ESCRT) plays a role in RV entry (53). Despite using different endosomal pathways to enter 

the cell, all RV strains reach early endosomes. Here they again exhibit strain-specific 

differences in how the virion enters into the cell cytoplasm. Strains such as simian (SA11) RV 

enter host cell cytoplasm from mature endosomes which requires RAB5, EEA1, and v-ATPase 
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activity, while bovine (BRV) enter from late endosomes requiring additional Rab7 activity (54, 

55).  

 

1.2.3 RV mRNA synthesis 

RV proteins VP1 (viral RdRp) and VP3 (capping enzyme), located on the inner surface of the 

VP2 core, act together as RV transcription complexes (TCs) (10). Each viral RNA segment is 

complexed with its own TC (56). Transcription of capped, non-polyadenylated, (+) ssRNA 

from genomic (-) ssRNA occurs inside DLPs located in the host cell cytoplasm. RV DLPs are 

able to produce large amounts of viral RNA as long as sufficient precursors and energy (ATP) 

is available (57-60). Newly synthesized viral RNA then gets released from DLPs through class 

I channels and are either translated to viral proteins during early replication cycle or used as 

templates to make dsRNA genomes for new RV particles being created in later stages of the 

replication cycle (61). There is a logarithmic increase in viral mRNA production observed from 

4 hours post-infection (hpi), due to newly synthesized DLPs becoming transcriptionally active 

(53, 62). 

 

1.2.4 Viroplasm formation  

Non-structural proteins NSP2 and NSP5 lead to the formation of cytoplasmic inclusion bodies 

within host cells called viroplasms (61, 63-65).  These viroplasms incorporate cellular lipid 

droplets (LD) which work both as an energy source and transport vehicle within the cell. 

Inhibition of cellular fatty acid synthesis and LD formation has been shown to reduce the 

number and size of viroplasms and result in a decrease in infectious viral titre (66, 67). 

Viroplasms have been shown to contain RV proteins NSP2, NSP5, NSP6, VP1, VP2, VP3, and 

VP6. NSP5 interacts with all other viroplasm associated proteins and has been suggested to be 
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critical in their recruitment to the viroplasm (20, 21, 68). It was also shown that NSP2 

specifically interacts with tubulin; thus, making tubulin a part of the viroplasm. The interaction 

of NSP2 with tubulin results in the remodelling of the microtubule network and is essential in 

the maintenance, intracellular movement, and fusion of viroplasms (68, 69). NSP2 octamers 

have been shown to have ssRNA binding, nucleoside diphosphate kinase, nucleoside 

triphosphatase, and RNA helix destabilizing activities (70-72). NSP5 and RV ssRNA both 

compete for the same binding site within the NSP2 octamer and potentially a mechanism by 

which RV moderates between RNA utilized for translation and replication (70). 

 

1.2.5 RNA packaging, minus-strand RNA synthesis and DLP formation 

RV (+) ssRNA is not packaged directly into the core but first associated with viral proteins, 

packaged into core-shell and then transcribed into dsRNA. The negative charge on the ssRNA 

is neutralised by co-packaging with either to by divalent or trivalent cationic compounds during 

this process (73). VP1 has been shown to bind to the 3’ end of each of the 11 (+) ssRNA 

segments but remain catalytically inactive (59, 74). VP2 self-assembles to form the core-shell. 

VP1/VP3/ssRNA complex is then incorporated into the core via VP1’s interaction with the N-

terminal domain of VP2 decamers (20, 75, 76) and is essential for encapsidation (77, 78).  

Binding with VP2 activates VP1’s polymerase activity, initiating synthesis of (-) ssRNA from 

(+) ssRNA template, resulting in the formation of the dsRNA viral genome (79, 80). After the 

core is assembled, it is transcapsidated by VP6, forming DLPs (81). 
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1.2.6 RV virion maturation and release  

Once formed, DLPs exit the viroplasm and enter the endoplasmic reticulum (ER) where they 

mature. NSP4 acts as an intracellular receptor located on the ER and interacts with VP6 to 

facilitate the budding of DLPs into the ER lumen (82). The interaction of DLPs with NSP4 is 

critical in the maturation process, whereby inhibition of NPS4 expression has been shown to 

result in the formation of defective RV particles (83, 84).  Within the ER, DLPs acquire a 

transient envelope which is later lost when the outermost layer consisting of VP7 and VP4 

forms, creating the TLP (33). The exact role of the transient envelope or the mechanism of its 

loss is currently unknown. It has been postulated that spikes of VP4 trimers initially interact 

weakly with VP6 before being covered and locked in place by a continuous layer of VP7 (81). 

The hydrophobic domain of VP4 shown to interact with, and permeabilize, membranes (34, 85) 

may play a role in the removal of the lipid envelope (86). Once formed, TLPs release both via 

lysis as seen for non-polarized epithelial cells (e.g. MA104 cells) (87) and through a non-lytic, 

Golgi-independent non-classical vesicular budding process seen in polarised human intestinal 

cells (Caco-2) (88). 

 

1.3 Non-Structural Protein 4 (NSP4)  

Most viruses encode proteins with multiple functions due to their limited coding space, and 

RV NSP4 is an example of such a multifunctional protein. NSP4 is a transmembrane 

glycoprotein with the following known roles: (1) it acts as a viral enterotoxin secreted from 

infected cells and has been shown to bind to un-infected epithelial cells stimulating reaction 

cascades that correlate with intracellular Ca2+ release and diarrhoea induction (28, 89-91), (2) 

localizes to the ER as a transmembrane protein and facilitates budding of DLP into the ER 
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lumen by interacting with VP6 (82), (3) acts as a viroporin and increases intracellular Ca2+ via 

its interaction with Ca2+ sensor molecule STIM1 (92-94), (4) triggers autophagy in infected 

cells by activating calcium-dependent kinase pathways to facilitate virus replication (26, 27) 

(5) alters PM permeability and destabilizes intercellular junctions (95, 96). Although extensive 

research has been conducted to elucidate the mechanisms behind several functions of NSP4, 

there is much to be known regarding the specific structural properties of NSP4 that facilitates 

them. So far extensive sequence analysis has revealed that NSP4 is highly conserved across 

numerous different strains of RV (Figure 1.3).  

 

 

Figure 1.3 NSP4 sequence analysis depicts the conserved nature of the protein  

Complete NSP4 sequences from over 120 Group A rotavirus strains (including human, simian and 

bovine strains), were aligned via CLUSTAL. The symbols below the sequence, ‘*’ , ‘:’, ‘.’ and space, 

indicate identity, higher similarity, lower similarity, and dissimilarity respectively. Numbers under the 

symbols indicate amino acid types found at each position, with few short regions of high variability 

underlined. Image adapted from Lin & Tian (97).    
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Figure 1.4 Linear schematic representation of NSP4.  

Known functional domains denoted with aa residues occupied and respective protein binding partners. 

From left to right: (1) Blue boxes representing hydrophobic domains H1, H2 and H3 (2) Orange box 

representing viroporin domain (3) Red representing coiled-coil domain and the conserved calcium-

binding residues (E120 and Q123) are indicated within (4) the Green box representing the flexible 

region. H2 transverses the ER membrane with H1, containing the conserved glycosylation sites (CHO) 

represented with “Y”, residing within the ER lumen. A significant section of -C terminal NSP4 resides 

within the cell cytoplasm. The hydrophobic domain overlaps with the viroporin domain. Abbreviations 

in the diagram: CRAC - cholesterol recognition amino acid consensus; ISVD - interspecies variable 

domain; ECM - extracellular matrix; DLP - double-layered particle. Adapted from Sastri et al., (98). 
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1.3.1 NSP4 domain organization   

NSP4 is synthesized as a 175 aa long, highly conserved, ER transmembrane glycoprotein by 

most mammalian RV strains (99-102). Some smaller and larger versions of NSP4 with more 

considerable sequence divergence have been identified in RV strains infecting fox, camel and 

avian species (103). NSP4 consists of 3 hydrophobic domains, H1, H2 and H3. H1 is located 

within the ER lumen and contains two N-linked glycosylation sites (104, 105), H2 is the 

transmembrane domain which crosses the ER bilayer (106), and H3 consists of an amphipathic 

α-helix that is part of the viroporin domain. Viroporins are small hydrophobic viral proteins 

that contain a cluster of basic residues, pentalysine in the case of NSP4, and an amphipathic α-

helix which oligomerises and inserts into membranes to create an aqueous pore. This allows 

them to disrupt membrane integrity and subsequently, ion homeostasis (92). The remaining 

NSP4 peptide extends out to the cytoplasm and contains a highly conserved coiled-coil domain 

containing a calcium ion binding site. The coiled-coil domain has been shown to interact with 

multiple proteins: VP4, caveolin, integrin I domains, extracellular matrix proteins (ECM), 

cholesterol recognition/interaction aa consensus sequence (CRAC) (107-109). The fact that 

multiple proteins have been shown to interact with the same region of NSP4 could be explained 

by its ability to form multimeric structures (e.g. di, tri, pentameric) (Figure 1.4) (110-114).  It 

is also possible that NSP4 may contain PTMs that allow it to localise to different microdomains 

that make it available to different interactive proteins (spatiotemporal-dependant interaction). 

The C terminal tail end of NSP4 consists of a flexible region which has been shown to interact 

with both newly formed immature DLPs and tubulin (115-117).  
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1.3.2 Intracellular localization of NSP4  

The localization of NSP4 within infected cells is probably a major controlling factor in the type 

and number of cellular and/or viral proteins it interacts with during RV replication. As an ER 

transmembrane protein, NSP4 acts as an intracellular receptor to DLPs and thus plays a critical 

role in RV morphogenesis (115, 116). Once new DLPs are formed within viroplasms, VP6 of 

DLPs interact with the C-terminal domain of NSP4, aa 161–175, initiating the budding process 

of DLPs from viroplasm to the ER lumen. Glycosylated NSP4 also interacts with ER 

transmembrane chaperone calnexin (118) and the interaction has been speculated to be 

essential for the formation of infectious TLPs. This also highlights the role of ER chaperones 

in RV morphogenesis (119). NSP4 has also been shown to translocate to the mitochondria, 

with the shortest targeting sequence on NSP4 identified to aa residues 61-83 located within the 

amphipathic α-helix of the viroporin domain. Within the mitochondria, NSP4 has been 

implicated in initiating a proapoptotic pathway by depolarizing the mitochondria via its 

interaction with mitochondrial proteins adenine nucleotide translocator (ANT) and voltage-

dependent anion channel (VDAC) (120). NSP4 also co-localizes with caveolin-1 both in the 

ER and PM. It has been shown that NSP4 contains a cholesterol recognition/interaction amino 

acid consensus sequence (CRAC) and binds cholesterol at 1:1 ratio. Drug-induced cellular 

cholesterol disruption also has been shown to inhibit transport of NSP4 to PM (109). Based on 

these observations, it has been hypothesized that the interaction with caveolin-1/cholesterol 

plays a role in intracellular transport of NSP4 and potentially secretion of the glycosylated, 

endoglycosidase H-sensitive NSP4 enterotoxin (121, 122). Although NSP4 has also been 

detected in the ER-Golgi intermediate compartment (ERGIC) (24), little is known about the 

form and functional significance of NSP4 in the ERGIC. 
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1.3.3 NSP4 mediated calcium ion regulation 

Ca2+ is one of the most ubiquitous signalling molecules and is involved in nearly all cellular 

processes. Unsurprisingly, numerous viruses have been shown to utilize universal Ca2+ 

signalling to their advantage during infection (123). Studies, detailed below, have highlighted 

the ability of NSP4 to induce changes to intracellular calcium, leading to downstream 

signalling that has been postulated to play a role in RV replication, morphogenesis and disease 

pathogenesis. 

1.3.3.1 Role of calcium in rotavirus replication 

NSP4 has been identified as the only RV protein that increases intracellular Ca2+ levels, via a 

Phospholipase C (PLC)-dependent mechanism. Cells transfected with just NSP4 show similar 

Ca2+ homeostasis to infected cells, while silencing NSP4 in infected cells prevents changes in 

Ca2+ levels (124-126). Hyser et al. were the first to identify the viroporin domain (amino acids 

47-90) of NSP4. As mentioned before, like other viroporins, NSP4 contains a conserved lysine 

cluster followed by an amphipathic α-helix. Mutational analysis showed that both the lysine 

residues and amphipathic α-helix were critical for the increased cytoplasmic Ca2+ (92). 

Involvement of cation channels and the store-operated calcium entry (SOCE) component in 

NSP4-mediated Ca2+ dysregulation had been implicated using pharmacological inhibitors (126, 

127). Hyser et al. showed that stromal interaction molecule 1 (STIM1) protein, an ER 

transmembrane glyco-phosphoprotein, was involved in the activation of SOCE during RV 

infection (94). STIM1 contains an EF-hand calcium-binding site at its N-terminal, located 

within the ER lumen, which allows it to detect ER calcium levels. STIM1 undergoes a 

conformational change to form STIM1 oligomers upon loss of Ca2+ from its EF-hand. STIM1 

oligomers accumulate at the ER-PM junctions and activate several calcium-release-activated 
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calcium (CRAC) channels, including any of the 3-member family Orai channels proteins, 

initiating SOCE (128). STIM1 was shown to colocalize with and activate Orai1 at the PM in 

both RV infected cells and cells only expressing NSP4 (94). As mentioned before, NSP4 

mediated increase in cytoplasmic Ca2+ leads to the activation of autophagy, a cellular 

degradation process, identified by the increase of the autophagy marker LC3 (26, 27, 129). 

NSP4 has been shown to form cap-like structures on viroplasms, co-localise with 

autophagosomal protein LC3 (24), and induce autophagy by activating calcium-dependent 

kinase pathways involving calcium/calmodulin-dependent protein kinase kinase 2 (CAMKK2) 

and 5′adenosine monophosphate-activated protein kinase (AMPK) (26, 27). Under normal 

circumstances, autophagy initiates intracellular membrane trafficking pathways. During 

infection, RV utilizes this membrane trafficking functionality to transport the ER-localized 

NSP4 and VP7 to viroplasms. Initiation of autophagy is required for the production of 

infectious virus during late stages of replication (26, 27, 129).  

 

1.3.3.2 Role of calcium in RV disease pathogenesis  

NSP4 was first identified as a viral enterotoxin that induced diarrhetic episodes in young mice 

via Ca2+ signalling pathway (28). Based on this data it was postulated that a secreted form of 

NSP4 (sNSP4) was responsible for the disease pathogenesis, which later lead to the isolation 

of several forms of sNSP4 (89, 122, 130, 131). Role of sNSP4 in RV induced diarrhoea was 

confirmed when symptom was only observed in BRV infected neonatal mice and not in 

infected mice treated with NSP4 silencing shRNA (29). Dong et at., attempted to elucidate the 

cellular basis for NSP4 mediated diarrhoea using human epithelial cell lines as an in vitro 

model for human intestine (132). Their study showed that binding of exogenous NSP4 to 

epithelial cells resulted in the elevation in inositol 1,4,5-trisphosphate (IP3), receptor-mediated 
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activation PLC, cellular uptake of Ca2+ exclusively, and  Ca2+-dependent Cl- secretion as 

observed in diarrhetic young mice (132). Morris et al. proposed that NSP4 secreted from 

infected cells bound to neighbouring uninfected cells and activated calcium-activated chloride 

channel (CaCC) (133). It was later shown that NSP4 induces diarrhoea by activating CaCC and 

inhibiting Na+ adsorption, and that inhibition of CaCC prevents diarrhoea in neonatal mice 

(134, 135). 

Additionally, NSP4 mediated increase in intracellular calcium has been linked to 

depolymerization of microvillar actin, altering protein trafficking, disrupting tight junctions, 

and loss of cell monolayer integrity of polarised Caco-2 cells (136-140). Addition of exogenous 

NSP4 to the apical surface of polarized MDCK cells resulted in filamentous actin (F-actin) 

reorganisation and a reduction in transepithelial resistance and has been postulated to 

contribute to RV pathogenesis (141). Neurotransmitters vasoactive intestinal peptide (VIP) and 

serotonin have been shown to play a role during RV induced diarrhoea (142). RV induced 

serotonin secretion in cultured human entero-chromaffin (EC) cells have been implicated in 

downstream activation of vagal afferent nerves connected to brain structures associated with 

nausea and vomiting. Serotonin was shown to be secreted from EC cells due to NSP4 alone in 

a calcium-dependent manner, linking NSP4 to RV symptoms of nausea and vomiting (143, 

144). Thus, highlighting the numerous ways NSP4 activates signalling pathways that affect 

pathogenesis.  
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1.3.4 Potential fatty acylation of NSP4 

Fatty acylation, also known as lipidation, is the process by which fatty acids are attached to 

proteins. The idea that NSP4 could be fatty-acylated came from previous work conducted in 

Dr John Taylor’s laboratory at the School of Biological Sciences, University of Auckland, 

which showed BRV NSP4 elicit an immune response via its preferential interaction with TLR2-

TLR6 dimer. Although the exact nature of lipid modification was not confirmed, using 

detergent-based lipid extraction from purified NSP4, it was postulated that the lipid was 

covalently attached to NSP4 (145). The canonical agonist for TLR2 are bacterial lipoproteins 

and the best-defined TLR2 binding motif on these lipoproteins being a lipid modification on 

N-terminal cysteine residues. Structural and functional studies have verified fatty acylated 

cysteine moiety as the motif that is recognised by TLR2 heterodimers, with diacylated 

lipoproteins being detected preferentially by TLR2-TLR6 (146, 147). NSP4 contains two 

conserved cysteine residues that are believed to be involved in disulphide bond formation (1, 

92). Cysteines are only able to form disulphide bonds when in their non-modified state, so it is 

possible that each NSP4 monomer contributes one cysteine for disulphide bond formation, 

leaving the second one available for lipid modification. 
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1.4 S-Palmitoylation  

Palmitoylation is a post-translational modification (PTM), and a form of fatty acylation, in 

which saturated palmitic acid is bound to proteins (148-150). S-palmitoylation is the most 

common form of palmitoylation and occurs when palmitic acid is covalently bound to cysteine 

residues on a protein via a thioester bond. Unlike other fatty acid modifications, S-

palmitoylation is reversible (151). Recent studies indicate that the number of S-palmitoylated 

proteins ranges from around 50 in yeast to several hundred in mammals, with an ever-

increasing number of proteins being shown to be palmitoylated (152, 153). Palmitoylated 

proteins can be categorised as five groups: (1) proteins that undergo prenylation within C-

terminal “CAAX” box thus facilitating subsequent S-palmitoylation within its C-terminal 

region, e.g. Ras family proteins (154) (2)  proteins with a dual acylation sequence (Met-Gly-

Cys) within their N-terminal SH4 domain, where N-myristoylation of Gly-2 is required for S-

palmitoylation of Cys-3 (155, 156), e.g. Src family of tyrosine protein kinases (3) N-

palmitoylated proteins where palmitate is attached to a N-terminal cysteine residue via amide-

linkage, e.g. Hedgehog and the Gαs subunit (157, 158) (4) proteins with one or more S-

palmitoylated cysteines near the N- or C-terminus, e.g. H-Ras (159), and (5) transmembrane 

proteins with one or more S-palmitoylated cysteines within or close to their transmembrane 

domain, e.g. influenza A virus (IAV) M2 protein (160).  

 

1.4.1 Palmitoylation of viral proteins  

Proteins from both enveloped and non-enveloped viruses undergo palmitoylation. 

Palmitoylation of viral proteins plays a role in virus lifecycle, primarily at early (virus entry) 

and late stages (budding)  (161, 162). As viral genomes do not encode for palmitoyl 
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acyltransferases (PATs) responsible for palmitoylation, it has been postulated that viral 

proteins are modified using host enzymes early in the secretory pathway where the enzymes 

are predominantly localized (162). S-palmitoylation of proteins was first identified for 

enveloped glycoproteins of Sindbis and VSV, using radiolabelled palmitic acid ([3H]-palmitic 

acid) to label proteins and visualise them via autoradiography (163, 164). Several other viral 

proteins were subsequently detected using this methodology. The most studied group of 

palmitoylated viral proteins belong to enveloped viruses (e.g. HIV-1, influenza, hepatitis C), 

which acquire a lipid bilayer from host membranes (e.g. PM or ER membrane) during their 

replication cycle. These envelopes contain viral “spike” proteins, transmembrane glycoproteins 

that are often S-palmitoylated, which can bind to receptors on host cell PMs, allowing 

subsequent fusion of viral and host membranes for both viral entry into and budding out of the 

cell.  

All influenza viruses, including IAV and influenza B virus (IBV), bud from lipid rafts within 

the PMs of infected cells. Thus, the transport of viral proteins to lipid rafts for the assembly of 

nascent virion is critical. The importance of palmitoylation of other influenza proteins was 

highlighted in a study that attempted to elucidate the mechanism of transport and subcellular 

localisation of influenza B virus (IBV) glycoprotein NB, which they identified as the third 

influenza protein to be palmitoylated. NB was shown to co-localise with markers for the ER 

and Golgi. Brefeldin A, a fungal antibiotic that inhibits secretory pathway, treatment of NB 

expressing cells resulted in the glycoprotein being restricted to the perinuclear region thus, 

confirming its transport through the ER-Golgi pathway. It was later shown via mutational 

analysis that the hydrophobic transmembrane domain along with S-palmitoylation of cysteine-

49, was required for transport of NB to the PM. Interestingly, palmitoylation was shown to be 
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required for proper viral replication, as mutant strains lacking NB palmitoylation had delayed 

replication kinetics compared to its wild type counterpart in vitro (165).  

The envelope of IAV contains two palmitoylated proteins, transmembrane glycoprotein 

hemagglutinin (HA) and transmembrane matrix protein 2 (M2). HA is S-palmitoylated at two 

cysteine residues at the cytoplasmic tail and S-stearoylated at one cysteine residue inside the 

transmembrane domain (164). HA binds to sialic acid residues of glycans on cell surfaces 

during infection, which results in endocytosis and subsequent fusion of viral and endosomal 

membranes. HA, and its S-palmitoylation, is required for the membrane fusion activity (166). 

IAV has been shown to utilize lipid rafts in PMs for assembly and subsequent budding of new 

virions. Fatty acylation of HA is required for its raft association thus palmitoylation (167, 168), 

in addition to the sequence of its transmembrane domain (169), facilitates the concentration of 

viral proteins to these microdomains used for budding. Mutational analysis revealed that only 

the two S-palmitoylated cysteine residues in the cytoplasmic tail of HA are critical for IAV 

assembly and replication (170). Although it has not been clarified whether the disruption in 

replication observed is solely due to S-palmitoylation’s effect on HA raft enrichment. It was 

postulated that S-palmitoylation affects the conformation of HA’s cytoplasmic tail allowing 

for it to interact with the structural matrix protein 1 (M1), which resides below the viral 

envelope (170, 171).  

IAV M2 protein contains a single S-palmitoylated cysteine residue within the amphipathic 

helix at its cytoplasmic tail (172, 173). S-palmitoylation, in addition to its cholesterol binding 

motif, is responsible for the membrane association of its amphipathic helix (160, 174). M2 acts 

as a proton channel, but the ion channel activity of M2 is independent of its S-palmitoylation 

(166). M2 has also been shown to localise to the edges of lipid rafts, based on the combination 

of its S-palmitoylation, cholesterol-binding domain, and transmembrane domain sequence, 
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where it is involved in IAV budding process. Localising to the edge of lipid rafts allows it to 

create a “wedge”, altering the membrane curvature and facilitating membrane scission and 

virus release (174, 175).  

Recent studies have since highlighted the role of palmitoylation in the life cycle of several 

viruses. Palmitoylation of Sindbis virus (SINV) membrane protein TF plays a role in viral 

budding. Mutational analysis identified that TF is palmitoylated primarily at the N-terminal 

region. It was postulated that palmitoylation of TF is modulated by its C-terminal region and 

that the palmitoylated TF is preferentially trafficked to the PM. In the mutant virus lacking TF 

palmitoylation, a lower amount of TF was seen to localise to the PM, which is believed to be 

the site of budding. It was suggested that palmitoylation of TF allowed for its localisation to 

the PM, where it is incorporated into newly synthesized virion (176). Hepatitis E virus (HEV) 

ORF3 protein forms membrane (intracellular and plasma) associated oligomers and is known 

to play a role in viral particle secretion. A study aimed at further understanding the properties 

and role of ORF3 identified that it was palmitoylated at N-terminal cysteine residues (176). 

Inhibition of ORF3 palmitoylation, either via site-directed mutagenesis or 2-Bromopalmitate 

(general inhibitor of palmitoylation), lead to its altered intracellular localisation, reduced 

stability, and a drastic reduction in viral particle secretion. The study concluded by showing 

that ORF3 remained wholly exposed to the cytosolic side of the membrane and inferred the 

role of palmitoylation in ORF3’s membrane topology, membrane localisation, and role in the 

viral life cycle (176). 

As mentioned before, HIV-1 assembles and buds from lipid rafts within the PM. HIV-1 

envelope glycoprotein (gp160) contains dual palmitoylation at cysteine residues at its 

cytoplasmic domain. Palmitoylation of HIV-1 Env protein has been shown to affect its 

localisation to rafts, and inhibition of palmitoylation reduced incorporation of gp160 to virions 
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and significantly reduced viral infectivity (177). Similarly, Env of Feline immunodeficiency 

virus (FIV) was shown to be S-palmitoylated on 4 cysteine residues located in its cytoplasmic 

domain, two of which are identical in position to that of HIV-1 Env. FIV Env mediates viral 

entry by fusion of viral envelope to that of host cell PM. As seen for HIV-1 Env (177-179), 

palmitoylation of the two most membrane-proximal cysteines (Cys-804 and Cys-811) were 

shown to be required for FIV membrane fusion activity, and incorporation of Env into virions 

(180). Such examples of palmitoylated viral proteins and many others, such as Vaccinia virus 

p37 (181) and Hepatitis C virus core protein (182), highlight the importance of palmitoylation 

in correct intracellular localisation of viral proteins, and the subsequent effect on virus particle 

formation.  

 

1.4.2 Reversible nature of palmitoylation  

Due to its versatile nature, recent studies have aimed to identify the enzymes responsible for 

the reversible nature of S-palmitoylation (183, 184). In eukaryotic cells, almost all S-acylation 

reactions are conducted by palmitoyl acyltransferases (PATs) which contain a highly conserved 

zinc DHHC domain (zDHHC) (185-190). S-acylation is a two-step process in which first the 

PATs are autoacylated using cytosolic palmitoyl-CoA, after which the fatty acyl chain is 

transferred from the transiently acylated enzyme to the thiol group of a cysteine within the 

target protein (191). Mammalian cells express 24 proteins that belong to the zDHHC enzyme 

family and are located within the ER, Golgi and PM (85, 184). zDHHC enzymes differ in their 

specificity towards fatty acid substrates, resulting in the diversity of lipids found attached to 

proteins (192). On the other hand, acyl-protein thioesterases (APTs) and palmitoyl protein 

thioesterases (PPTs) process protein de-palmitoylation by hydrolysing the thioester bond 

between the sulfhydryl (SH) group of cysteine and palmitoyl-COA (193). APT1 and APT2 are 
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located in the cytoplasm and are believed to regulate dynamic palmitoylation 

(palmitoylation/de-palmitoylation) of proteins (193). PPT1 and PPT2 are located within 

lysozymes and de-palmitoylate proteins during degradation (194, 195). Recently, serine 

hydrolases of the ABHD17 family have been identified to be responsible for de-palmitoylating 

postsynaptic density (PSD)-95 and N-Ras (196, 197). Interestingly, zDHHCs, APT1/APT2, 

and ABHD17 proteins are themselves S-palmitoylated. Palmitoylation/de-palmitoylation of 

zDHHCs and APTs have been shown to sometimes occur in cascades (85, 193). Additionally, 

even though most proteins are palmitoylated by zDHHC enzymes in eukaryotic cells (153) 

some proteins, e.g. TEA domain transcription factor and Bet3, auto-palmitoylate (198-200). 

Palmitic acid is constitutively attached to the target cysteine residue within these proteins and 

buried within hydrophobic pockets, thus affecting the tertiary structure and subsequent protein-

protein interactions (198, 199)  

 

1.4.3 Functional effects of S-palmitoylation on proteins  

Palmitoylation affects several aspects of the target protein, which are discussed in further detail 

below. Addition of a fatty acid, such as palmitate, increases the hydrophobicity of the modified 

protein, thus increasing its membrane association. Palmitoylation has been shown to affect 

protein function, protein-protein interaction, intracellular trafficking, and subcellular 

localisation of the modified protein (149, 201). It has also shown to affect the enrichment of 

some proteins to lipid rafts (202, 203). Rafts are microdomains within membranes which are 

rich in cholesterol, glycerophospholipids, and sphingolipids. Raft associated lipids primarily 

contain saturated fatty acid chains which allow for tighter packing resulting in “liquid-ordered” 

lipid domains within rafts. Saturated palmitoyl chains thus assist in the incorporation of 

palmitoylated proteins into liquid-ordered membrane domains, thus affecting protein-protein 
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and protein-lipid interactions, and subsequently signal transductions (204). Based on these 

wide-ranging effects, it is of no surprise that there is an ever-increasing interest in identifying 

whether proteins are palmitoylated. The following sections are to elaborate on the different 

known effects of protein palmitoylation that could also affect NSP4.  

 

1.4.3.1 Intracellular trafficking 

Dynamic palmitoylation and de-palmitoylation cycles for several peripheral membrane 

proteins have been identified, which correspond with their intracellular trafficking. Proteins 

such as N-Ras, H-Ras, and R7-regulator of G protein and APTs, are transported between 

Golgi/endosomes and the PM via these cycles. It has been shown that auto-palmitoylation of 

APT1 allows it to migrate to the PM where it de-palmitoylates H-Ras. APT1 then auto-de-

palmitoylates and shuttles back to the cytoplasm along with de-palmitoylated H-Ras, which 

migrates to the Golgi where it is palmitoylated and transported back to the PM via the secretory 

pathway (193, 205-207). It has also been shown that dynamic palmitoylation-de-palmitoylation 

cycles of certain PM receptors affect their distribution and downstream signalling (206, 208, 

209). 

 

1.4.3.2 Stability and degradation  

Recent studies have shown the role of palmitoylation in protein stability via its interaction with 

two other PTMs, phosphorylation and ubiquitination. The ER chaperone calnexin undergoes 

dual palmitoylation which affects its function and stability. Cells were shown to constitutively 

express five times more calnexin than required, all of which remained phosphorylated with the 

majority later degraded. It was shown that phosphorylation prevents palmitoylation of calnexin, 

and the unused pool could be mobilized by either preventing phosphorylation or increasing the 
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activity of PAT DHHC6 (210). Palmitoylation of murine interferon-induced transmembrane 

proteins (mIFITMs), which plays a role in restricting infection of several viruses, increases its 

stability by preventing proteasomal degradation (211). Palmitoylation of anthrax toxin receptor 

TEM8 was shown to spatially segregate it from Ub ligase within lipid rafts, thus increasing its 

stability by preventing endocytosis and degradation (212). The first example of palmitoylation 

occurring as a cascade came from a study that showed that DHHC16 was required to 

palmitoylate and activate DHHC6, which then subsequently palmitoylated its target proteins. 

As observed in singly acylated species of Ras, both activity and stability of DHHC6 were 

affected based on the site of palmitoylation, thus highlighting the PTM’s effects being more 

than merely increasing hydrophobicity of modified proteins (213). 

1.4.3.3 Localisation and membrane association 

As mentioned, S-palmitoylation has a significant effect on the localisation of proteins. Notably, 

S-palmitoylation of cytosolic proteins facilitates their membrane association due to increased 

hydrophobicity. S-Palmitoylation has been identified on several integral proteins at cysteine 

residues located near the junction of transmembrane and cytosolic domains. S-palmitoylated 

transmembrane proteins are present in several locations within cells such as the ER, Golgi and 

PM. In the case of some of these proteins, as seen in leukocyte transmembrane protein adapters, 

second to length and hydrophobicity of the transmembrane domain, S-palmitoylation is a factor 

in determining its PM localisation (214). Fatty acid chains attached to proteins can affect 

membrane structure since palmitic and myristic acids have been shown to facilitate the 

formation of ordered lamellar membrane regions (215, 216). S-palmitoylation of the peripheral 

membrane protein, membrane-palmitoylated protein 1 (MPP1), has been shown to be essential 

for the proper lateral organization and fluidity of erythrocyte membrane. Disruption of MPP1 

S-palmitoylation resulted in improper raft assembly and compromised erythrocyte 
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functionality (217, 218). Additionally, fatty acylation of cysteine residues near the 

juxtamembrane of a protein can facilitate tilting of its transmembrane domain, preventing 

hydrophobic mismatch that could be caused due to bilayer thickness, and allow stable 

incorporation of the transmembrane domain within the membrane (219).  Lipoprotein receptor-

related protein 6 (LRP6), a type 1 membrane protein, contains a 23 residue long transmembrane 

domain which is two residues longer most of type 1 membrane proteins. Dual palmitoylation 

of LRP6 at two juxtamembrane sites was shown to facilitate tilting of its transmembrane 

domain, countering for the hydrophobic mismatch, and subsequently allowing its incorporation 

within the thin ER membrane (220). 

1.4.3.4 Lipid raft association  

As mentioned earlier, S-palmitoylation effects protein localisation to lipid rafts which are 

located within the plasma and some intracellular membranes, primarily the trans-Golgi 

apparatus (221). In the case of transmembrane proteins which do not require palmitoylation for 

membrane attachment, the PTM likely plays a role in targeting the protein to lipid-ordered 

domains. This is because the saturated palmitic acid chain would preferentially anchor between 

the ordered saturated lipids within the raft than the disordered lipids of the surrounding 

membrane (123, 203, 222). S-palmitoylation of the Src family protein kinases have been shown 

to allow for their targeting and subsequent interaction with raft-associated immunoreceptors 

on the PM, initiating downstream signalling cascades critical to acquired immunity (204, 223, 

224).  Immune cell receptors involved with both innate, e.g. toll-like receptor 4 (TLR4), and 

acquired immunity, e.g. T cell receptor (TCR), Fcε receptor I, Fcγ receptor II, are known to 

initiate signal transductions at lipid rafts (225, 226). S-palmitoylated transmembrane proteins 

that work along with these immunoreceptors, e.g., adaptor proteins PAG, LAT, and NTAL, 

preferentially localise to rafts. Lipid rafts are also used by viruses for assembly and budding, 
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e.g. human immunodeficiency virus-1 (HIV-1) and influenza A virus (225, 226). Although 

palmitoylation does not guarantee the raft association of transmembrane proteins, it is required 

for raft association of most integral raft proteins (227-229). S-palmitoylated proteins such as 

glycoprotein G of vesicular stomatitis virus (VSV), anthrax toxin receptor, transferrin receptor, 

and tumour endothelial marker 8 (TEM8) remain un-associated with rafts. This highlights the 

contribution of both the sequence of the transmembrane domain and S-palmitoylation in 

determining raft association (169, 227). 

1.4.3.5 Localisation to tetraspanin enriched domains  

A study involving prostate cancer cells showed that the S-palmitoylated proteins that remain 

un-associated with lipid rafts, likely localise with microdomains enriched in tetraspanins (76, 

230). Tetraspanins are small integral membrane proteins, found in both intracellular and PM, 

containing four transmembrane domains and often several conserved S-palmitoylated cysteine 

residues. Tetraspanins interact with themselves and other proteins, both cytosolic and 

transmembrane proteins which are often also S-palmitoylated, to form specialized 

microdomains known as tetraspanin web (231). Whether specific transmembrane proteins, e.g. 

adaptor proteins involved in acquired immunity, localise to lipid rafts or tetraspanin-enriched 

domains has been postulated to be dependent on the amino acid composition of the site of S-

palmitoylation (229). An interesting aspect that is still poorly understood is the relationship 

between the tetraspanin-enriched and lipid raft microdomains, which has been shown to be of 

functional importance as seen in the case of HIV-1 particle assembly and budding (161). S-

palmitoylation of tetraspanins in certain circumstances have been shown to promote interaction 

with gangliosides and cholesterol, thus leading to their isolation within detergent-resistant 

membranes that are enriched within lipid rafts (219, 232). In addition to targeting proteins to 

lipid rafts and tetraspanin enriched microdomains, S-palmitoylation has been shown to 
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facilitate localisation of proteins to the ER, such as calnexin which is enriched within the 

perinuclear domain of the ER (232). 

1.5 Aim: Identifying S-acylation of RV NSP4 

S-palmitoylation has been shown to have a wide range of effects on viral proteins. It is even 

possible that some viral proteins are simply S-palmitoylated on cysteines that occur within a 

favourable amino acid sequence and thus play no role in protein function (162). However, 

numerous studies highlighting the significant effects fatty acylation has on viral protein 

function, and subsequent virus replication urges the need to investigate potential lipidation of 

viral proteins. Gaining a better understanding of the role of S-palmitoylation of viral proteins 

is essential for not only developing potential anti-viral drugs that target PATs but, also for 

allowing us to use these proteins as a model to study the effect of fatty acylation on protein 

function and localisation to distinct membrane microdomain (233). Fatty acylation of NSP4 

could help further explain its numerous functional properties; especially, in regards to the 

ability of NSP4 to localise to several distinct intracellular organelles, which potentially allows 

it to interact with numerous binding partners and initiate signalling pathways critical for viral 

replication. This project aimed to determine the following: 

• Assess whether NSP4 is fatty acylated – primarily S-palmitoylated  

o Via Acyl Biotin Exchange and Click-Chemistry based methodology 

o Using NSP4 produced in RV infected MA104 cells   

• Identify site of S-palmitoylation  

o Using point mutant variants of NSP4  

o Produced via transient transfection of BSR-T7/5 cells  

• Determine the effect of S-palmitoylation on NSP4’s cellular distribution 
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o By comparing mutant (fatty acid-deficient) and wild type NSP4 in BSR-T7/5 

cells in terms of their association with 

▪ Detergent resistant membranes and lipids raft using assays  

▪ Cellular organelles via confocal microscopy 

• Effect of palmitoylation on RV replication in vitro  

o By measuring viral titre in MA104 cells post inhibition of palmitoylation using 

pharmacological inhibitor 2-bromopalmitate  
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2.1 Materials 

Deionized water (dH2O) used in the preparation of cell culture media was initially sterilized 

via autoclaving at 121°C and 15 psi pressure for 20 minutes. 1x DMEM was filter-sterilized 

using 0.22 μm membranes (Nalgene™ Rapid-Flow™) before further supplementation. 

Similarly, heat-sensitive solutions were sterilized using 0.22 μm filters (Millex® GP).  

 

2.1.1 Media 

Growth / Labelling Media Formulation 

1x DMEM 

13.84 g/l Dulbecco's modified eagle medium (DMEM) 

powder (Invitrogen), and 3.7 g/l NaHCO3 dissolved in 

dH2O, pH 7.4 

DMEM (P/S) 

1x DMEM supplemented with 0.06 g/l penicillin 

(Sigma-Aldrich), 0.14 g/l streptomycin sulphate 

(Sigma-Aldrich) 

Complete growth medium 1x DMEM (P/S) supplemented with 10% FBS 

Cryopreservation medium 45% 1x DMEM (P/S), 45% FBS, 10% DMSO 

17-ODYA labelling media 1x DMEM (P/S), 10% FBS, 100 µM 17-ODYA 

17-ODYA vehicle control media 1x DMEM (P/S), 10% FBS, 0.4% DMSO  

2BP inhibition media 1x DMEM (P/S), 0.5% FAF-BSA, 100 µM 2-BP 

2BP vehicle control media 1x DMEM (P/S), 0.5% FAF-BSA, 0.1% DMSO 

Luria Broth (LB) 

1% bactopeptone, 0.5% yeast extract, 1% NaCl, pH 7.0. 

For agar plates, 1.5% agar was added to the medium 

prior to autoclaving. 
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2.1.2 Buffers and solutions  

Name Formulation 

PBS 
137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 1.8 mM 

KH2PO4, pH 7.4 

TBS 20 mM Tris-HCl, 150 mM NaCl, pH 7.4  

PBST PBS containing 0.1% (v/v) Tween®-20 (VWR) 

CLB 
100 mM NaPO4, 150 mM NaCl, 1% Triton X-100, 1x 

protease inhibitor cocktail (Roche)  

DF lysis buffer 
250 mM Sucrose, 20 mM Tris, 1x protease inhibitor 

cocktail (Roche), 1mM CaCl2, 1mM MgCl2, pH 7.4 

TNE-TX lysis buffer 
25 mM Tris-HCl, 150 mM NaCl, 5 mM EDTA, 0.5% 

Triton X-100, 1 x protease inhibitor cocktail (Roche) 

60% (w/v) Sucrose solution 17.115 g sucrose dissolved in 200 mL TBS, pH 8.0 

5x Laemmli buffer 
62.5 mM Tris-HCl, pH 6.8, 10% glycerol, 2% SDS, 0.01% 

bromophenol blue, 2% β-mercaptoethanol 

Resolving buffer 

10-15% Bis/acrylamide (Bio-Rad), 375 mM Tris-HCl pH 

8.8, 0.1% SDS, 0.05% APS, 0.2% TEMED (Sigma-

Aldrich) 

Stacking buffer 

3.6% Bis/acrylamide (Bio-Rad), 125 mM Tris-HCl 

pH6.8, 0.1% SDS, 0.05% APS, 0.2% TEMED (Sigma-

Aldrich) 

SDS-PAGE running buffer 25 mM Tris, 200 mM glycine, 0.1% SDS 

Western transfer buffer 50 mM Tris, 400 mM glycine, 20% methanol 

Western blocking buffer 5% non-fat milk in PBST 

Western secondary antibody 

buffer 
3% non-fat milk in PBST 

Western stripping buffer 
2% SDS, 100mM β-mercaptoethanol, 5mM Tris 

pH 6.8 

Western detection Clarity™ ECL detection kit (Bio-Rad)  
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2.1.3 Antibodies 

Name Source  

Anti-SGI 

Mouse monoclonal anti-rotavirus SGI VP6 produced 

from cultured mouse hybridoma cells which were a kind 

gift from Dr H. Greenberg, Stanford University, USA 

 

Rabbit anti-NSP4 
Rabbit polyclonal antibody raised against NSP4-C90 

region  

 

Mouse anti-NSP4 

Mouse monoclonal anti-NSP4 produced from cultured 

mouse hybridoma cells which were a kind gift from Dr 

H. Greenberg, Stanford University, USA  

 

Anti-VP7 Rabbit polyclonal antibody raised against rotavirus VP7 
 

Anit-HA0 
Goat anti-HA0 protein of IAV PR8 (N.I.H.; catalogue # 

V314-511-157) 

 

Anti-flotillin-1 

Mouse monoclonal antibody raised against aa 312-428 

of flotillin-1 (BD transductions Laboratories; catalogue 

# 610821) 

 

Anti-α-tubulin 
Mouse monoclonal antibodies raised against α-tubulin 

(Sigma-Aldrich; catalogue # T6074) 

 

Anti-caveolin-1 
Rabbit polyclonal antibodies raised against caveolin-1 

(BD transductions Laboratories; catalogue # 610059) 

 

Anti-β-COP 
Mouse monoclonal antibodies against β-COP (Sigma-

Aldrich; catalogue # G6160) 

 

Anti-Total OXPHOS 

Mouse monoclonal antibody cocktail raised against 

OXPHOS complexes (Abcam; catalogue number # 

ab110413) 

 

Anti-calreticulin 
Goat polyclonal antibody raised against calreticulin 

(Bio-Rad; catalogue # AHP516)  

 

Anti-ERGIC 53 

Mouse monoclonal antibody raised against ERGIC-53 

was a generous gift from Dr H. Hauri, Basel, 

Switzerland   

 

Anti-rabbit IgG (whole 

molecule) HRP 

Goat anti-rabbit IgG conjugated to horseradish 

peroxidase (Sigma-Aldrich; catalogue # A6154) 

 

Anti-rabbit IgG-FITC 
Goat anti-rabbit Alexa Fluor® 488 or 594 (Thermo 

Scientific; catalogue # A11034 and A11012) 
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Anti-mouse IgG (whole 

molecule) HRP 

Rabbit anti-mouse IgG conjugated to horseradish 

peroxidase (Sigma-Aldrich; catalogue # A9044) 

 

Anti-mouse IgG-FITC 
Goat anti-mouse Alexa Fluor® 488 or 594 (Thermo 

Scientific; catalogue # A11001 and A11005) 

 

Anti-mouse IgG-RRX 

Donkey anti-mouse RRX (Jackson ImmunoResearch; 

Catalog # 715-295-15) was a kind gift from Dr G. 

Cooper, University of Auckland, New Zealand 

 

Anti-goat IgG (whole 

molecule) HRP 

Rabbit anti-goat IgG conjugated to horseradish 

peroxidase (Sigma-Aldrich; catalogue # A5420) 

 

Anti-goat IgG-FITC 
Donkey anti-goat Alexa Fluor® 488 (Thermo 

Scientific; catalogue # A11055) 

 

 

2.1.4 Antibiotics 

Name Formulation 

Penicillin 

60 mg/mL stock solution (Sigma-Aldrich) was sterilized 

through a 0.2 μm filter (Millex® GP), aliquoted, and stored at 

-20°C. Supplemented to DMEM in a 1:1000 dilution to achieve 

a final working concentration of 60 mg/L. 

Streptomycin 

140 mg/mL stock solution (Sigma-Aldrich) was sterilized 

through a 0.2 μm filter (Millex® GP), aliquoted, and stored at 

-20°C. Supplemented to DMEM in a 1:1000 dilution to achieve 

a final working concentration of 140 mg/L. 

G418 sulfate 

50 mg/mL Geneticin™ selective antibiotic (Gibco®) was 

aliquoted and stored at -20°C. Supplemented to DMEM in a 

1:1000 to achieve a final working concentration of 50 mg/L. 

Ciprofloxacin 

50 mg/mL stock solution (Sigma-Aldrich) was sterilized 

through a 0.2 μm filter (Millex® GP), aliquoted, and stored at 

-20°C. Supplemented to DMEM in a 1:2000 dilution to achieve 

a final working concentration of 25 mg/L. 

Ampicillin 

50 mg/ml stock solution (Gibco®) was filter sterilized through 

0.2 μm filter (Millex® GP), aliquoted and stored at -20°C. 

Supplemented to LB medium in a 1:500 dilution to achieve 

final working concentration at 100 mg/L.  
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2.1.5 Chemicals 

Name Formulation 

17-ODYA 

25 mM stocks of 17-ODYA (Cayman Chemical) was created in 

DMSO, aliquoted and stored at -20°C. Working concentration of 

100 µM was used for labelling experiments.   

TBTA 

1.7 mM stocks of TBTA (Sigma-Aldrich) made in DMSO/ t-

butanol (20%/ 80%). For CCBM, final working concentration of 

100 μM was used.   

TCEP 

50 mM stocks of TCEP (Sigma-Aldrich) in dH2O were aliquoted 

and stored at -20°C. For CCBM, final working concentration of 

1 mM was used.  

Copper Sulphate 

50 mM CuSO4 stocks were freshly made in dH2O before each 

experiment. For CCBM, final working concentration of 1 mM 

was used.  

Azide-Biotin 

1 mM stocks of Azide-PEG3-Biotin (Sigma-Aldrich) were 

aliquoted and stored at -20°C.  For CCBM, final working 

concentration of 20 µM used.  

HPDP-Biotin 

50 mM EZ-LinkTM HPDP-Biotin (Thermo Scientific) stocks 

were made in DMSO and stored at -20°C. For ABE, 1 mM and 

200 µM working concentrations were used.  

2BP 

100 mM stock concentrations of 2BP (Sigma-Aldrich) created 

fresh in DMSO. For inhibition of S-palmitoylation, final working 

concentration of 100 µM in DMEM was used.  

NEM 
400 mM NEM (Sigma-Aldrich) stocks created fresh in 100% 

ethanol.  For ABE, final working concentration of 20 mM used. 

Hydroxylamine 
1 M hydroxylamine solution, pH 7.4 (Sigma-Aldrich) was 

freshly created in PBS before each experiment.  
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2.1.6 Virus Strains 

Name Strain Species of origin Source 

Rotavirus UK Bovine 
Dr I. Holmes, University of 

Melbourne, Australia 

Rotavirus SA11 Simian 
Dr I. Holmes, University of 

Melbourne, Australia 

Influenza A PR8 Human 
Dr M. Husain, University of 

Otago, New Zealand 

 

2.1.7 Mammalian cell lines 

Name Origin Source 

MA104 African green monkey kidney 
Prof. H. Greenberg School of 

Medicine, Stanford University, USA 

BSR-T7/5 Hamster kidney fibroblast 
Prof. K. Conzelmann, University of 

Munich, Germany 

Caco-2 Human colon carcinoma 
A/Prof. Barbara Coulson, University 

of Melbourne, Australia 

CV-1 African green monkey kidney Dr G. Both, CSIRO, NSW Australia 

MDCK Madin-darby canine kidney 
Dr M. Husain, University of Otago, 

New Zealand 
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2.1.8 Plasmids 

Name Backbone Source Selection 

pTM1-NSP4WT pTM1 AddGene Ampicillin 

    

pTM1-NSP4C63A pTM1 AddGene Ampicillin 

    

pTM1-NSP4C71A pTM1 AddGene Ampicillin 

    

pTM1-NSP4C63AC71A pTM1 AddGene Ampicillin 

 

  



41 

 

2.2 Methodology 

2.2.1 Mammalian cell culture 

MA104, MDCK, CV-1 and Caco-2 cells were cultured in complete growth media (Section 

2.1.1). In the case of BSR-T7/5 cells, the complete growth media was supplemented with and 

additional 0.5 mg/mL of Geneticin™ selective antibiotic (G418 sulfate) (Gibco®). Cell lines 

were maintained on 100 mm plastic culture plates (Cellstar®) at 37°C within a 5% CO2 

incubator. The maintenance plates were observed every day and cellular monolayers sub-

cultured at about 80-90% confluency. To do so, media was removed from cell culture plates, 

cellular monolayer washed with PBS and subsequently detached from plates cells using 0.25% 

trypsin/0.01M EDTA (Invitrogen). Post-detachment cells were resuspended in complete 

growth media to neutralise trypsin and create single-cell suspensions. Maintenance plates were 

reseeded with an appropriate dilution of the initial cell suspension that allowed for a minimum 

of 48 hours of growth period post-seeding to reach 90% confluency. Cells were tested to be 

free of mycoplasma contamination using an e-Myco PCR detection kit (iNtRON 

Biotechnology). When seeding for an experiment, trypan blue (Gibco®) exclusion assay was 

used to count the viable cells required for desired seeding density. Generally, a 1:1 dilution of 

the single-cell suspension with trypan blue dye was made and incubated for 5 minutes at room 

temperature. Since viable cells exclude the influx of trypan blue, live cells can then be counted 

in a haemocytometer using a compound light microscope (Leica DM IL LED).   
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2.2.1.1 Cryopreservation of cells 

For cryopreservation, cellular monolayers at 80-90% confluency were trypsinized and 

resuspended into single-cell suspension as previously mentioned (Section 2.2.1). Cells were 

then pelleted via centrifugation (Multifuge 3s, Heraeus) sat 1300 rpm for 5 minutes at room 

temperature. The supernatant was discarded, and the cell pellet resuspended in 

cryopreservation medium (45% DMEM, 45% FBS, 10% DMSO) at 2x106
 cells/ml. The cell 

suspension was then aliquoted into cryovials (1 mL/vial), placed into Mr Frosty® Cryo 1°C 

Freezing Containers (Nalgene) containing isopropanol, and stored at -80°C for 16-18 hours to 

cool down at a rate of -1°C/minute. For long-term storage, the vials were transferred into a 

liquid nitrogen facility.  

 

2.2.1.2 Resuscitation of cryopreserved cells 

Cryopreserved cells were thawed rapidly using pre-warmed complete growth media (10 

mL/vial) and then pelleted via centrifugation (Multifuge 3s, Heraeus) at 1300 rpm for 10 

minutes at room temperature. The supernatant was discarded and the pellet resuspended in an 

appropriate volume of pre-warmed complete growth media (Section 2.2.1). The cell suspension 

was seeded at 2x106 cells per 100 mm plastic culture plate (Cellstar®) and maintained at 37°C 

within a 5% CO2 incubator. 

 

2.2.1.3 Measurement of cell viability 

Trypan blue exclusion assay was used to assay cell viability. Single-cell suspensions were 

diluted 1:1 with trypan blue (Gibco®) and incubated at room temperature for 5 minutes. Cell 

viability was then assessed by analysing trypan blue treated cells using the EVE™ Automatic 

Cell Counter (NanoEnTek).  
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2.2.2 Virus propagation, titration and infection 

2.2.2.1 Rotavirus (RV) propagation 

RV strains, simian (SA11) and bovine (BRV), were activated at 37 °C for 1 hour in the presence 

of 10 μg/mL Trypsin-1:250 (Gibco®). During the activation period, MA104 cells at 

approximately 90% confluency were washed twice with PBS and maintained in serum-free 

DMEM (Invitrogen). Activated RV was then added to the cells at a MOI of 0.05, and the cells 

then incubated for 1 hour at 37°C withing a 5% CO2 incubator.  The overall concentration of 

trypsin within the media during adsorption was adjusted to 2 μg/mL. Post-adsorption the media 

was removed, and fresh DMEM containing 0.5 μg/mL trypsin was added. Cells were 

maintained at 37°C within a 5% CO2 incubator till complete cytopathic effect (CPE) was 

observed, after which plates were transferred to -80°C. Infected MA104 cells were lysed by 

three freeze-thaw cycles to release RV particles. Media was then clarified of cell debris via 

centrifugation (5810R, Eppendorf) at 4000 rpm at 4°C for 10 minutes. Clarified media 

containing RV particles (i.e. virus stock) was then aliquoted and stored at -80°C.     

 

2.2.2.2 Influenza A virus (IAV) propagation 

MDCK cells at approximately 90% confluency, cultured overnight in desired cell culture plates, 

were washed twice with PBS and maintained in serum-free DMEM for 1 hour at 37°C within 

a 5% CO2 incubator. Media was removed, and cells infected with IAV (PR8 strain) at a MOI 

of 0.01 in DMEM supplemented with 2 µg/mL TPCK-trypsin (Thermo Scientific) and 0.3% 

(w/v) BSA (Gibco®). Virus adsorption was carried out for 1 hour at 37° within a 5% CO2 

incubator. After the incubation period, adsorption media was topped up with additional DMEM 

containing 0.3% BSA and 2ug/mL TPCK-trypsin and cells maintained at 37° within a 5% CO2 
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incubator till CPE was observed. Media containing IAV was then removed from cell culture 

plates and clarified via centrifugation (5810R, Eppendorf) at 4000 rpm at 4°C for 10 minutes. 

Clarified supernatant (i.e. virus stock) was then aliquoted and stored at -80°C.  

 

2.2.2.3 Virus concentration  

Virus stocks were further concentrated via ultracentrifugation when required. Pre-clarified cell 

lysates containing RV particles (Section 2.2.2.1) were transferred to 25 x 89 mm ultracentrifuge 

tubes (Ultra-Clear™ Tube, Beckman). The samples were then ultracentrifuged (Sorvall® 

DiscoveryTM 100SE) in a SW 28 swinging-bucket rotor (Beckman) at 100,000g for 1.5 hours 

at 4°C. The supernatant was discarded, and the pellet containing virus particles was re-

suspended in PBS via sonication (Omni Sonic Ruptor 400). Virus suspension was clarified via 

centrifugation (5424 R, Eppendorf) at 4000 rpm for 10 minutes at 4°C. Clarified supernatant 

(i.e. concentrated virus stock) was then aliquoted to a fresh tube and stored at -80°C before 

titration and use.   

 

2.2.2.4 Virus titration  

Infectious RV and IAV particles were titred using the focus forming assay (FFA). For RV 

titration, MA104 cells were initially seeded in a 96-well cell culture plate at a density of 1x104 

cells/well and maintained for 16-20 hours at 37°C within a 5% CO2 incubator. RV aliquot 

stored at -80°C was thawed and activated as before with 10 μg/mL Trypsin-1:250 (Gibco®) 

for 1 hour at 37°C. After activation, complete growth media was added to the virus at a ratio 

of 10:1 resulting in a 10-fold dilution of the original virus stock. Subsequent serial 10-fold 

dilutions of activated RV were carried out in complete growth media till 1x108
 dilution. Media 

was removed from the cells in the 96-well plate, and the virus dilutions were added at 0.1 
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ml/well (in duplicate wells). Virus infection was then carried out for 16 hours at 37°C within a 

5% CO2 incubator. After the infection period, the virus-containing medium was discarded from 

the 96-well plate. Infected MA104 cells were then washed twice with PBS and then fixed with 

ice-cold methanol for 30 minutes at 4°C. The fixed cells were washed once more with PBS 

then blocked with 5% (w/v) non-fat milk powder in PBS for 1 hour at room temperature or 

overnight at 4°C on an orbital shaker. After removing the blocking buffer, cells were incubated 

with 5% (w/v) non-fat milk powder in PBST containing 1:100 mouse anti-SGI primary 

antibody (Section 2.1.3) at 37°C for 1 hour or 4°C overnight. Cells were then washed three 

times with PBST and subsequently incubated with 1:2000 dilution of Alexa Fluor® 488-

conjugated anti-mouse secondary antibody (Invitrogen) in PBST at 37°C for 1 hour. Finally, 

cells were washed three times with PBST before adding a final 0.1 mL of PBST/well. 

Fluorescent focus units were then counted by viewing individual wells of the 96-well plate 

under an inverted fluorescence microscope (Nikon Eclipse Ti E). Virus titre was then 

calculated by counting the average number of fluorescent foci detected within duplicate wells 

infected with a known dilution of the original virus stock and represented as the number of 

focus forming units per mL of virus stock (ffu/mL).  

IAV was titred similarly to RV with the few notable changes highlighted in the following 

summarized methodology. MDCK cells were seeded in a 96-well cell culture plate at a density 

of 1x104 cells/well and maintained for 16-20 hours at 37°C within a 5% CO2 incubator. IAV 

stock was subjected to 10-fold serial dilutions till 1x108 dilution in DMEM containing 2 µg/mL 

of TPCK trypsin. MDCK cells in the 96-well plate were washed twice with serum-free DMEM, 

and the virus dilutions were added at 0.1 ml/well (in duplicate wells). Virus infection was 

carried out for 10 hours at 37°C within a 5% CO2 incubator. After the infection period, the 

virus-containing medium was discarded from the 96-well plate. Infected MDCK cells were 
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washed with PBS, fixed with methanol, and blocked with 5% (w/v) non-fat milk powder in 

PBS as mentioned before. IAV particles within infected cells were immunolabelled using 

1:1000 goat anti-HO primary antibody (Section 2.1.3) in PBST and 1:2000 dilution of Alexa 

Fluor® 488-conjugated anti-goat secondary antibody (Invitrogen) in PBST.  Viral titre (ffu/mL) 

was calculated as before by counting fluorescent foci using an inverted fluorescence 

microscope (Nikon Eclipse Ti E). 

  

2.2.2.5 Virus infection 

Cell cultures at approximately 90% confluency, seeded one day before infection, were washed 

twice with PBS and maintained for 1 hour in serum-free DMEM at 37°C within a 5% CO2 

incubator. An equivalent extra plate/well was seeded in each experiment in order to count the 

exact number of cells prior to infection (Section 2.1.1.3). Based on the desired multiplicity of 

infection (MOI) and total cell number, an appropriate volume of virus stock was thawed and 

activated in the presence of 10 µg/mL Trypsin-1:250 (Gibco®) for 1 hour at 37°C. Activated 

virus was then diluted in serum-free DMEM to reduce the overall concentration of trypsin to 2 

µg/mL. Media was removed from cells and replaced with virus inoculum. Virus adsorption 

was carried out for 1 hour at 37°C within a 5% CO2 incubator. After adsorption, the virus 

inoculum was removed, and the cells washed with serum-free DMEM. Depending on the 

experiment, infected cells were maintained as is or in the presence of chemicals (e.g. 2-

bromopalmitate, 17-ODYA) for desired lengths of time.   
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2.2.3 Plasmid propagation and purification  

 

2.2.3.1 Bacterial transformation 

Competent Escherichia coli DH5α were initially transformed with the different NSP4 

expression vectors obtained from Addgene (Section 2.1.8) via heat shock. Transformed 

bacteria were then spread on 1.5% agar plates containing LB medium supplemented with 100 

µg/mL of ampicillin and cultured overnight at 37°C in shaking incubator (INFORS HT 

Ecotron). Using a sterile metal loop, a single colony was picked from each plate and 

subsequently streaked on fresh 1.5% agar plates containing LB medium supplemented with 

100 µg/mL of ampicillin. The plates were then incubated at 37oC for 16-18 hours. Single 

colonies from the agar plates were subsequently chosen for propagation and the agar plates 

stored at 4oC for up to a month.  

 

2.2.3.2 Propagation of transformed bacteria 

LB media supplemented with 100 µg/mL ampicillin in 15 mL conical FalconTM tubes were 

inoculated with single bacterial colonies obtained from the streaked agar plates (Section 

2.2.3.1). Falcon tubes were then incubated for 4-6 hours at 37oC and shaken at 220 rpm 

(INFORS HT Ecotron). Bacterial cultures were then transferred at a 1:100 dilution to conical 

flasks containing LB broth supplemented with ampicillin, and then further incubated for 16-18 

hours at 37oC with shaking. 500 µL of the overnight bacterial culture was gently mixed with 

500 µL of 50% glycerol (Sigma-Aldrich) and stored at -80oC. The remaining culture media 

were centrifuged (5810 R, Eppendorf) at 4000 rpm for 10 minutes to pellet the bacterial cells 

for subsequent plasmid extraction and purification.  
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2.2.3.3 Plasmid purification  

Plasmids were purified from transformed bacteria (Section 2.2.3.2) using PureLinkTM HiPure 

Plasmid Filter Maxiprep kit (Thermo Scientific) according to the manufacturer’s protocol. 

Purified plasmids were reconstituted in TE buffer (10 mM Tris, pH 8.0, 1 mM EDTA) and 

plasmid concentrations measured via NanoPhotometer® N60 (Implen). Plasmids were 

aliquoted into small fractions and stored at -20°C for long term storage. In case of frequent use, 

aliquots of plasmids were stored at 4°C for up to two weeks to avoid repeated free-thaw cycles.  

 

2.2.4 Transfection of mammalian cells 

BSR-T7/5 cells were seeded into appropriate cell culture plates using antibiotic-free complete 

growth media (Section 2.1.1). Cells were then maintained for 16-18 hours at 37°C in a 5% CO2 

incubator till cellular monolayer reached 60-80% confluency. Media was removed from cell 

culture plates and replaced with serum and antibiotic-free Opti-MEM (Gibco ®). Required 

amounts of plasmid DNA and transfection reagents were then individually diluted Opti-MEM 

(Gibco ®). Diluted DNA and transfection reagents were mixed at a ratio of 1 μg DNA to either 

2.5 μl of Lipofectamine 2000 (Invitrogen) or 4 μl of 1 mg/mL PEI (Sigma-Aldrich) and then 

incubated for 20 minutes at room temperature. Transfection reagent/DNA mix was then added 

dropwise to the cellular monolayers. Cells were then incubated for 4-6 hours at 37°C within 

the 5% CO2 incubator. Transection media was then replaced with complete growth media and 

cell culture plates further incubated at 37°C within the 5% CO2 incubator for a total of 24 hours 

post-transfection.   
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2.2.5 RNA extraction, cDNA synthesis and qPCR 

 

2.2.5.1 RNA extraction   

RV infected MA104 cells in 6-well plates were washed with ice-cold PBS. 300 µL of TRIzol® 

reagent (Life Technologies) was added to each well of the 6-well plates. Cells were detached 

and subsequently lysed directly in the culture plate via pipetting. The cell lysate was transferred 

to 1.5mL Eppendorf tubes® and vortexed thoroughly. Homogenate was then incubated at room 

temperature for 5 minutes. 0.2 mL of chloroform per 1 mL of TRIzol® reagent was then added 

per tube. Samples were vortexed vigorously for 15 seconds and then incubated at room 

temperature for 2 minutes. Samples were then centrifuged (5810R, Eppendorf) at 10,000 rpm 

for 15 minutes at 4°C. After centrifugation, the upper aqueous phase containing the RNA was 

carefully transferred to new tubes. 0.5 mL of isopropanol per 1 mL of TRIzol® reagent used 

initially was added to each tube and the solutions mixed. Samples were incubated at room 

temperature for 10 minutes to precipitate RNA. RNA was pelleted via centrifugation (5810R, 

Eppendorf) at 10,000 rpm for 10 minutes at 4°C. Supernatants were removed, and RNA pellets 

washed with 75% ethanol and re-pelleted by centrifuging (5810R, Eppendorf) samples at 

14,000 rpm for 5 minutes at 4°C. The wash step was repeated a total of two times. Ethanol was 

removed from the samples and RNA pellets air-dried at room temperature for 5-10 minutes to 

remove residual ethanol. RNA pellets were then solubilized in DEPC-treated water (Ambion®) 

via gentle pipetting. Concentration and purity of RNA samples were then assessed using 

NanoPhotometer® N60 (Implen). Required amount of RNA was then used for cDNA synthesis, 

and the excess RNA was stored at -80°C.  
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2.2.5.2 cDNA synthesis and qPCR 

cDNA was synthesized from quantitated RNA using SuperScriptTM III Reverse Transcriptase 

(Life Technologies) according to the manufacturer’s protocol. Reactions were set up as follows: 

 

  Reaction components           Volume (1x) 

         Random hexamer (50 ng/μl)       1 μl 

    10 mM dNTP mix        1 μl 

    1 μg of total RNA        x μl 

 dH2O                (13-x) μl 

 

The components were mixed and incubated at 65°C for 5 minutes to remove secondary 

structures before preparing cDNA synthesis reactions. Samples were then quickly chilled on 

ice. 4 μl of 5x first-strand buffer and 2 μl of 0.1M DTT was then added to each sample. After 

mixing, samples were incubated at 37°C for 2 minutes. 1 μl (200 units) of M-MLV reverse 

transcriptase was mixed in with each sample. Complementary DNA was reverse transcribed in 

VeritiTM 96-well thermal cycler (Applied Biosystems) by incubating the samples first at 25°C 

for 10 minutes, and then at 50°C for 60 minutes. cDNA synthesis was terminated by heating 

samples at 70°C for 15 minutes to deactivate the reverse transcriptase. 2 μl of each cDNA 

synthesized was used for quantitative PCR (qPCR) analysis.  

The relative mRNA levels of target genes were quantified via qPCR conducted using the 

QuantStudioTM 5 Real-Time PCR System in conjunction with the PowerUpTM SYBRTM Green 

Master Mix (Applied Biosystems). The qPCR reactions were set up in duplicates in a total 

volume of 10 μl per well in 384 well plates as follows: 
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Reaction components           Volume (1X) 

     SYBR green       5.0 μl 

   Forward primer       0.3 μl 

   Reverse primer       0.3 μl 

          dH2O        2.4 μl 

  cDNA template       2.0 μl 

 

 

qPCR conditions: enzyme activation 95°C for 5 minutes; 40 cycles of denaturation (95°C for 

15 seconds) and annealing/extension (60°C for 1 minute). Relative mRNA quantities were 

calculated using the ΔΔ CT method (Applied Biosystems User Bulletin No. 2 P/N 4303859). 

All measurements were performed in duplicates for each sample. The threshold cycle (CT) for 

each gene of interest and the housekeeping gene (GAPDH) and the difference between their 

CT values (ΔCT) were determined. The relative expression values (2−ΔΔCT) between samples for 

the selected genes were determined by using the untreated sample as the reference with its ΔCT 

value subtracted from the ΔCT value of the treated sample (i.e. ΔΔCT). Relative expression 

difference values shown in figures are average of at least two independent experimental results.  
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The following primers were used to quantify the mRNA levels of genes of interest: 

Gene Forward Primer Sequence Reverse Primer Sequence 

NSP1 

5’ – 

CATCTAATCACCCAGGCAATG 

– 3’ 

5’ – TCACGAATCCGCCAATCA     

– 3’ 

VP6 

5’ – 

TGGTTAAACGCAGGATCGGA 

– 3’ 

5’ – 

AACCTTTCCGCGTCTGGTAG – 

3’ 

GAPDH 

(human) 

5’ –

CAGCCTTGACGGTGCCATG     

– 3’ 

5’ – 

GGAAGGTGAAGGTCGGAGTC 

– 3’ 

 

 

2.2.6 Purification of secreted NSP4 

Purified secreted NSP4 was a kind gift from my colleague Ashley Nutsford, University of 

Auckland, New Zealand, and prepared as follows. Caco-2 cells cultured in 150 mm plates were 

maintained for 10 days post-confluency at 37°C in a 5% CO2 incubator. During this period, 

media was replaced every two days and the cells visualized regularly to track the progression 

of the polarized intestinal phenotype. Before infection, the fully differentiated Caco-2 cells 

were carefully washed with PBS and maintained in serum-free DMEM for at least 6 hours at 

37°C in a 5% CO2 incubator. BRV (UK strain) was activated in the presence of 10 μg/ml 

Trypsin-1:250 (Gibco®) for 1 hour at 37°C. Cells were then inoculated with activated BRV at 

a MOI of 5 and maintained for 1 hour at 37°C in a 5% CO2 incubator. After adsorption, the 

viral inoculum was removed and replaced with serum-free DMEM. Infected Caco-2 cells were 

then maintained for 36 hours at 37°C in a 5% CO2 incubator. Media containing secreted NSP4 

(sNSP4) was then collected and clarified via centrifugation (5810 R, Eppendorf) at 4000 rpm 
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for 10 minutes at 4°C. Clarified media was then transferred to 25 x 89mm ultracentrifuge tubes 

(Ultra-Clear™ Tube, Beckman) and ultracentrifuged (Sorvall® DiscoveryTM 100SE) in a SW 

28 swinging-bucket rotor (Beckman) at 100,000g for 1.5 hours at 4°C to remove virus particles. 

The supernatant was then carefully collected and concentrated through a 10,000 Da MWCO 

ultrafiltration membrane (Millipore®) at 40 psi using a stirred ultrafiltration cell (Amicon®). 

The concentrated media then flowed through Concanavalin A (ConA) affinity column. The 

flow-through was collected and re-applied to the ConA affinity column. In total, the media was 

applied four times to the ConA affinity column to ensure maximal binding of NSP4 to the 

ConA-conjugated beads. The column was then washed with 10x column volume of wash buffer 

(20 mM Tris-HCl pH 7.4, 0.5M NaCl, 1mL CaCl2) and ConA-bound NSP4 eluted with 2.5 mL 

elution buffer (wash buffer containing 1 M α-Methylmannoside). Additional 2 ml of elution 

buffer was added to the column and incubated overnight at 4°C. The subsequent elute was 

combined with the first fraction and stored at 4°C. The eluted protein fractions were then 

equilibrated with ion-exchange chromatography wash buffer (25mM Succinic Acid-NaOH, 

20mM NaCl, pH 5.6) and concentrated using Vivaspin® centrifugal concentrator with a 5kDa 

MWCO (GE Life Sciences). NSP4 was then further purified by cation exchange 

chromatography using a Mono S 5/5 column (GE Life Sciences). The column was washed with 

chromatography wash buffer, and the bound NSP4 subsequently eluted using wash buffer 

supplemented with 1 M NaCl. Quantity and purity of NSP4 in eluted fractions were assessed 

by resolving proteins via SDS-PAGE (Section 2.2.10) and then analyzing gels with Bio-SafeTM 

Coomassie Stain (Bio-Rad), and via western blotting (Section 2.2.11). Fractions containing the 

majority of the eluted sNSP4 were then combined, and desalted/buffer exchanged with 20 mM 

Tris, 50mM NaCl using ZebaTM Spin desalting columns (Thermo Scientific). 
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2.2.7 Cell lysis and protein extraction 

For protein extraction, cells were lysed in ice-cold complete lysis buffer (CLB) (Section 2.1.2) 

unless explicitly stated otherwise. 100 µL CLB was used per 1x106 cells. Cells were 

resuspended in CLB and incubated on ice for 30 minutes. During the incubation period, the 

samples were vortexed every 10 minutes. Cell lysates were then incubated for an addition 30 

minutes at 4°C with end-over-end rotation (Labnet RevolverTM). Lysates were then centrifuged 

(5810 R, Eppendorf) at 14000 rpm for 10 minutes at 4°C. The supernatant containing soluble 

protein was then carefully aliquoted out to a fresh tube and kept at 4°C for short-term or at -

80°C for long-term storage before use.   

 

2.2.8 Bicinchoninic acid (BCA) assay 

To measure protein concentration, PierceTM BCATM Protein Assay Kit (Thermo Scientific) was 

used according to the manufacturer’s protocol. The BSA standards were prepared in PBS and 

10 uL of each added in duplicate to wells of the 96-well plate. Cell lysate and purified NSP4 

samples were diluted at 1:4 in PBS, and 10 uL of respective samples loaded per 96-well plate 

(in quadruplicates). The working reagent was prepared by mixing reagents A and B, provided 

in the kit, at a ratio of 50:1. 200 uL of the working reagent was then added to each well 

containing either the BSA standard or protein samples being quantified. The 96-well plate was 

then incubated at 37°C for 30 minutes, and the absorbance was read at 562 nm in a multi-well 

plate reader (EnVision®). The total concentration of protein within the respective samples was 

determined against the BSA standard curve. 
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2.2.9 Chloroform methanol precipitation of proteins  

Proteins samples were precipitated using chloroform/methanol (C/M) precipitation. Protein 

lysates were mixed with methanol at a 1:1 ratio and mixed by vertexing. Chloroform was then 

added to the sample at a ratio of 1:0.25 to initial volume of methanol and mixed via vertexing. 

Depending on the total volume, samples were then centrifuged either in 15mL conical FalconTM 

tubes at 4000 rpm for 20 minutes (5810R, Eppendorf) or in 1.5 mL Eppendorf tubes® at 14,000 

rpm for 5 minutes (5424 R, Eppendorf). The top aqueous layer was removed, and methanol 

(equal to the initial volume used) was added to each tube. Samples were vortexed and 

centrifuged as before. This step was repeated for a total of two times. Methanol was then 

removed from all samples and protein pellet allowed to air dry at room temperature to remove 

residual methanol.  

 

2.2.10 SDS-PAGE electrophoresis 

Proteins were resolved on homemade 12.5% SDS-polyacrylamide gels made using a Mini-

Protean® 3 (BioRad). Protein samples were mixed directly with 2x Laemmli buffer or 

precipitated first via C/M precipitation before solubilization in Laemmli buffer. Protein 

samples were then denatured by boiling for 10 minutes in the presence of β-mercaptoethanol 

(BME). After a brief spin to reconstitute evaporated contents, samples were loaded onto into 

the wells of the homemade gel. The gels were electrophoresed at 100V for 2 hours in a Mini-

Protean® 3 (Bio-Rad) apparatus in SDS-PAGE running buffer (Section 2.1.2). Resolved 

proteins were either visualized using Bio-SafeTM Coomassie Stain (Bio-Rad) or transferred 

onto nitrocellulose membrane via western blotting (Section 2.2.11). 

 



56 

 

 

2.2.11 Western blotting 

Proteins, resolved by SDS-PAGE, were blotted onto 0.2 µm nitrocellulose membrane (Bio-

Rad) using the Criterion™ Blotter apparatus (Bio-Rad). The gel and membrane were soaked 

in ice-cold wester transfer buffer (Section 2.1.2) for 10 minutes and were then enclosed 

between four pieces of Whatman® 3MM chromatography papers (GE Healthcare) and two 

fibre pads, pre-equilibrated in wester transfer buffer, within the transfer cassette. The 

assembled cassette was clamped down and placed inside the blotter tank and submerged in 4°C 

western transfer buffer (Section 2.1.2) along with ice packs and a magnetic stir bar to maintain 

low temperature. Protein transfer was carried out at 100V for 45 minutes on top of a magnetic 

stirrer. After the transfer, the membrane was carefully removed and blocked in 5% (w/v) non-

fat milk in PBS at room temperature for 1 hour on an orbital shaker (IKA® KS 260 basic). The 

membrane was then subjected to three washes in PBS at room temperature for 5 minutes each 

on an orbital shaker (IKA® KS 260 basic). Blot was then immersed in the desired primary 

antibody at 1:1000 dilution in 3% (w/v) BSA in PBST and incubated overnight at 4°C on an 

orbital shaker (Bio-Line). Primary antibody solution was then removed, and the membrane 

washed three times as before in PBST. The membrane was then incubated with appropriate 

horseradish-peroxidise (HRP) conjugated secondary antibody (Section 2.1.3), at a 1:5000 

dilution in 3% (w/v) non-fat milk in PBST, for 1 hour at room temperature on an orbital shaker 

(IKA® KS 260 basic). Blot was washed three times as before in PBST. Blots were then treated 

for 5 minutes at room temperature with the ClarityTM Western ECL Substrate (Bio-Rad) 

prepared according to the manufacturer’s protocol. After incubation, the membrane was placed 

between two sheets of transparent film for subsequent visualization of antibody bound protein 

bands using Amersham Imager 600 (GE Healthcare). 
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2.2.12 Click-chemistry based-methodology (CCBM) 

 

2.2.12.1 Identification of protein S-palmitoylation 

Protein S-palmitoylation was initially analysed via a click-chemistry based methodology 

(CCBM) adapted from Martin & Cravat et al., (152). MDCK and MA104 cells used for the 

infection-based analysis of protein palmitoylation, and BSR-T7/5 cells used for transfection-

based analysis, were seeded at desired scales into appropriate culture plates and maintained in 

DMEM supplemented with 10% (v/v) charcoal-stripped (CS)-FBS for 16-18 hours at 37°C 

within a 5% CO2 incubator. Cells were then washed twice with DMEM and maintained in 

serum-free DMEM for 1 hour prior to infection (Section 2.2.2.5) or transfection (Section 2.2.4). 

Cells were either infected with RV or IAV at a MOI of 5 or transfected with 24 µg of plasmid 

DNA per 100 mm plate. Post-infection or transfection, media was removed, and cells washed 

with serum-free DMEM. 17-ODYA labelling media was freshly created before every 

experiment (Section 2.1.1). 25 mM 17-ODYA (Cayman Chemical) stocks in DMSO were 

incubated with appropriate amounts of 10% (v/v) CS-FBC at 37°C and then dissolved in 

DMEM to obtain 100uM 17-ODYA, 10% (v/v) CS-FBS in DMEM using a sonicating water 

bath. DMSO vehicle control media was also created in parallel to obtain 0.4% (v/v) DMSO in 

10% CS-FBS DMEM. Infected and transfected cells were then incubated in 17-ODYA 

labelling media or vehicle control media for 8 hours and 24 hours, respectively. After labelling, 

cells were washed twice with PBS, scraped off culture plates and pelleted via centrifugation 

(5424 R, Eppendorf) at 4000 rpm for 5 minutes at 4°C. Cell pellets were either stored at -80°C 

till needed or lysed immediately in CLB (Section 2.1.2). Protein concentration in cell lysates 

were subsequently quantified via BCA assay (Section 2.2.8). 400 µg of protein per cell lysate 

was taken into the CCBM at final a concentration of 1 mg/mL and incubated with 20 µM Azide-
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PEG3-biotin conjugate (Sigma-Aldrich),  1mM TCEP (Sigma-Aldrich), 100 µM TBTA 

(Sigma-Aldrich),  1 mM CuSO4 (Sigma-Aldrich), and incubated at room temperature for 1 

hour (Section 2.1.5). The reaction was then stopped via C/M precipitation (Section 2.2.9). 

Protein pellets were then solubilised in CLB supplemented with 0.4% (v/v) SDS. Biotinylated 

proteins were subsequently immunoprecipitated overnight at 4°C on an end-over-end rotating 

mixer (Labnet RevolverTM) using pre-washed streptavidin-agarose beads (Thermo Scientific). 

Beads were collected by low-speed centrifugation (5424 R, Eppendorf) at 2000 rpm for 2 

minutes at 4°C. The supernatant was removed, and beads washed four times with ice-cold CLB. 

After each wash, beads were collected by centrifugation (5424 R, Eppendorf) at 2000 rpm for 

2 minutes at 4°C and the supernatant removed. Bead-bound proteins were then eluted by 

boiling in 2x Laemmli buffer supplemented with BME for 10 minutes. Samples were spun 

down at 4000 rpm for 5 minutes, and the supernatant containing eluted proteins subsequently 

resolved via 12.5% SDS-PAGE (Section 2.2.10). Proteins were then transferred to 

nitrocellulose membranes and blotted using appropriate antibodies against target proteins 

(Section 2.2.11) to identify biotinylated, i.e. S-palmitoylated, proteins.  

 

2.2.12.2 Confirmation of protein S-palmitoylation using hydroxylamine 

Hydroxylamine (Sigma-Aldrich) was used to confirm the CCBM mediated identification of S-

palmitoylated NSP4. Proteins within infected cells were labelled with 17-ODYA and 

subsequently tagged with biotin as before (Section 2.2.12.1). Prior to streptavidin-agarose bead 

pulldown, tagged proteins were divided into two equal fractions. One fraction was treated with 

1 M hydroxylamine in PBS (pH 7.4). The other half was treated with 50 mM Tris buffer (pH 

7.4). Both samples were incubated at room temperature for 1 hour at 37°C with end-over-end 

rotation (Labnet RevolverTM). During S-palmitoylation, palmitic acid (17-ODYA in this case) 
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binds to the sulfhydryl group (-SH) of cysteine residues via the formation of a thioester bond. 

Hydroxylamine cleaves the thioester bonds thus, releasing 17-ODYA and the clicked biotin 

tag from modified proteins. Therefore, hydroxylamine treatment results in the reduced 

enrichment of S-palmitoylated protein on streptavidin beads. After incubation, samples were 

subjected to three C/M precipitation (Section 2.2.9) to terminate the reaction and remove excess 

hydroxylamine from samples. Protein pellets were then solubilized as before in CLB 

supplemented with 0.4% SDS. Biotin tagged proteins in each sample were then 

immunoprecipitated on streptavidin-agarose beads overnight at 4°C with end-over-end rotation 

(Labnet RevolverTM). Beads were then three times with CLB, and immunoprecipitated (i.e. S-

palmitoylated) proteins then eluted from beads and resolved via SDS-PAGE (Section 2.2.10). 

Relative quantities of NSP4 enriched from the two different treatment groups assessed via 

western blot (Section 2.2.11) using anti-NSP4 antibodies (Section 2.1.3).  

  

2.2.13 Acyl-biotin exchange (ABE) 

ABE methodology was adapted from Roth et al., (153). RV infected MA104 cells (Section 

2.2.2.5) or BSR-T7/5 cells transiently expressing NSP4 variants (Section 2.2.4) were lysed as 

before with CLB supplemented with 20 mM NEM (Sigma-Aldrich) and 1 mM TCEP (Sigma-

Aldrich) (Section 2.1.5).  Proteins were C/M precipitated (Section 2.2.9) and re-solubilized in 

CLB supplemented with 4% (v/v) SDS, 20 mM NEM and 1 mM TCEP at 37°C for 10 minutes. 

Additional CLB supplemented with 20 mM NEM was added to each sample to reduce final 

SDS concentration to 1.6% (v/v). Lysates were then allowed to incubate overnight at 4°C with 

end-over-end rotation. Protein concentration within each lysate was measured via BCA assay 

(Section 2.2.8). 800 µg of protein from each sample was then subjected to three cycles of C/M 

precipitation and re-solubilization in 4% SDS CLB as before, to remove excess NEM. After 
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final re-solubilization, samples were diluted as before with CLB and then divided into two 

equal fractions. One fraction was incubated with freshly prepared 1 M hydroxylamine buffer 

(pH 7.4) and the other half (minus-hydroxylamine control) treated with 50 mM Tris buffer (pH 

7.4), with end-over-end rotation at room temperature for 1 hour (Labnet RevolverTM). Both 

buffers were supplemented with 1 mM EZ-Link™ HPDP-Biotin (Thermo Scientific) and 1x 

cOmplete™ EDTA-free protease inhibitor cocktail (Roche). Samples were then subjected to 

three sequential C/M precipitations as before to stop the reaction and to remove hydroxylamine. 

Each sample was then further incubated with CLB supplemented with 200 μM HPDP-biotin 

and 1x protease inhibitor (PI) at room temperature for 1 hour with end-over-end rotation 

(Section 2.1.5). Samples were then subjected to three additional CM precipitations to remove 

HPDP-biotin. Solubilized samples were diluted with CLB to reduce the final concentration of 

SDS to 0.4% (v/v) and then centrifuged (5424 R, Eppendorf) at 14000 rpm for 10 minutes at 

4°C to remove particulates. Supernatants were transferred to new tubes, and pre-washed 

streptavidin-agarose beads (Thermo Scientific) were added to each sample. 

Immunoprecipitation of biotin-tagged proteins was carried out overnight at 4°C with end-over-

end rotations (Labnet RevolverTM). Beads were collected via centrifugation (5424 R, 

Eppendorf) at 2000 rpm for 2 minutes at 4°C. Supernatants were removed, and the beads 

washed four consecutive times with ice-cold CLB. Proteins were eluted from beads by boiling 

them for 10 minutes in 2x Laemmli buffer supplemented BME. Beads were pelleted down by 

centrifuging (5424 R, Eppendorf) samples at 4000 rpm for 5 minutes, and the supernatant 

containing eluted proteins resolved via SDS-PAGE electrophoresis (Section 2.2.10). Relative 

quantities of streptavidin-enriched (i.e. S-palmitoylated) proteins in samples treated with or 

without hydroxylamine were then analyzed via western blot using anti-NSP4 antibodies 

(Section 2.2.11). 
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2.2.14 Inhibition of S-palmitoylation using 2-Bromopalmitate  

2-bromopalmitate (2BP) is a lipid-based general inhibitor of S-palmitoylation (234). 100 mM 

2BP (Sigma-Aldrich) stocks were freshly made in DMSO before every experiment. Depending 

on the scale of the experiment, an appropriate amount of 2BP was mixed with pre-warmed 10% 

(v/v) fatty-acid free (FAF)-BSA (Sigma-Aldrich) and incubated for 30 minutes at 37°C. The 

2BP-BSA solution was then added to DMEM to create the 2BP inhibition media (100µM 2BP, 

0.5% FAF-BSA, 1x DMEM). As DMSO was used to solubilize 2BP, an equivalent amount of 

DMSO was used to create the vehicle control media (0.1%, 0.5% FAF-BSA, 1x DMEM). Prior 

to treatment with 2BP, cells were washed twice and maintained in serum-free DMEM for 1 

hour at 37°C within a 5% CO2 incubator. Media was then removed from cells and replaced 

with either 2BP inhibition media or vehicle control media. Cells were then incubated for 1 hour 

at 37°C within a 5% CO2 incubator. After incubation, media was removed from cells and 

washed twice with DMEM to remove excess 2BP.  

 

2.2.15 Detergent-free isolation of lipid raft  

Lipid rafts were isolated from BSR-T7/5 cells transfected for 24 hours with either pTM1-

NSP4WT or pTM1-NSP4C63A (Section 2.1.8), using a detergent-free lysis methodology Persaud-

Sawin et al., (235). Two 150 mm cell culture plates were transfected with each type of 

expression vector (Section 2.2.4). After transfection, cells were washed twice with PBS. Cells 

were then scraped and pelleted via centrifugation (5810 R, Eppendorf) at 1300 rpm for 5 

minutes at 4°C. The supernatant was discarded and cell pellet lysed in detergent-free (DF) lysis 

buffer (Section 2.1.2) via mechanical shearing, i.e. by passing the cell suspension 20 times 

through a 22-gauge needle (BD Precisionglide®). Cells were then incubated for an additional 

30 minutes on ice. Cell lysates were then centrifuged (5424 R, Eppendorf) at 1000g for 10 
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minutes at 4°C. Post-nuclear supernatant (PNS) was transferred to a new tube and protein 

concentration of lysate measured via BCA assay (Section 2.2.8). 800 µg of protein from each 

sample was then mixed with 60% (w/v) sucrose in TBS (Section 2.1.2) to obtain a 2 mL 

solution with a final concentration of 42.5% (w/v) sucrose. The total lysate (2 mL) was then 

transferred to the bottom of a 14 x 95 mm ultracentrifuge tube (Ultra-Clear™ Tube, Beckman) 

and carefully overlaid with 9 mL of 35% sucrose solution, and a final 2 mL of 5% sucrose 

solution (Section 2.1.2). The tubes were then ultracentrifuged (Optima™ XPN-80, Beckman) 

at 200,000g for 18 hours at 4°C, with acceleration and deceleration set to 0, using the SW 40 

Ti swinging-bucket rotor (Beckman). After centrifugation, ultracentrifuge tubes were carefully 

removed and maintained at 4°C. 1 mL aliquots were subsequently collected from the top of 

each tube to obtain a total of 12 equal fractions. Fractions 12 and 13 were merged into a single 

fraction denoted as 12/13. 500 µL of each fraction was then C/M precipitated (Section 2.2.9) 

and subsequently resolved via SDS-PAGE (Section 2.2.10). Proteins were then transferred to 

a nitrocellulose membrane via western blotting (Section 2.2.11). Blots were probed with rabbit 

anti-NSP4 antibody in parallel with anti-flotillin-1 and anti-β-COP antibodies (Section 2.1.3), 

all at a dilution of 1:1000 in 3% (w/v) BSA PSBT, to identify raft and non-raft associated 

fractions respectively.  

 

2.2.16 Detergent resistant membrane (DRM) isolation 

The methodology was adapted from Hiyashi and Michiko et al., (236). BSR-T7/5 cells were 

seeded onto 150 mm cell culture plates (Corning®) in antibiotic-free complete growth media 

and incubated for 16-18 hours at 37°C within a 5% CO2 incubator. Cells at about 70-80% 

confluency were then either transfected with 36 µg of pTM1-NSP4WT or pTM1-NSP4C63A for 

24 hours at 37°C within a 5% CO2 incubator (Section 2.2.4). After transfection, cells were 
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washed with PBS, scraped off, and pelleted via centrifugation (5424 R, Eppendorf) at 4000 

rpm for 5 minutes at 4°C. The supernatant was then discarded, the cell pellet resuspended in 

TNE-TX lysis buffer (Section 2.1.2), and the resulting suspension incubated at 4°C for 30 

minutes. Cell suspensions were then subjected to three 10 second bursts of sonication on ice 

(Omni Sonic Ruptor 400). Lysates were cooled on ice for at least 1 minute between each 

sonication step. Lysates were then centrifuged (5424 R, Eppendorf) at 12,000g for 20 minutes 

at 4°C. The supernatant was then transferred to a new tube, and protein concentration in each 

lysate quantified via BCA assay (Section 2.2.8). 800 µg of total protein from each sample was 

then transferred to 1.5 mL ultracentrifuge tubes (Beckman) and ultracentrifuged (Optima™ 

MAX-XP, Beckman) at 100,000g for 1 hour at 4°C. Supernatants containing TX-100 (TX) 

soluble proteins were then aliquoted out to fresh tubes. Pellets enriched in TX-100 detergent-

resistant membranes (TX DRMs) were then washed three times with ice-cold PBS and pelleted 

down after every wash via centrifugation (5424 R, Eppendorf) at 14,000 rpm for 10 minutes at 

4°C. The DRM pellet, and equal fractions of TX soluble protein supernatant and pre-

ultracentrifuge clarified lysate were then boiled for 10 minutes in 2x Laemmli buffer 

supplemented with BME. Samples were centrifuged (5424 R, Eppendorf) at 4000 rpm for 5 

minutes, and the supernatant resolved via SDS-PAGE (Section 2.2.10).  Proteins were then 

transferred to a nitrocellulose membrane via western blotting (Section 2.2.11) and subsequently 

probed with anti-NSP4 antibodies in parallel with anti-caveolin-1 and anti-flotillin-1 antibodies 

(Section 2.1.3).  
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2.2.17 Assessment of colocalization using confocal microscopy 

2.2.17.1 Immunolabelling   

BSR-T7/5 cells were seeded on 13 mm glass coverslips (Trajan) within 24-well cell culture 

plates at 4.5x104 cells/ well and maintained for 16-18 hours at 37°C within a 5% CO2 incubator. 

Next day when the cellular monolayers were at about 50-60% confluency, cells transfected 

with pTM1 vector backbone, pTM1-NSP4WT and pTM1-NSP4C63A (Section 2.1.8). 24 hours 

post-transfection, cells were washed twice with PBS and fixed with 4% paraformaldehyde 

(PFA) (Sigma-Aldrich) for 20 minutes at room temperature. Cells were then washed twice with 

PBS and permeabilized with 0.2% Triton X-100 in PBS for 10 minutes at room temperature. 

After rewashing cells with PBS, they were blocked with 5% (w/v) BSA in PBS for 1 hour at 

room temperature on an orbital shaker (IKA® KS 260 basic). Blocking buffer was then 

removed and replaced with primary antibodies against proteins of interest at a dilution of 

1:1000 in 3% (w/v) BSA in PBST and incubated overnight at 4°C on an orbital shaker (Bio-

Line). Anti-NSP4 antibodies were used in conjunction with either anti-calreticulin, anti-Total 

OXPHOS, or anti-ERGIC-53 antibodies (Section 2.1.3) to assess the localization of NSP4 with 

the ER, the mitochondria, and the ERGIC respectively. Primary antibodies were removed, and 

cells washed three times with PBST at room temperature for 10 minutes on an orbital shaker 

(IKA® KS 260 basic). Appropriate fluorescent secondary antibodies (Section 2.1.3) at a 

dilution of 1:1000 in PBST were then applied to cells and incubated at room temperature for 1 

hour on an orbital shaker (IKA® KS 260 basic). Cells were then carefully washed three times 

with PBST and twice with dH20. Coverslips were then inverted and carefully mounted on glass 

microscope slides (Sail Brand) using ProLong™ Glass Antifade Mountant with NucBlue™ 

stain (Life Technologies). Coverslips were then allowed to cure for at least 24 hours at room 

temperature in the dark. Before proceeding to confocal imaging, quality of the 
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immunolabelling and specificity of the antibodies were initially confirmed by comparing 

samples with appropriate negative controls using a fluorescence microscope (Nikon Eclipse 

Ni-U). Controls used: (1) unlabeled transfected and non-transfected (mock) BSR-T7/5 cells, 

(2) non-transfected cells labelled with either primary antibody only, secondary antibody only, 

or both primary and secondary antibodies, (3) transfected cells labelled with primary antibodies 

only, either one of the primary antibodies and both secondary antibodies, and with only the 

secondary antibodies. 

 

 

2.2.17.2 Confocal imaging  

Immunolabelled cells were imaged with the ZEISS LSM 710 inverted confocal microscope 

using 63x/1.4 NA oil immersion objective lens and 1.6x digital zoom. At least 10 cells from 

each treatment group were imaged per biological repeat, and at least 3 biological repeats were 

imaged per colocalization experiment, i.e. colocalization of NSP4 with either the ER, ERGIC 

or mitochondria respectively. Imaging conditions, e.g. laser intensity, scan speed, bit depth,   

were kept constant for each cell being analysed within a biological repeat, and if possible, kept 

constant across all biological repeats. Potential background noise was eliminated by 

establishing appropriate imaging conditions based on the negative controls. For each cell, 

multiple cross-sections were imaged through the centre of the cell. In total, five cross-sections 

of 0.39 μm z-step each, less than half of the 0.8 μm that constituted for 1 Airy unit, were taken 

per cell. These cross-sections were then reassembled, and the images processed using Zen 2012 

Black Edition (Zeiss) imaging software.  
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2.2.17.3 Colocalization analysis 

To assess the colocalization of NSP4 with the ER, ERGIC and mitochondria, Z-stacks of 

immunolabelled cells imaged via confocal microscopy (Section 2.2.18.2) were analysed using 

the ImarisColoc module of Imaris 9.2 (Oxford Instruments). Manders coefficient of 

colocalization was obtained by quantifying the overlap of the fluorescent signal obtained for 

NSP4 with the fluorescent signals obtained for the individual cellular organelles. In order to 

eliminate any variables arising due to potential background noise, a stringent threshold of 

detection was set manually and kept constant for all cells being analysed within a biological 

repeat. In the case of ER and ERGIC, the threshold was kept constant for every cell across all 

three biological repeats. To measure the colocalization of wild-type (WT)-NSP4, or the 

palmitoylation deficient C63A-NSP4, with respective organelles within each cell, all five z-

stacks imaged per cell were analysed. For each pairwise comparison within a biological repeat, 

a total of 10 cells (n=10) per sample group (i.e. cells expressing either WT-NSP4 or C63A-

NSP4) were used. Overall analysis was conducted using images captured for all three 

biological repeats of each colocalization experiment.   
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3.1 Introduction  

The wide-ranging effects of protein palmitoylation have highlighted the importance of 

analysing its functional significance and driven the development of reliable techniques that 

allow for its detection. Two major hurdles have hindered the identification of S-palmitoylated 

proteins. First, there is no amino acid (aa) consensus sequence that allows for the prediction of 

the site of palmitoylation within any given protein (237). Although algorithms based on 

sequence data of known palmitoylated proteins have been created to predict potential 

palmitoylation sites, they are of limited reliability. Ongoing efforts such as the creation of the 

SwissPalm database (https://swisspalm.org/), an extensively curated repository of information 

on palmitoylated proteins, help existing algorithms become incrementally more accurate in 

predicting protein palmitoylation (238). The second hurdle arises from the limitations of 

experimental procedures required to detect protein palmitoylation. Currently, there are no 

available antibodies to detect palmitoylation, except for one that explicitly detects the 

palmitoylated form of postsynaptic density protein 95 (PSD-95) (239). Historically, protein 

palmitoylation has been identified by radiolabelling proteins expressed in cultured cells or in 

vivo using [3H]palmitic acid. Following the incorporation of the label, the protein of interest 

was typically immunoprecipitated and palmitoylation examined by SDS PAGE and 

autoradiography.  This methodology carried several disadvantages but principally was limited 

by the weak signal emitted by tritiated label requiring prolonged exposure of samples to film 

for a convincing demonstration of palmitoylation (weeks to months), making optimisation of 

experimental conditions difficult.  Weak detection was primarily due to incorporation of the 

labelled palmitic acid into cellular lipids, and palmitic acid metabolism pathways within cells 

(240). The detection of protein palmitoylation has been improved by the development of two 

non-radioactive methodologies, click chemistry-based methodology (CCBM) (152, 241, 242) 
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and acyl-biotin exchange (ABE) (153, 243), which alleviated many of the drawbacks of 

radiolabelling. Both techniques also allowed for the application of high-throughput mass 

spectrometry approaches and have resulted in the discovery of palmitoylated proteins from 

various sources, including bacteria and viruses, as detailed below. 

 

3.1.1 Click chemistry-based detection of fatty acylation  

Although the cycloaddition reaction was discovered by Huisgen in the 1950s, the term click 

chemistry was coined by K. B. Sharpless to describe chemical reactions that are simple to 

perform, involve relatively benign solvents, thermodynamically favourable, tolerant to various 

functional groups, and selectively yield high quantities of the target product (244). Similar to 

radiolabelling, which uses [3H]palmitic acid, in the CCBM, the proteins are labelled with a 

palmitic acid analogue, e.g. 17-octadecanoic acid (17-ODYA) and ALK-C16. These analogues 

are identical to palmitic acid, except that they possess an alkyne functional group (Figure 3.1). 

This modification allows for chemical coupling of reporter groups to labelled proteins 

following cell lysis. In this way, the palmitic acid analogue, when incorporated into a protein, 

can be derivatised to yield a reporter capable of detection with much higher sensitivity than 

[3H]palmitate (152, 242). A significant advantage of CCBM is the high specificity of detection 

of labelled proteins conferred by the terminal alkyne group of 17-ODYA, due to its rare 

occurrence in nature (242, 245). Briefly, cells are initially labelled in the presence of 17-ODYA. 

Cells are harvested post-labelling and subsequently lysed. 17-ODYA labelled proteins within 

the clarified cell lysates are then tagged with reporters containing azide functional group via 

Cu(I)-catalysed cycloaddition reaction (i.e. click chemistry). During this step, a triazole is 

formed between the alkyne terminal group of 17-ODYA and the azide functional group of the 

reporter. There are a wide range of commercially available reporters ranging from those 
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conjugated with biotin (e.g. biotin azide) to fluorescent dyes (e.g. tetramethylrhodamine azide). 

Labelled protein samples can be resolved via SDS-PAGE and depending on the reporter, global 

palmitoylation can be observed either via in-gel fluorescence or by blotting with streptavidin-

conjugated antibodies (242, 245, 246). Proteins biotinylated via click chemistry can also be 

enriched using streptavidin-beads, allowing for mass spectrometric analysis post tryptic digest 

(on-bead or in-gel) for global profiling, or blotted with antibodies to confirm palmitoylation of 

individual proteins of interest (242, 247, 248). Comprehensive click-based methodologies such 

as these have allowed the identification of palmitoylated proteins from various sources such as 

T cells (152, 242, 249, 250), macrophage-like RAW264 cells (251), dendritic cells (252, 253), 

Toxoplasma gondii (254) and Cryptococcus neoformans (255). Despite its numerous 

advantages, there remains some limitation to this methodology. CCBM is more suitable in 

tissue culture-based studies that allow efficient uptake of the label and thus restricted in respect 

to analysing palmitoylation in whole organisms and tissues (256); only proteins that undergo 

palmitoylation during the period of metabolic labelling are detected; Alk-C16 can bind at S-, 

N-, and O-palmitoylation sites (257, 258); 17-ODYA can sometimes incorporate at low 

efficiency at N-myristoylation sites (152, 242); proteins containing 

glycosylphosphatidylinositol (GPI) anchors (259) can show up as false positives as they 

possess a palmitoyl-linked inositol ring (260). These limitations, however, can be overcome 

using suitable reporters and inhibitors of palmitoylation, and appropriate experimental controls.  
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Figure 3.1 Schematic representation of click chemistry-based detection of palmitoylated proteins 

using palmitic acid analogue, 17-ODYA.  

Proteins are labelled in vivo with 17-ODYA. Labelled proteins in the cell lysate are then click reacted 

with biotin-azide for downstream enrichment and gel-based detection. Image adapted from Martin & 

Cravatt,  (152). 

 

  

  17-ODYA 

Palmitic acid 
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3.1.2 Acyl biotin exchange  

Acyl biotin exchange (ABE) can be used complementarily with CCBM to confirm 

palmitoylation in cell-based studies. Since ABE does not involve metabolic labelling of 

proteins within cells, it is not affected by some of the aforementioned limitations of the CCBM. 

Lack of a labelling step also makes ABE uniquely suitable for analysing palmitoylation in 

whole tissues and organisms (256). ABE methodology involves the exchange of thioester-

linked palmitic acids on proteins to a biotin derivative (i.e. biotinylation reagent), which 

facilitates subsequent enrichment and analysis of palmitoylated proteins (Section 2.2.13).  

Briefly, cells or whole tissues are first lysed and then treated with N-ethylmaleimide (NEM) 

which irreversibly blocks free thiol-groups on solubilised proteins via alkylation. Samples are 

then treated with hydroxylamine which cleaves thioester bonds, releasing protein-bound 

palmitic acid and exposing thiol groups of cysteines. These thiol groups are tagged with a biotin 

derivative, HPDP-biotin, via a disulphide bond. Biotin-conjugation allows for the subsequent 

enrichment of tagged proteins using streptavidin beads. Bead-bound proteins can be eluted 

using chemicals that reduce disulphide bonds, e.g. β-mercaptoethanol (BME), 1,4-

dithiothreitol (DTT), or tris(2-carboxyethyl)phosphine (TCEP) (153, 230, 261, 262).  Eluted 

proteins can be separated via SDS-PAGE and identified via western blotting or mass 

spectrometry. Identification of S-acylation sites via mass spectrometry has been shown to be 

significantly enhanced by pre-selecting tryptic digests of enriched proteins (230, 263, 264).  

ABE methodology has been utilised to identify S-acylated proteins from a variety of sources, 

including different cells types, tissues, and pathogenic organisms (265-271). As with CCBM, 

ABE too has a few limitations when identifying S-palmitoylation. Since it relies on thioester 

cleavage, ABE enriches all forms of S-acylated proteins and not just S-palmitoylated ones. 
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Additionally, proteins containing thioester linked compounds such as ubiquitin can be 

identified as false positives (261). False positives also appear in cases of inadequate blockage 

of free thiols with NEM prior to biotinylation. Conversely, insufficient deacylation during 

hydroxylamine treatment can result in actual fatty-acylated proteins remaining unidentified 

(262).  As before, the use of appropriate conditions and controls can alleviate many of these 

limitations.  

 

 

 

Figure 3.2 Schematic representation of detection of palmitoylated proteins via ABE.  

Free thiols on proteins blocked with NEM. Hydroxylamine (HA) cleaves thioester bound fatty acids 

and reveals the thiol (SH) group on cysteines to be subsequently tagged with biotin. Adapted from 

Rossin & Hueber, (272).    
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In summary, ABE relies on direct labelling of thiols on extracted proteins allowing analysis of 

the entire but static proteome. CCBM relies on biorthogonal labelling of proteins, allowing 

analysis of dynamic palmitoylation but only for proteins undergoing metabolic labelling in the 

presence of palmitic acid analogues. In a study analysing protein palmitoylation in Plasmodium 

falciparum using both ABE and CCBM, total proteins identified via respective methodologies 

were seen to overlap by 57.2% (273); highlighting the complementary nature of the protocols, 

which facilitates a more comprehensive analysis of protein palmitoylation. In this study, both 

protocols were utilized, with appropriate controls and validation steps, in conjunction with 

mutational analysis to confer a high degree of confidence in identifying potential fatty acylation 

of rotavirus NSP4. 
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3.2 Results  

3.2.1 Sequence analysis of rotavirus NSP4 for fatty acylation, prenylation 

and ubiquitination  

The amino acid sequence of NSP4 was analysed for potential sites of fatty acylation, and for 

the PTMs such as prenylation and ubiquitination, which can appear as false positives during 

ABE methodology. NSP4 sequences from bovine RV (Bovine rotavirus A, GenBank: 

AFC40995.1) and simian RV (Simian rotavirus A/SA11, GenBank: AAA64924.1) strains were 

used for the analysis. Since palmitoylation, unlike the other PTMs analysed hereafter, does not 

have an identifiable consensus sequence, the sequence of HA protein of Influenza A/Puerto 

Rico/8/1934 (H1N1), known to be S-palmitoylated, was used as a control for algorithm-based 

identification of palmitoylation (171, 274). 

> NSP4 protein [Bovine rotavirus A] - GenBank: AFC40995.1 

MEKLTDLNYTLSVITLMNSTLHTILEDPGMAYFPYIASVLTVLFMLHKASIPTMKIALKTSKCSYKMVK

YCIVTIFNTLLKLAGYKEQITTKDEIEKQMDRVVKEMRRQLEMIDKLTTREIEQVELLKRIHDKLMIRTV

DEIDMTKEINQKNVRTLEEWENGRNPYEPKEVTAAM 

> NSP4 protein [Simian rotavirus A] - GenBank: AFC40995.1 

MEKLTDLNYTLSVVTLMNDTLHTIMEDPGMAYFPYIASVLTVLFTLHKASVPTMKIALKTSKCSYKVI

KYCIVSIFNTLLKLAGYKEQITTKDEIERQMDRVVKEMRRQLEMIDKLTTREIEQVELLKRIHDMLIIKP

VDKIDMSQEFNQKYFKTLNDWAEGENPYEPKEVTASL 

> HA protein [A/Puerto Rico/8/1934 (H1N1)] 

MKANLLVLLCALAAADADTICIGYHANNSTDTVDTVLEKNVTVTHSVNLLEDSHNGKLCRLKGIAPLQ

LGKCNIAGWLLGNPECDPLLPVRSWSYIVETPNSENGICYPGDFIDYEELREQLSSVSSFERFEIFPKESS

WPNHNTTKGVTAACSHAGKSSFYRNLLWLTEKEGSYPKLKNSYVNKKGKEVLVLWGIHHPSNSKDQ

QNIYQNENAYVSVVTSNYNRRFTPEIAERPKVRDQAGRMNYYWTLLKPGDTIIFEANGNLIAPRYAFAL

SRGFGSGIITSNASMHECNTKCQTPLGAINSSLPFQNIHPVTIGECPKYVRSAKLRMVTGLRNIPSIQSRG

LFGAIAGFIEGGWTGMIDGWYGYHHQNEQGSGYAADQKSTQNAINGITNKVNSVIEKMNIQFTAVGK

EFNKLEKRMENLNKKVDDGFLDIWTYNAELLVLLENERTLDFHDSNVKNLYEKVKSQLKNNAKEIGN

GCFEFYHKCDNECMESVRNGTYDYPKYSEESKLNREKVDGVKLESMGIYQILAIYSTVASSLVLLVSLG

AISFWMCSNGSLQCRICI 
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3.2.1.1 Fatty acylation of NSP4 

Two algorithms were used to predict fatty acylation; CSS-Palm (available at 

http://csspalm.biocuckoo.org/online.php) to identify palmitoylation, and GPS-Lipid (available 

at http://lipid.biocuckoo.org/webserver.php) to identify palmitoylation, N-myristoylation, and 

prenylations - farnesylation and geranylgeranylation. Both algorithms allow the threshold of 

detection to be altered from high, medium, low, and all (which sets the cut-off score to 0), when 

predicting sites of fatty acylation within a given sequence. The algorithms generate a score for 

each residue within a sequence, with higher values (scores) indicating a greater likelihood of 

the residue being modified.  The cut-off value (score), which increases with the stringency of 

identification (low to high threshold), is used to highlight residues most likely to be modified 

by omitting ones that score below that of cut-off.   

CSS-Palm (Table 3.1) detected no potential S-palmitoylation sites within NSP4. When the 

threshold of detection was lowered to detect all potential sites, it identified cysteine residues 

63 and 71, the only two cysteines present within NSP4’s sequence, as sites of potential 

palmitoylation. Undeniably the prediction appeared highly speculative. As mentioned, the 

sequence of IAV HA protein, which is S-palmitoylated at cysteine residues 562 and 565, was 

also used as a form of quality control for algorithm-based prediction of palmitoylation (171, 

274). As before, only when set to detect all sites of acylation (cut-off set to 0) did the algorithm 

identify Cys-562 and Cys-565, but still as the less likely cysteines within HA to be 

palmitoylated (Table 3.1).  

 

 

 

http://csspalm.biocuckoo.org/online.php
http://lipid.biocuckoo.org/webserver.php
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Table 3.1: Analysis of NSP4 sequences for potential fatty acylation using CSS-Palm.  CSS-Palm 

predicted sites of palmitoylation within RV NSP4 and IAV HA proteins  

 

 

GPS-Lipid (Table 3.2) however, accurately identified Cys-562 and Cys-565 on the reference 

IAV HA sequence as sites of palmitoylation, even under highest stringency of detection. It also 

detected S-palmitoylation of NSP4 at cysteine 71, but only from simian RV strain (SA11), 

when the cut-off was set to medium. When the cut-off was set to 0, it detected cysteine 63 and 

71 on NPS4 from both strains as potential sites of palmitoylation. This discrepancy came as a 

bit of a surprise considering NSP4 from these two strains share 96% sequence identity and the 

fact that the conserved cysteines are surrounded by identical aa residues (Appendix E).  

 

 

 

 

 

Protein / Virus Position Peptide Score Cut-off Type 

NSP4 – BRV 63 ALKTSKCSYKMVKYCI 1.194 0 S-Palmitoylation  

NSP4 – BRV 71 ALKTSKCSYKMVKYCI 3.58 0 S-Palmitoylation  

NSP4 – SA11 63 ALKTSKCSYKVIKYCI 1.125 0 S-Palmitoylation  

NSP4 – SA11 71 ALKTSKCSYKVIKYCI 4.741 0 S-Palmitoylation  

HA – IAV 10 ANLLVLLCALAAADA 41.037 4.222 S-Palmitoylation 

HA - IAV 562 CSNGSLQCRICI*** 16.182 13.877 S-Palmitoylation 

HA - IAV 565 GSLQCRICI****** 14.869 13.877 S-Palmitoylation 
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Table 3.2 Analysis of NSP4 sequences for potential fatty acylation using GPS-Lipid.  GPS-Lipid 

predicted sites of palmitoylation within RV NSP4 and IAV HA proteins 

 

As previously mentioned, the lack of a consensus sequence makes it difficult for algorithms to 

predict sites of S-palmitoylation. Nonetheless, databases such as these are regularly updated 

with sequences of newly identified acylated proteins and therefore continue to improve. 

Despite issues with reliability in identifying the site of acylation, both algorithms successfully 

predicted S-palmitoylation as the fatty acid modification in the reference sequence of IAV HA. 

Thus, algorithm-based prediction of NSP4 S-palmitoylation warranted the use of molecular 

biology techniques to confirm the potential fatty acylation.  

 

 

 

 

 

Protein / Virus Position Peptide Score Cut-off Type 

NSP4 – BRV 63 IALKTSKCSYKMVKY 0.038 0 S-Palmitoylation  

NSP4 – BRV 71 SYKMVKYCIVTIFNT 0.768 0 S-Palmitoylation 

NSP4 – SA11 63 IALKTSKCSYKVIKY 0 0 S-Palmitoylation 

NSP4 – SA11 71 SYKVIKYCIVSIFNT 1.188 1.079 S-Palmitoylation 

HA – IAV 555 GAISFWMCSNGSLQC 2.516 1.396 S-Palmitoylation 

HA – IAV 562 CSNGSLQCRICI*** 7.976 1.983 S-Palmitoylation 

HA – IAV 565 GSLQCRICI****** 6.606 3.076 S-Palmitoylation 
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3.2.1.2 Prenylation of NSP4 

Prenylation is a PTM in which conserved cysteines at the C-terminus of target proteins are 

lipid-modified with either farnesyl or geranylgeranyl moieties. Prenylation is mediated by three 

enzymes, farnesyltransferase (FTase), geranylgeranyltransferase type 1 (GGT1), and Rab 

geranylgeranyltransferase (GGT2) (275). NSP4 sequences were analysed using a second 

algorithm specifically designed to identify prenylation, PrePS - Prenylation Prediction Suite 

(available at http://mendel.imp.ac.at/PrePS/). PrePS identified no site of prenylation on NSP4. 

Both FT and GGT1 require a cysteine on the fourth last position on target proteins as part of 

the CAAX box for activity, which is absent in NSP4 (276). GGT2 also requires at least one 

cysteine residue within the final five C-terminal residues on target proteins (277), which is also 

absent within the NSP4 sequence. Based on the prenylation consensus sequences, the algorithm 

was able to conclude that NSP4 is not prenylated.  

 

3.2.1.3 Ubiquitination of NSP4 

Ubiquitin is a small protein (8.5 kDa) which attaches to target proteins via a thioester bond, 

with the primary function of tagging proteins for proteasomal degradation. Due to the nature 

of its attachment, ubiquitination sometimes shows up as false positive for S-acylation via ABE 

(266). Using the algorithm UbiSite, available at http://csb.cse.yzu.edu.tw/UbiSite/, potential 

ubiquitination sites on NSP4 were identified (Table 3.3).     

 

 

 

http://mendel.imp.ac.at/PrePS/
http://csb.cse.yzu.edu.tw/UbiSite/
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Table 3.3 Analysis of NSP4 sequence for potential ubiquitination. UbiSite predicted sites of 

ubiquitination for rotavirus NSP4 proteins.  

 

 

Potentially ubiquitinated residues predicted by UbiSite are represented as coloured letters, with 

red letters denoting residues with high likelihood, and blue letters denoting residues with a low 

likelihood of being modified. Considering only the (red) residues most likely to be 

ubiquitinated, UbiSite identified three and six lysine residues within the NSP4 sequences from 

simian and bovine strains respectively. Bovine NSP4 was seen to contain the three sites 

identified on simian NSP4, with an additional three sites at lysine residues 55, 146 and 151. 

Taking the algorithm-based sequence analyses into consideration, appropriate controls and 

experimental procedures were implemented to avoid potential false-positive identification of 

NSP4 fatty acylation.  

Order Protein Name Locations Score (Confidence) Ubiquitination Sites 

1 NSP4 - BRV 55 0.512922 (High) ASIPTM  K  IALKTS 

2 NSP4 - BRV 86 0.52863 (High) LKLAGY  K  EQITTK 

3 NSP4 - BRV 128 0.563699 (High) EQVELL  K  RIHDKL 

4 NSP4 - BRV 146 0.552933 (High) DEIDMT  K  EINQKN 

5 NSP4 - BRV 151 0.549274 (High) TKEINQ  K  NVRTLE 

6 NSP4 - BRV 169 0.567118 (High) RNPYEP  K  EVTAAM 

7 NSP4 - SA11 86 0.52863 (High) LKLAGY  K  EQITTK 

8 NSP4 - SA11 128 0.533225 (High) EQVELL  K  RIHDML 

9 NSP4 - SA11 169 0.573774 (High) ENPYEP  K  EVTASL 

 



82 

 

3.2.2 Click chemistry-based identification of S-palmitoylation 

 

3.2.2.1 Click chemistry-based identification of IAV (PR8) HA palmitoylation 

To validate the CCBM utilised (Section 2.2.12), hemagglutinin (HA) of IAV, a known 

palmitoylated protein (274, 278), was used as a positive control. MDCK cells cultured in 100 

mm plates were maintained overnight in DMEM media supplemented with charcoal-stripped 

fetal bovine serum (CS-FBS) to deplete fatty acids. Fatty acid depletion reduces intracellular 

palmitic acid concentration facilitating uptake and incorporation of 17-ODYA into newly 

synthesized S-palmitoylated proteins (279). Cells were then either mock-infected or infected 

with IAV (PR8) at a MOI of 5 and maintained for 8 hours in DMEM media containing 100 µM 

17-ODYA or vehicle control media containing 0.4% (v/v) DMSO. Cells were then scraped, 

isolated by low-speed centrifugation and lysed in lysis buffer (Section 2.2.7). 400 µg of total 

protein lysate from each of the three samples, (1) mock-infected with 17-ODYA, (2) IAV 

infected with 17-ODYA, and (3) IAV infected without 17-ODYA, were tagged with biotin-

azide via CCBM (Section 2.2.12.1). Biotin tagged proteins were enriched on streptavidin beads 

and later eluted by boiling in Laemmli buffer. Total eluted proteins and 1.25% of total lysate 

from each sample used for enrichment were resolved via SDS-PAGE, transferred to a 

nitrocellulose membrane, and blotted with anti-HA0 and anti-tubulin antibodies (Section 2.1.3).   

HA was streptavidin enriched specifically in IAV infected cell lysates labelled with 17-ODYA 

(Figure 3.3). The two controls, protein samples from mock-infected cells in the presence of 17-

ODYA and IAV infected in the absence of 17-ODYA, confirmed that the band observed was 

HA, and that enrichment was not due to non-specific binding of HA to streptavidin beads. 

Interestingly, only about 1% of total HA, calculated by comparing densitometric analysis of 

streptavidin enriched HA to total HA within respective lysate Image Studio™ Lite (LI-COR 
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Biosciences) (densitometric analysis not shown), brought into click reaction appeared to be 

enriched. Overall, the result validated the use of CCBM for detection of palmitoylated proteins.  

 

 

 

Figure 3.3 S-palmitoylation of IAV PR8 HA determined by Click Chemistry-based methodology. 

Mock and IAV (PR8) infected MDCK cells were incubated for 8 hours with (+) or without (-) 17-

ODYA. Cell lysates were biotinylated via Click Chemistry with azide-biotin (Section 2.2.12.1). (A) 

Streptavidin enriched proteins from each sample were separated via SDS-PAGE and blotted with anti-

HA0 antibody. (B) Total lysates (1.25%) from each sample prior to streptavidin enrichment blotted with 

rabbit anti-HA0 and mouse anti-tubulin antibodies (Section 2.1.3).   
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3.2.2.2 Click chemistry-based identification of RV NSP4 Palmitoylation 

Based on the confirmation of methodology with a known palmitoylated protein, the following 

experiments were designed to test the hypothesis that NSP4 was S-palmitoylated at one or both 

cysteine residues that are highly conserved among all know viral strains.  Fatty acid-starved 

MA104 cells cultured in 100 mm dishes were either mock-infected or infected with bovine RV 

(BRV, strain UK) at a MOI of 5 and maintained for 8 hours in DMEM media containing 100µM 

17-ODYA or vehicle control media. Cells were then harvested and lysed as before (Section 

2.2.7). 400 µg of total protein lysate from each of the three samples, (1) mock-infected with 

17-ODYA, (2) BRV infected with 17-ODYA, and (3) BRV infected without 17-ODYA, was 

clicked to biotin-azide. Biotin tagged proteins were enriched on streptavidin beads and later 

eluted as before. Total eluted proteins and  1.25% of total lysate from each sample used for 

enrichment were run on SDS-PAGE, transferred to a nitrocellulose membrane, and blotted with 

rabbit anti-NSP4 and mouse anti-tubulin antibodies (Section 2.1.3).  As was observed for IAV 

HA (Figure 3.3), NSP4 was specifically enriched upon labelling with 17-ODYA (Figure 3.4). 

The proportion of palmitoylated NSP4 enriched using CCBM was also seen to be around 1% 

(densitometric analysis not shown) of total NSP4 within cell lysate. Despite the conservative 

pulldown, however, these results supported S-palmitoylation of NSP4, since enrichment was 

based on the incorporation of 17-ODYA. 
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Figure 3.4 S-palmitoylation of NSP4 determined by Click Chemistry-based methodology. 

Mock and BRV infected MA104 cells were incubated for 8 hours with (+) or without (-) 17ODYA. Cell 

lysates were biotinylated with biotin azide via Click Chemistry (Section 2.2.12). (A) Streptavidin 

enriched proteins from each sample separated via SDS-PAGE and blotted with rabbit anti-NSP4 

antibody (B) Total lysates (1.25%) from each sample prior to streptavidin enrichment blotted with anti-

NSP4 and anti-tubulin antibodies (Section 2.1.3).   
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3.2.2.3 Validation of NSP4 S-Palmitoylation  

Since 17-ODYA can be incorporated in low amounts to N-myristoylation sites (152, 242), an 

experiment was carried out to validate that the previous experiment identified S-palmitoylation 

of NSP4.  During S-palmitoylation, palmitic acid reacts with a cysteine residue forming a 

thioester bond. Hydroxylamine cleaves thioester bonds to release the attached palmitic acid 

moiety, i.e. palmitic acid analogue 17-ODYA. MA104 cells were infected with BRV in the 

presence of 17-ODYA, and labelled proteins were subsequently conjugated to a biotin reporter 

via the click chemistry reaction. The samples were then divided into two equal portions, one 

half treated with 1 M hydroxylamine buffer (Section 2.1.2) and the other half with 50 mM Tris-

buffer for 1 hour at room temperature (Section 2.2.12.2). Biotinylated samples were then 

enriched on streptavidin beads, separated on SDS-PAGE, and immunoblotted with rabbit anti-

NSP4 antibody (Section 2.1.3). Following hydroxylamine treatment, significantly less NSP4 

was recovered using streptavidin beads (Figure 3.5). This result confirms that 17-ODYA was 

incorporated into cysteine residues via a thioester bond. Hydroxylamine cleaves the thioester 

bonding releasing 17-ODYA, and consequently the biotin tag, from NSP4 resulting in its poor 

enrichment and thus supporting S-palmitoylation. 
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Figure 3.5 Validation of S-palmitoylation of NSP4 determined by Click Chemistry-based 

methodology. 

BRV infected MA104 cells were incubated for 8 hours with (+) 17ODYA. Cell lysates were biotinylated 

via click chemistry. The same sample was divided into two equal portions, one treated with (+) and the 

other without (-) hydroxylamine (Section 2.2.12.2).  (A) Samples enriched on streptavidin beads, 

separated on SDS-PAGE, and blotted with anti-NSP4 antibody. (B) Total lysates (1.25%) from each 

sample prior to streptavidin enrichment blotted with anti-NSP4 and anti-tubulin antibodies (Section 

2.1.3).   
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3.2.3 Confirmation of  S-palmitoylation of NSP4 using Acyl Biotin 

Exchange  

Acyl biotin exchange (ABE) was utilised as a complementary test for S-palmitoylation (Section 

2.2.13). As described previously, ABE relies on the in vitro exchange of thioester-linked 

palmitate to a derivative of biotin, which allows subsequent enrichment of the resulting biotin-

labelled proteins on streptavidin-coated beads. Briefly, BRV infected MA104 cells were lysed, 

and 800 µg of total protein treated with 20 mM NEM to irreversibly block free thiol groups on 

solubilised proteins. The sample was split into two equal portions. One half of the sample was 

treated with 50 mM Tris buffer (pH 7.4) and the other with 1 M hydroxylamine in PBS (pH 

7.4) (Section 2.1.2). Hydroxylamine cleaves thioester bonds between palmitic acid and cysteine 

residues, revealing new free thiol groups. Both samples were then treated with HPDP-biotin, 

which binds to exposed thiol groups via a disulphide bond. Biotinylated proteins from each 

sample were captured with streptavidin-agarose beads and later eluted by boiling beads in 

Laemmli buffer containing BME, which reduces disulphide bond between protein and biotin-

HPDP (153, 230, 261, 262). The eluted proteins were separated by SDS-PAGE and visualized 

by immunoblotting with rabbit anti-NSP4 (Section 2.1.3). Sample treated with Tris buffer acts 

as a critical control and has been adapted from Drisdel et al. (243, 280). In the absence of 

hydroxylamine, new thiols do not become exposed to the biotinylation reagent, and in principle, 

no protein gets pulled down. In practice, however, a significant reduction in the enrichment of 

S-acylated protein is observed in samples treated with Tris buffer when compared to 

hydroxylamine treated samples.   
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Figure 3.6 S-palmitoylation of NSP4 determined by Acyl Biotin Exchange reaction.  

BRV infected MA104 cells were incubated for 8 hours in 1x DMEM (P/S) 10% FBS. S-acylated 

proteins were biotinylated via ABE (Section 2.2.13), enriched on streptavidin beads, resolved via SDS-

PAGE before being blotted with anti-NSP4 antibody. (A) Western blot of samples treated with (+) and 

without (-) hydroxylamine using anti-NSP4 antibody (B) Relative total lysates (1.25%) form (-) and (+) 

hydroxylamine samples before enrichment with streptavidin blotted with anti-NSP4 and anti-tubulin 

antibodies (Section 2.1.3).  
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In accordance with studies that use acyl biotin exchange for identifying S-palmitoylation, we 

observed substantially more of NSP4 being pulled down in samples treated with (+) 

hydroxylamine samples compared to samples treated without (-) hydroxylamine (Figure 3.6) 

(243, 280). Trace amount of NSP4 detected in the hydroxylamine-negative (-) control could be 

due to non-specific enrichment as a result of;  (1) incomplete alkylation of free thiol groups 

with NEM (2) hydroxylamine- independent biotinylation and/or (3) biotin-independent binding 

to streptavidin agarose. Interestingly, as seen with CCBM, only about 1% of total NSP4 was 

observed to be enriched. This eliminated poor incorporation of 17-ODYA as a potential reason 

for detecting only a fraction of total NSP4 as palmitoylated via CCBM. Despite ABE detecting 

general S-acylation, taking data from previous experiments into consideration, it further 

supported S-palmitoylation of NSP4. 
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3.2.4 Identification of the site of NSP4 S-palmitoylation via mutational 

analysis 

3.2.4.1 Transient transfection of BSR-T7/5 cells with NSP4 expression plasmids 

Mutational analysis, in conjunction with ABE, was used to identify the site of S-palmitoylation 

within the NSP4 sequence. Using the UK BRV NSP4 sequence, four NSP4 variants were 

synthesized and cloned into the pTM1 plasmid (sequence details provided in Appendix A).  

pTM1 allows the cloned sequence to be transcribed by the strong T7 promoter.  The four 

sequence variants were; (1) wild type NSP4 (pTM1-NSP4WT), (2) NSP4 with single point 

mutation replacing cysteine residue at 63 to alanine (pTM1-NSP4C63A), (3) NSP4 with single 

point mutation replacing cysteine residue at 71 to alanine (pTM1-NSP4C71A), and (4) a double 

point mutant where both cysteines at 63 and 71 were replaced with alanine (pTM1-

NSP4C63C71A). The double point mutant acted both as a negative control for S-palmitoylation 

and as a confirmatory test to show NSP4 detected in ABE was not a false positive obtained 

from potentially ubiquitinated NSP4, as predicted by UbiSite algorithm (Section 3.2.1.3). 

Plasmids were transfected into BSR-T7/5 cells, a clonal variant of BHK-21 stably transfected 

with the gene encoding T7 RNA polymerase (281). 24 hours post-transfection the expression 

of the different NSP4 variants were analysed via immunolabelling of transfected BSR-T7/5 

cells (Figure 3.7) and by immunoblotting transfected cell lysates with anti-NSP4 antibody 

(Figure 3.8).  
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        pTM1 (empty vector) 

   

 

        pTM1-NSP4WT (WT-NSP4) 

   

 

        pTM1-NSP4C63A (C63A-NSP4) 
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        pTM1-NSP4C71A (C71A-NSP4) 

   

 

        pTM1-NSP4C63AC71A (C63AC71A-NSP4) 

   

Figure 3.7 Transient expression of NSP4 constructs in BSR-T7/5 cells.  

BSR-T7/5 cells were transfected with empty vector backbone (pTM1), WT-NSP4 (pTM1-NSP4WT), 

and the three NSP4 mutant variants (pTM1-NSP4C63A, pTM1-NSP4C71A, pTM1-NSP4C63AC71A) (Section 

2.2.4). 24 hours post-transfection, cells were fixed with 4% paraformaldehyde and immunolabelled 

using rabbit anti-NSP4 primary antibody and anti-rabbit Alexa Fluor® 488-conjugated secondary 

antibody (Section 2.1.3). Cell nucleus was stained using Hoechst stain. Cells were visualized and 

imaged using the Nikon Eclipse Ni-U fluorescence microscope in conjunction with SPOT ImagingTM 

software. Nucleus is depicted as blue and NSP4 as green. Scale bars = 50µm. The region within the red 

box within respective images on the left was further magnified and represented in images on the right.  
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Immunolabelling of transiently transfected BSR-T7/5 cells (Figure 3.7) confirmed that all cells 

expressed NSP4 and that each variant exhibited a characteristic punctate distribution observed 

previously (93). Using the empty vector backbone, pTM1, it was also shown that rabbit anti-

NSP4 detected all variants of NSP4 with high specificity. The rabbit anti-NSP4 was produced 

against the C90 region of NSP4, which remains unaffected by any of the mutations utilized in 

this study. Mouse anti-NSP4 (Section 2.1.3) produced against the entire NSP4 sequence was 

also tested and seen to specifically detect all variants of NSP4 (Appendix B).     

Relative expression levels of WT-NSP4 and the three mutant variants (C63A-NSP4, C71A-

NSP4, C63AC71A-NSP4) were then analysed via western blot. Cells were transfected for 24 

hours as before. The total protein within the respective cell lysates was quantified using BCA 

assay, and equal amounts of protein from each lysate was resolved via SDS PAGE and blotted 

with rabbit anti-NSP4 and mouse anti-tubulin antibodies (Figure 3.8). C63A-NSP4, C71A-

NSP4, and C6371A-NSP4 mutants were seen to be expressed at similar levels to that of WT-

NSP4.  
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Figure 3.8 Validation of transient expression of NSP4 in BSR-T7/5 cells.  

BSR-T7/5 cells transfected for 24 hours with empty vector backbone (pTM1) and four NSP4 variants 

(pTM1-NSP4WT, pTM1-NSP4C63A, pTM1-NSP4C71A, pTM1-NSP4C63AC71A) (Section 2.2.4). Cells were 

lysed post-transfection, and 10 µg of total protein from respective lysate resolved via SDS-PAGE and 

blotted with rabbit-anti NSP4 and mouse anti-tubulin antibodies (Section 2.1.3).  
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3.2.4.2 Identification of site of S-Palmitoylation 

In order to identify sites of S-palmitoylation, BSR-T7/5 cells in 10cm plates were transfected 

with 24 µg of each of the four NSP4 variants (pTM1-NSP4WT, pTM1-NSP4C63A, pTM1-

NSP4C71A, and pTM1-NSP4C6371A) and pTM1 vector-only control. 24 hours post-transfection, 

the cells were lysed and analysed via ABE as before (Section 2.2.13). NSP4 was seen to be 

enriched only from NSP4WT and NSP4C71A expressing cells  (Figure 3.9). The absence of a 

signal form NSP4C63A and NSP4C63AC71A confirmed that NSP4 is S-acylated only at cysteine 

residue 63 and that the NSP4 detected is not due to any false positives. This result corroborates 

previous mass spectrometry analysis which suggested that cysteine at residue 71 remains 

unmodified and is likely involved in disulphide bond formation with other NSP4 monomers 

(145). Taking all previous results into consideration, this proves that NSP4 is S-palmitoylated 

at Cys-63. Although NSP4 expressed by only BRV (Figure 3.4) and SA11 (Appendix C) strains 

have been shown to be S-palmitoylated using CCBM, considering the conserved nature of the 

cysteine residue (Figure 1.3), this modification likely exists in NSP4 from all RV strains.    
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Figure 3.9 Identification of site of S-palmitoylation on NSP4.  

BSR-T7/5 cells were transfected NSP4 expression constructs PTM1NSP4WT, PTM1NSP4C63A, 

PTM1NSP4C71A, and PTM1NSP4C63AC71A (Section 2.2.4). After 24 hours, cells were lysed and 

processed via ABE as before (Section 2.2.13). (A) S-acylated proteins enriched on streptavidin beads 

were resolved via SDS-PAGE and blotted with rabbit anti-NSP4 antibody. (B) Total lysate (1.25%) 

from respective samples prior to streptavidin enrichment blotted with rabbit anti-NSP4 and mouse anti-

tubulin antibodies (Section 2.1.3). 
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3.2.4.3 S-Palmitoylation of secreted NSP4 

Based on the ability of ABE to selectively identify the S-palmitoylation of NSP4, the 

methodology was utilized to determine the S-palmitoylation status of secreted NSP4 (sNSP4) 

purified from the media of BRV infected Caco-2 cells (Section 2.2.6). As with intracellular 

NSP4, sNSP4 was observed to be significantly enriched from hydroxylamine treated (+) 

samples compared to hydroxylamine negative (-) control (Figure 3.10). Interestingly, the 

amount of palmitoylated NSP4 remained around 1% of the total sNSP4, as seen previously for 

intracellular NSP4 (densitometric analysis not shown). Thus, observed S-palmitoylation of 

sNSP4 further supports the hypothesis that palmitoylation is a potential mechanism behind 

NSP4 mediated TLR2-TLR6 activation (145). 

 

 

 

Figure 3.10 Identification of S-palmitoylation of secreted NSP4 via Acyl Biotin Exchange.  

Purified secreted NSP4 was subjected to ABE as before and immunoblotted with rabbit anti-NSP4 

antibody (Section 2.2.13). (A) Immunoblot of streptavidin enriched sNSP4 obtained from samples 

treated with (+) and without (-) hydroxylamine. (B) Immunoblot of total sNSP4 (1.25%) within samples 

prior to streptavidin enrichment (Section 2.1.3).  
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3.3 Discussion 

S-palmitoylation of cellular and viral polypeptides has been widely reported but, identifying 

palmitoylated proteins has remained challenging due to technical limitations. Two recent 

biochemical techniques, ABE and CCBM, have been utilised to identify S-palmitoylation of 

both host and viral proteins (267, 282-284). Given the reported acylation of viral and cellular 

proteins and its influence on functional properties ranging from localisation to its overall effect 

on virus replication, the palmitoylation status of NSP4 was investigated. Such knowledge can 

further the understanding of molecular mechanisms that affect host-virus interaction and 

disease progression. Priority was placed on using complementary methodologies with 

appropriate controls in order to confidently identify acylation. CCBM and ABE were 

independently used to identify S-palmitoylation of NSP4.  Both protocols offered several 

advantages in detecting S-palmitoylated proteins.  For instance, ABE involves several 

chloroform-methanol precipitations (CMP) to remove chemical reagents added in previous 

steps. After each precipitation, the protein needs to be re-dissolved in denaturing SDS buffer. 

Denaturation offers two advantages; (1) it exposes palmitoylated residues which may be 

inaccessible and (2), increases the specificity of detection by preventing co-purification of 

associated non-palmitoylated proteins (261). CCBM, on the other hand, relies on specific in-

vivo labelling with 17-ODYA and offered lower potential false positives. The methodologies 

also complemented each other’s technical limitations by strengthening controls for false 

positives in addition to serving as independent validations of acylation. Use of mutational 

analysis in conjunction with ABE allowed for conclusive identification of S-palmitoylation.  

As mentioned, previous work with NSP4 showed that it elicited an immune response via its 

preferential interaction with the TLR2-TLR6 dimer, which is primarily activated by diacylated 

lipoproteins (145). Detergent based lipid extraction from purified NSP4 suggested that if a lipid 
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is responsible for its TLR2 agonist activity, it is covalently attached to the protein. Mass 

spectrometry was utilised to identify the potential lipid modification. NSP4 was trypsin-

digested to into smaller peptides before analysis to facilitate detection of PTMs (285). Mass 

spectrometry data were analysed using both Mascot and PEAKS software packages. In addition 

to improving the accuracy of the NSP4 peptides detected via Mascot, PEAKS also supported 

the identification of several common PTMs, such as palmitoylation, myristoylation, 

farnesylation, and geranylgeranylation (286). One of the NSP4 peptide fragments identified, 

amino acid residues 70 to 81 (-YCIVTIFNTLLK-), contained one of the two conserved 

cysteine residues. Data suggested that this cysteine residue (Cys-71) remained unmodified and 

thus likely involved in disulfide bond formation. However, the region between amino acid 

residues 56 to 69, which contained the second conserved cysteine residue (Cys-63) could not 

be resolved. This was postulated to be due to poor ionization of hydrophobic fragments that do 

not form stable protonated species (287). This region has been shown to have membrane 

destabilization activity facilitated by a pentalysine domain (MKIALKTSKCSYKVVKY) (aa 

54-70), a region containing five conserved lysine residues, proposed to be clustered on one side 

of NSP4’s amphipathic α-helix (288). The pentalysine domain facilitates the integral 

membrane insertion of NSP4’s viroporin domain (aa 47-92) and is critical for viroporin activity 

(85, 92). It is thus possible that the lipid modification of the Cys-63 located within the 

pentalysine domain could assist in its membrane translocation, which is considered 

energetically unfavourable due to the presence of highly charged lysine residues. 

In this chapter, CCBM and ABE were used to show that that Cys-63 of NSP4 from BRV is S-

palmitoylated. The data is supported by previous mass spec data showing that Cys-71 remains 

unmodified. Based on the conserved nature of the cysteine residues, it is likely that NSP4 from 

all RV strains have an S-palmitoylated Cys-63. It is possible that S-palmitoylation of Cys-63 
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plays a role in the membrane translocation of NSP4’s pentalysine domain and thus the insertion 

of the viroporin domain.   

Influenza A virus (IAV) M2 protein shares similarity with NSP4. M2 is synthesised as an ER 

transmembrane protein and acts as a viroporin by forming a tetrameric ion channel (289).  IAV 

M2 contains a single S-palmitoylated cysteine residue within the amphipathic helix at its 

cytoplasmic tail. S-palmitoylation of M2 in conjunction to its cholesterol binding motif, which 

also exists in NSP4 (aa 112-140), has been shown to be responsible for membrane association 

of its amphipathic helix (160, 174). Additionally, S-palmitoylation of NSP4 could assist in its 

association with lipid rafts (290) as it does for IAV M2 (174, 175). 

1 

 

 

Figure 3.11 Comparison of predicted topologies of RV NSP4 and IAV M2.  

Models for S-palmitoylation (depicted as a red bolt) assisted ER membrane association of NSP4 and 

IAV M2, adapted from Bergman et al., (104) and Veit & Siche (233) respectively. C – cell cytoplasm; 

L – ER lumen. 
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Interestingly, the algorithms CSS-Palm and GPS-Lipid (Sections 3.2.1.1 and 3.2.1.2) used to 

analyse NSP4 sequence were able to successfully identify S-palmitoylation as the only 

potential fatty acylation occurring on NSP4. However, the algorithms suggested Cys-71 to be 

more likely to be modified, unlike the actual identified site Cys-63. Considering the variable 

accuracy of algorithms used to predict S-palmitoylation sites, this highlights the significant 

improvements being made in the algorithmic analysis of protein sequences. The NSP4C63AC71A 

mutant acted as a negative control for ABE and as a positive control for identifying potential 

false positives. Additionally, the algorithm UbiSite predicted the NSP4 sequence to contain 

several sites that could potentially be ubiquitinated (Section 3.2.1.3). Since ubiquitin binds to 

proteins via a thioester linkage, there was a risk of NSP4 being detected as a false positive in 

ABE. No NSP4 being enriched during ABE from NSP4C63AC71A samples (Figure 3.9), which 

still retained all six predicted ubiquitination sites, suggests NSP4 is not likely to be 

ubiquitinated.  

Although studies utilizing CCBM or ABE to identify potential S-palmitoylation do not report 

on the percentage of total protein modified (152, 266), an attempt was made to quantify the 

amount of NSP4 detected via densitometric analysis of representative western blots (Appendix 

G). Only about 1% of both NSP4 and HA were identified as S-palmitoylated via CCMB. ABE 

identified roughly 1.5% of NSP4 as S-palmitoylated, which also remained relatively constant 

despite the time points at which NSP4 was obtained i.e. from infected cells after 8 hours, from 

transfected cells after 24 hours, and from the media of infected cells after 36 hours. Considering 

ABE allows for the static measurement of palmitoylation, this indicated that the palmitic acid 

is likely stably incorporated within the protein or that relative equal quantities are maintained 

via the palmitoylation/de-palmitoylation cycle. However, the 1-2% identified likely does not 

indicate total quantity of S-palmitoylated NSP4 primarily due to the nature of biochemical 
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methods involved in the identification process (e.g. chemical labelling and treatment, numerous 

protein precipitation steps, affinity enrichment etc.). Thus, the analysis leans more towards 

qualitative than quantitative assessment and a likely reason behind the lack of quantitative 

reporting in peer-reviewed publications.     

However, based on the results from one such study aimed at identifying protein acylation using 

a CCBM, only about 0.5% to 2% of total protein appeared to be palmitoylated for the majority 

of proteins analyzed (based on visual comparison of protein band detected in total elute and 1% 

of total lysate) (291). At the extreme ends, almost all of αLAT and only 0.01% of HSP90 

appears S-palmitoylated (Appendix H). Thus, the percentage of S-palmitoylated NSP4 

identified falls within the range of detection previously reported for other proteins. The primary 

consequence of the lack of quantitative assessment of known palmitoylated proteins is the 

difficulty in predicting the potential biological significance of NSP4 S-palmitoylation via 

comparison to other known S-palmitoylated proteins such as IAV HA for example. Since the 

discovery of HA S-palmitoylation, several studies have conducted functional analyses to assess 

its biological significance, seemingly under the assumption that most if not all HA is lipidated 

(166, 171, 274, 292). Since similar levels of HA and NSP4 appeared to be modified, the 

potential effect of S-palmitoylation on the known functions of NSP4 were assessed and the 

findings reported in the following chapter.  
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Functional Analysis of NSP4 S-Palmitoylation 

 

Chapter 4: Functional analysis of NSP4 S-Palmitoylation 
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4.1 Introduction 

Multifunctional viral proteins involved in several different stages of viral replication offer an 

evolutionary advantage to viruses by allowing them to achieve more with limited genetic 

content (293). The pleiotropic nature of NSP4 allows the RV to control multiple cell signalling 

pathways. As mentioned, NSP4 has been shown to localise to the ER, ERGIC, PM, and 

mitochondria  (24, 109, 118, 120). Although there was some speculation regarding the transport 

of NSP4 to the Golgi apparatus, overall consensus indicates that NSP4 does not localise to the 

Golgi and that secretion of NSP4 from infected cells likely occurs via Golgi-independent 

pathway (24, 89, 106, 117, 121, 294). It has been speculated that the diverse intracellular 

localisation of NSP4 facilitates spatiotemporal-dependent interactions with its numerous 

binding partners to subsequently trigger pathways critical for RV replication. S-palmitoylation 

can target membrane proteins to specific membrane microdomains; thus, palmitoylation/de-

palmitoylation cycles can bring together or segregate binding partners to create specific 

conditions under which they interact (295). For example, palmitoylation of neurotensin 

receptor-1 (NTSR-1), a G-protein coupled receptor (GPCR), is required for its localisation to 

specific membrane microdomains containing its binding partner Gαq/11 protein, to initiate 

mitogenic-signalling (296).  

S-palmitoylation could also further explain the diverse subcellular localisations of NSP4. S-

palmitoylation of two ER transmembrane proteins, calnexin and thioredoxin-related 

transmembrane protein (TMX), is required for their localisation to distinct regions of the ER 

known as the mitochondria-association membrane (MAM). This region is believed to facilitate 

metabolite, lipid, and ion exchange between the ER and mitochondria (297). Palmitoylation of 

calnexin was also shown to be required for its localisation to the nuclear envelope, facilitating 
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its interaction with the ribosome-translocon complex (RTC) to form calnexin-RTC 

supercomplex (298). Additionally, S-palmitoylation of Gp78, an ER-resident E3 ubiquitin 

ligase, is required for its distribution from central to peripheral ER and subsequent activity 

(299).  

Translocation of NSP4 to the mitochondrial membrane has been shown to initiate a 

proapoptotic pathway (120). The shortest identified mitochondrial targeting sequence of NSP4 

consists of aa residues 61-83, located within the amphipathic α-helix of the viroporin domain 

(120). Thus, the sequence includes the palmitoylated Cys-63. Although there seems to be 

debate regarding whether palmitoylation can stabilise alpha-helix structure (300, 301), it is 

widely assumed that palmitoylation combined with a membrane-binding helix should facilitate 

stronger membrane association and even localisation to specialised membrane microdomains 

(302). Interestingly, one study showed approximately 30% of total cellular NSP4 was shown 

to localise to the ERGIC, a stable cluster of tubulovesicular membranes (24, 303). Although 

the exact significance of ERGIC localised NSP4 remains unknown, several studies have 

highlighted the role of the early exocytic pathway, especially the interplay between ERGIC 

and the Golgi apparatus, in protein palmitoylation and transport of palmitoylated protein. 

ERGIC has been shown to be the initial site of palmitoylation for proteins such as neuronal 

plasticity protein GAP-43 and ProSP-C (304, 305). ERGIC has also been implicated as the 

palmitoylation site for vesicular stomatitis virus glycoprotein (VSV-G), Sindbis virus 

glycoprotein E1, and IAV HA protein palmitoylation (278, 306). Using Brefeldin A (BFA), an 

inhibitor of intracellular vesicle formation that disassembles the Golgi apparatus leaving the 

ERGIC intact, the Golgi apparatus was identified as the site of CD9, CD151, and SNAP25 

palmitoylation  (307-309). The BFA-induced inhibition of palmitoylation observed could 
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potentially be due to the loss of the functional Golgi apparatus where palmitoylation takes place, 

inhibition of specific PATs, or the inhibition of transport to the site of palmitoylation.  

Palmitoylation of H-Ras and N-Ras, which likely occurs at the ER (188), is required for their 

targeting to the Golgi for transport to the PM, while non-palmitoylated K-ras relies on a Golgi-

independent pathway (310-312). Mutational analysis of GAD65 identified its 27-residue N-

terminal domain as a Golgi-targeting signal which is required for its localisation to the Golgi 

for subsequent palmitoylation (313). Distinguishing the targeting and palmitoylation signals 

for other Golgi-associated palmitoylated proteins remains challenging. In contrast to GAD65, 

palmitoylation is required for localisation of SCG10 and eNOS proteins to the Golgi  (314-

316). This highlights a unique dynamic where targeting to the Golgi is required for protein 

palmitoylation in some cases, while in others, palmitoylation is required for Golgi targeting. 

Interestingly, BFA treatment was also shown to induce palmitoylation of otherwise non-

palmitoylated integral ER membrane protein p63 (317, 318). These studies indicate the role of 

the exocytic pathway, in addition to the ER and PM, in protein palmitoylation and transport of 

palmitoylated proteins.  

Palmitoylation also affects protein association with lipid rafts. Thus, functional studies of 

palmitoylation generally assess the PTM’s effect on the modified protein’s ability to localise 

to these specialised microdomains (228). S-palmitoylation assists in the lipid raft association 

of several proteins, e.g.  H-Ras (319),  β‐secretase BACE1 (320), cannabinoid receptor (321), 

death receptor 4 (322), and is critical for their subsequent function and signal transduction. The 

strongest support for S-palmitoylation dependent spatial segregation of interactive proteins into 

different membrane microdomains, as a mechanism for regulating signal transduction, comes 

from studies on T cells (323-325). For example, palmitoylation is critical for raft association 

and subsequent T cell receptor (TCR) signalling activity by transmembrane adaptor protein 
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LAT1 (326) and non‐receptor protein tyrosine kinase LCK (223).  Additionally, S-

palmitoylation dependent raft association of integrin α6ß4 allows it to interact with Src family 

kinases to promote EGF-dependent mitogenesis (327).  

Palmitoylation also allows lipid raft association of several viral proteins and is considered a 

mechanism by which viral proteins are concentrated within the specialized microdomain to 

enhance virus assembly and budding (160, 328, 329). For example, S-palmitoylation dependent 

raft association of IAV HA is required for the assembly of infectious virus (292, 330). Thus 

unsurprisingly, palmitoylation of envelope proteins of Semliki Forest virus (SFV), Rous 

sarcoma viruses (RSV), Simian immunodeficiency virus (SIV), HIV, and SINV is required for 

efficient viral replication (177, 331-334). Enveloped viruses acquire their lipid membrane 

during budding.  While budding occurs at the PM for several viruses such as alphaviruses, 

retroviruses, and paramyxoviruses (335-339), other viruses have been shown to assemble at 

intracellular membranes and subsequently bud into the lumen of cellular organelles such as the 

ER for hepatitis C viruses and flaviviruses (340-343), and the ERGIC for coronaviruses (344-

346).  

The ability of NSP4 to associate with lipid rafts has already been established (290, 347). Based 

on the observation that NSP4 was also required for the raft association of newly synthesized 

RV (294), it was hypothesized that NSP4 acts as a “raft receptor” that transiently binds DLPs 

facilitating their translocation into these lipid microdomains where other RV proteins are 

already present, VP4 and VP7 are both raft-associated (290, 347), to facilitate virus assembly 

(290). The fact that RV is primarily released through the apical surface of polarized intestinal 

cells before lysis in a non-classical exocytic pathway supported the hypothesis that RV uses 

lipid rafts for transport to the cell surface for subsequent release (88, 290).   



110 

 

There is growing evidence indicating the involvement of ERGIC in RV maturation. RV 

associated VP7 has been detected at the ERGIC, which is also believed to be the site of VP7 

maturation (348).  VP4 has also been shown to colocalize with ERGIC-53, a marker of ERGIC, 

where ERGIC was postulated to be the site of VP4 mediated RV assembly (117, 294, 349). As 

mentioned, NSP4 localizes to ERGIC (24, 117). Cellular distribution of ERGIC-53 changes 

significantly due to RV infection (294) and also in response to expression of NSP4 alone (117, 

294). NSP4 also interferes with the secretory pathway in a pre-Golgi step by binding to 

microtubules (117). Cuadras et al. hypothesized that the interaction of ERGIC localized NSP4 

with LC3-II causes the disruption and redistribution of ERGIC close to viroplasms (294). DLPs 

then bud from viroplasm into these membranes containing ERGIC-53, to form TLPs. This 

hypothesis contradicts prior theories of NSP4 mediated budding of RV DLPs occurring through 

the ER membrane (350-352). A recent study has since indicated that RV DLPs do not bud from 

the ER membrane but from membranes of COPII-coated vesicles from the post-ER exocytic 

pathway that are hijacked by the autophagy machinery via NSP4’s interaction with LC3-II 

(353). This observation supports the hypothesis posed by Cuadras et al., and can also explain 

their observation of RV particles transition through ERGIC-53 containing organelles, likely 

ERGIC, but exit the traditional secretory pathway before cis-Golgi (294). Based on this it has 

been postulated that lipid raft vesicles moving from Golgi to ER via retrograde movement 

merge with RV containing ERGIC vesicles and are transported to PM akin to newly 

synthesized rafts, thus providing a potential mechanism by which RV is secreted from infected 

cells via a non-lytic Golgi-independent pathway (117, 294). In this chapter, the numerous ways 

S-palmitoylation could affect known roles of NSP4 including RV replication, association with 

lipid raft and DRMs, and intracellular distribution were assessed.   
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4.2 Results 

4.2.1 Role of palmitoylation in RV replication 

2-Bromopalmitate (2BP) is a structural analogue of palmitic acid and an inhibitor of 

palmitoylation through the irreversible inhibition of  PATs (234). 2BP  has been shown to 

inhibit palmitoylation of several proteins, e.g. H-Ras, Src-related tyrosine kinases, and Rho 

family kinases (354-356). Numerous studies have used 2BP to assess the role of viral protein 

palmitoylation in virus replication, e.g. HSV, HCV, Chikungunya virus (CHIKV), Reovirus, 

and Coronavirus (182, 283, 357-359). In this study, 2BP was also utilised to assess the role of 

palmitoylation in RV replication using two strains that were established to produce 

palmitoylated NSP4, i.e. UK-BRV and SA11 (Figure 4.5). The effect of 2BP on RV replication 

over multiple replication cycles was assessed initially. MA104 cells were treated with either 

100 µM of 2BP or equivalent DMSO, which was used to solubilize 2BP. Cells were then 

infected with either SA11 or BRV at 0.01 MOI each and virus titre measured at 12, 24 and 48 

hpi, by which time a complete cytopathic effect (CPE) had been observed. Prior to the 

experiment, the cytotoxic effect of 2BP on MA104 cells was assessed and found not to 

compromise cell viability based on trypan blue exclusion assay (Appendix F). Figure 4.1 

represents the titre of each of the RV strains in response to 2BP over time.  
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Figure 4.1 Inhibition of palmitoylation using 2BP limits RV replication in a strain-specific manner.  

Role of palmitoylation in RV replication was assessed using the palmitoylation inhibitor 2-

bromopalmitate (2BP). MA104 cells were treated with 2BP or vehicle control (DMSO) prior to 

infection with RV strains SA11 (A) or BRV (B) at 0.01 MOI each. Virus titre was measured at 12, 24 

and 48 hours post-infection (hpi) and plotted as bar graphs representing the mean ± standard deviation 

of triplicate samples from three independent experiments. (A) Bar graph of SA11 titres. (B) Bar graph 

of BRV titres. Statistical analysis was performed using Prism 8.0 (GraphPad). Significance of difference 

between each treatment group was determined using unpaired t-test. P values < 0.05 were considered 

significant with one (*), two (**), and three (***) asterisk representing adjusted P values between 0.01 

and 0.05, 0.01 and 0.001, and 0.01 and 0.0001 respectively. 

 

 

As can be seen from Figure 4.1 (A), a significant reduction in SA11 titre was observed at 12, 

and 24 hpi in 2BP treated cells compared to control. However, the observed difference 

disappeared by 48hpi. Interestingly, no such reduction was observed in BRV titre at any 

timepoint - Figure 4.1 (B). These results indicated that inhibition of palmitoylation by 2BP 

potential affected replication kinetics of only SA11.  
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In order to further investigate this effect, the experiment was repeated to assess the effect of 

2BP on a one-step growth cycle of both RV strains. MA104 cells were treated with or without 

2BP as before. This time the cells were infected with either SA11 or BRV at a MOI of 1, 

respectively. Virus titre was then measured every two hours post adsorption (0 H) for 12 hours. 

Figure 4.2 represents the respective growth curves of SA11 and BRV over time.  

 

 

 

 

Figure 4.2 Palmitoylation affects rotavirus replication kinetics in a strain-specific manner.  

MA104 cells were treated with 2BP prior to infection with SA11 or BRV at 1 MOI each (Section 

2.2.2.5). Virus titre was measured every two hours post-infection. 0 H represents infected cell samples 

collected immediately after virus adsorption. The graph represents the mean ± standard deviation of 

duplicate samples from two independent experiments.  
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As before (Figure 4.1), a reduction in titre only observed for SA11 and not BRV (at any time 

point) in response to 2BP treatment over the one-step growth cycle post synchronous infection 

(Figure 4.2). A substantial reduction in SA11 titres (up to 1 log) was observed in 2BP treated 

cells compared to control during early stages of replication (5 to 9 hpi). During the later stages 

of infection (9 hpi onwards) the difference in titre between the two treatment groups reduced 

until almost achieving similar titres by 12 hpi (mean viral titre in 2BP treated cells was still ~2-

fold lower than in control). It is apparent from Figure 4.2 that the rate of SA11 replication in 

2BP treated cells was slower than that in control cells. By 12 hpi, the rate of SA11 replication 

in control cells started to plateau. A higher replication rate in 2BP treated cells relative to 

control cells was observed from ~9 hpi onwards, which reduced the difference in total 

infectious particles produced in both treatment groups by 12 hpi. Thus, the data indicated that 

2BP treatment did not significantly reduce the production of viral particles for either SA11 or 

BRV, but that it limited the rate of formation of infectious SA11 virions.  

In order to elucidate the step at which viral particle formation was effected, relative levels of 

viral mRNA and protein were measured in cells infected with SA11 across the two treatment 

groups during early stages of replication (i.e. 4 to 8 hpi), where the greatest difference in viral 

titre was observed. MA104 cells were treated with or without 2BP as before and infected with 

SA11 at a MOI of 1. In order to get a more complete picture, three additional viral proteins in 

addition to NSP4 were analysed. A pair of RV structural and non-structural genes were used 

to analyse 2BP’s effect on overall viral RNA transcription (VP6 and NSP1) and protein 

expression (VP7 and NSP4).   

 

 



115 

 

 

 

 

Figure 4.3 Inhibiting palmitoylation inhibits SA11 RNA transcription and protein translation. 

MA104 cells were treated with or without 2BP and infected with SA11 at a MOI of 1. (A) Intracellular 

SA11 RNA was detected by qPCR at 4, 6 and 8 hpi and represented as a percentage of the same mRNA 

present in cells infected in the absence of 2BP. RNA expression was calculated using the ΔΔCT method 

and normalized to GAPDH (Section 2.2.5.2). (B) Expression of SA11 proteins measured via 

densitometric analysis of immunoblots as represented in (C). NSP4 and VP7 were normalised to tubulin 

using Image StudioTM Lite (Li-COR Bioscience) and represented as a percentage of viral proteins 

relative to that in control cells at respective time points. (C) A representative western blot used to 

measure relative protein levels in (B) depicting NSP4 and VP7 present in cells treated with 2BP and 

DMSO (control) at 4, 6 and 8 hpi. Data in (A) and (B) are represented as the mean percentage ± standard 

deviation of duplicate samples from two independent experiments. 
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The data in Figure 4.3 highlight a reduction in both the transcription of viral mRNA and 

expression of viral proteins in 2BP-treated cells. As 2BP is a general inhibitor of protein 

palmitoylation, it was considered possible that the pre-treatment of cells with 2BP before 

infection indirectly interrupted the viral attachment and/or entry into cells. Reduced 

infectibility of cells would explain the lower levels of viral RNA transcription, and 

subsequently, protein synthesis, which would result in the net reduction of infectious viral 

particles, as observed (Figures 4.1 and 4.2).  

In order to deduce whether 2BP had an inhibitory effect on the cellular attachment of SA11, 

MA104 cells were treated with or without 2BP as before (Section 2.2.14). Cells were infected 

with SA11, with virus adsorption carried out at 4 °C to allow for viral attachment but block 

entry (360-362). Post-adsorption, cells were washed and cell-associated virus particles 

determined by titrating cell lysates (Section 2.2.2.4). Data in Figure 4.4 (A) report that 2BP did 

not affect SA11 attachment to MA104 cells.  

Thus, to deduce whether observed inhibition was due to 2BP’s effect on viral entry, cells were 

treated with 2BP either one hour before or one hour after virus adsorption at 37 °C. Virus titre 

in different treatment groups were then measured 8 hpi. Interestingly, a significant reduction 

(~1 log) in virus titre at 8 hpi, was observed only in cells treated with 2BP before virus 

adsorption (Figure 4.4). In cells treated with 2BP post virus adsorption, SA11 titres were 

comparable to that in control (DMSO treated) cells.    

  



117 

 

 

 

 

Figure 4.4 2BP inhibits entry of RV and/or early stages of SA11 replication.  

SA11 titre obtained in response to 2BP treatment was measured as before. (A) Effect of treating MA104 

cells with 2BP before virus adsorption on the ability of SA11 to attach to cells was measured. Cells 

were treated with or without 2BP and infected with SA11 at a MOI of 1 for 1 hour at 4°C. Cells were 

immediately washed post-adsorption and cell-associated particles subsequently titred (Section 2.2.2.4). 

(B) To measure the effect of 2BP on virus entry, viral titre was measured 8 hpi in MA104 cells treated 

with either 2BP for 1 hour before (-1H 2BP) or 1 hour after (+1H 2BP) adsorption (Section 2.2.14). In 

parallel, control cells were treated with DMSO at the same time points. At 8 hpi, cells were harvested 

and virus in respective samples titred. Data in (A) and (B) are represented as the mean ± standard 

deviation of triplicate samples from three independent experiments. Statistical analysis was performed 

using Prism 8.0 (GraphPad). Significance of difference between each treatment group was determined 

using unpaired t-test. P values < 0.05 were considered significant with one (*), two (**), and three (***) 

asterisks representing adjusted P values between 0.01 and 0.05, 0.01 and 0.001, and 0.01 and 0.0001 

respectively.  
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In order to assess the role of NSP4 S-palmitoylation in RV replication,  ABE was utilised to 

quantify the amount of palmitoylated NSP4 within the different treatment groups. MA104 cells 

were infected with SA11 and BRV at a MOI of 1. 1-hour post adsorption cells were treated 

with 100 µM 2BP or 0.4% (v/v) DMSO for 1 hour. At 8 hpi, cells were harvested, lysed and 

analysed via ABE as before (Section 2.2.13). Palmitoylated NSP4 enriched from respective 

samples were then quantitated via densitometric analysis.  

As can be seen from Figure 4.5,  a modest albeit incomplete inhibition of NSP4 palmitoylation, 

by 60% and 57% in MA104 cells infected with SA11 and BRV respectively, was observed in 

2BP treated cells compared to control cells. Incomplete inhibition of protein palmitoylation 

using 2BP has been previously attributed to either the high stability of target protein 

palmitoylation or that a fraction of the protein gets modified non-enzymatically (234). These 

results indicate that despite the observed inhibition of NSP4 S-palmitoylation, a corresponding 

decrease in viral titres was not observed (Figure 4.4). It is, however, plausible that the residual 

amount of palmitoylated NSP4 within infected cells treated with 2BP was still sufficient for its 

role in RV replication. 
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Figure 4.5 2BP treatment inhibits NSP4 S-palmitoylation. 

MA104 cells treated with 2BP for one hour after infection with SA11 and BRV strains (MOI = 1) were 

analysed via ABE to deduce the degree of inhibition of NSP4 palmitoylation (Section 2.2.14). (A I) 

Immunoblot of streptavidin enriched (i.e. palmitoylated) NSP4 detected by blotting with rabbit anti-

NSP4 antibody. (A II) Immunoblot of total lysate (1.25%) from respective samples prior to streptavidin 

enrichment blotted with rabbit anti-NSP4 and mouse anti-tubulin antibodies (Section 2.1.3). (B) Bar 

chart representing relative amounts of palmitoylated NSP4 enriched from the different treatment groups 

calculated via densitometric analysis of immunoblot (A), where relative amount of enriched NSP4 from 

each sample (A I) was normalised to total NSP4 present within respective cell lysates  (A II).   
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Overall data suggest that inhibition of palmitoylation using 2BP affects RV replication kinetics 

in a strain-specific manner (Figures 4.1 and 4.2). The mechanism of inhibition appears to be a 

consequence of the reduced infectibility of 2BP treated cells by SA11 (Figure 4.4). The fact 

that only SA11 and not BRV was affected is potentially due to each strain using different cells 

surface receptors and/or endocytic pathways to enter cells (55). Due to the intricacy of RV 

entry and the divergence from the current research question, no further attempt to was made to 

identify the exact mechanism of inhibition. Thus, the current data set does not elucidate 

whether 2BP treatment inhibited SA11 endocytosis or blocked virus release into cytoplasm 

post endocytosis.  

A more robust way of analysing the role of NSP4 S-palmitoylation in RV replication would be 

to utilise the reverse genetics system to create a RV strain expressing the palmitoylation 

deficient NSP4 (i.e. C63A-NSP4) (363-365). Unfortunately, due to the inability to utilise 

current RV genetic systems to produce infectious WT SA11, let alone an altered strain 

containing mutant NSP4. Considering the numerous roles of NSP4 in RV replication and 

morphogenesis, obtaining such a mutant strain may prove challenging. Drawing a parallel to 

IAV M2, using a plasmid-based reverse genetics system, it was shown that palmitoylation of 

M2 does not play a role in viral replication in vitro but leads to increased virulence in vivo 

(366). Thus, future work should be considered to establish the aforementioned mutant RV 

strain and analyse its properties both in vitro and in vivo.  
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4.2.2 Role of palmitoylation in lipid raft and detergent-resistant 

membrane (DRM) association of NSP4 

The role of palmitoylation in governing protein localization to lipid rafts is well documented 

(228). NSP4 has also been shown previously to associate with lipid rafts (290, 347). Based on 

this, the significance of palmitoylation for localization of NSP4 to lipid rafts was addressed 

experimentally. As mentioned before, lipid rafts are specialized membrane microdomains rich 

in cholesterol, glycerophospholipids, and sphingolipids (367). The acyl chains in lipid rafts 

domains are primarily saturated, which allows them to be well ordered and tightly packed (368, 

369). This physical property allows lipid rafts to withstand solubilization by non-ionic 

detergents, e.g. Triton X-100, which have conventionally been used to experimentally isolate 

raft-like structures termed detergent-resistant membranes (DRMs) (370, 371). DRMs, like rafts, 

contain a high lipid:protein ratio, which makes them significantly less dense than other 

cytoskeletal and detergent-soluble proteins allowing for their isolation using density gradient 

centrifugation (372). Conventionally,  detergents, primarily Triton X-100, are used to extract 

lipid rafts from whole cells which are subsequently separated by centrifugation on a 5% to 30% 

sucrose or Iodixanol (OptiPrep™) density gradient (370, 373-375). However, studies showing 

that detergents fail to release DRMs at physiologically relevant temperatures (376, 377) have 

led to concerns that DRMs are an artefact of the biochemical isolation technique which do not 

represent pre-existing membrane structures and thus, are not equivalent to lipid rafts (378, 379). 

Further support for this theory comes from the fact that different detergents isolate distinctive 

DRMs with unique properties and thus likely only extract different subsets of lipid-rafts (373, 

375, 380-382). Detergents have also been shown to alter raft properties (380), interfere with 

raft integrity (383) and introduce artefacts not representative of membranes (384). Thus, in 
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order to avoid artefacts, the association of NSP4 with lipid rafts and DRMs were separately 

analyzed. Lipid raft was isolated using a detergent-free methodology from Persaud-Sawin et 

al. (235) which was adapted from previously established work (385-387).    

4.2.2.1 Role of S-palmitoylation in the lipid raft association of NSP4 

To assess the effect of palmitoylation on the ability of NSP4 to associate with lipid rafts, BSR-

T7/5 cells were initially transfected with pTM1-NSP4WT or pTM1-NSP4C63A (Section 2.2.4). 

Cells were then harvested and lysed in detergent-free (DF) lysis buffer via mechanical shearing 

(Section 2.2.15). Lysis buffer was supplemented with CaCl2 and MgCl2 to help further stabilize 

rafts (374). The lysate was centrifuged at 1,000g for 10 min at 4 °C to obtain the post-nuclear 

supernatant (PNS) which was aliquoted and kept at 4 °C. Protein concentration was measured 

using BCA assay to allow for equal loading between samples (Section 2.2.8). 800 µg of total 

protein from each sample was mixed with 60% sucrose solution to obtain a final concentration 

of 42.5% sucrose. The solutions were then transferred to the bottom of the ultracentrifuge tubes 

and overlaid with 35% and 5% sucrose solutions to obtain a 42.5%/35%/5% sucrose gradient 

(Section 2.2.15). Samples were then ultracentrifuged at 200,000g for 18 hours at 4 °C with 

acceleration and deceleration rates set to zero. 12 equal fractions were aliquoted from the top 

of the tube with fractions 12 and 13 combined as one (12/13), as they are not considered raft 

fractions (388, 389). Proteins in equal portions of each fraction were precipitated using 

chloroform-methanol (C/M) precipitation (Section 2.2.9), resolved via SDS-PAGE (Section 

2.2.10), and analysed via western blot (Section 2.2.11). Raft and non-raft fractions were 

distinguished using antibodies against the protein markers flotillin-1 and β-COP respectively 

(Section 2.1.3). The presence of NSP4 within each fraction was detected using rabbit anti-

NSP4 (Figure 4.6).   
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Figure 4.6 S-Palmitoylation of NSP4 is not essential for lipid raft association. 

BSR-T7/5 cells were transfected with pTM1-NSP4wt and pTM1-NSP4C63A for 24 hours (Section 2.2.4). 

Cells were harvested and lysed via detergent-free methodology (Section 2.2.15). Lipid-raft association 

of NSP4 was investigated via differential centrifugation of PNS through 42.5%/35%/5% sucrose 

gradient. 12 fractions were collected from the top (1 to 12/13) and analysed via western blot. Total PNS 

(1.25%) pre-ultracentrifugation is represented as “Input”. NSP4 association with lipid raft was analysed 

using antibodies against flotillin-1 and β-COP, which act as indicators of the raft and non-raft fractions, 

respectively (Section 2.1.3).  
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As mentioned, the association of NSP4 with detergent-resistant lipid rafts or DRMs has been 

previously established (290, 347). Here we show for the first time the association of NSP4 with 

lipid-rafts via a detergent-free isolation protocol. As Figure 4.6 shows, WT-NSP4 primarily 

associates with lipid-raft domains as the protein was primarily in raft fractions as identified by 

the abundance of flotillin-1. The same is seen for palmitoylation deficient C63A-NSP4, 

indicating that palmitoylation is not critical for NSP4 association with lipid rafts. If S-

palmitoylation was a primary factor in governing association of NSP4 to raft domains, C63A-

NSP4 would be seen to primary enrich in non-raft fractions. While S-palmitoylation of proteins 

can enrich proteins within lipid rafts, it is not the only deciding factor (228, 390).  Additionally, 

previous studies established the ability of NSP4 residues 114-135 to bind to caveolin-1 as well 

as caveolae (108, 121, 391). Caveolin-1 forms structures called caveolae in the PM that are 

considered to be a specialised subset of lipid rafts (392). NSP4 also directly interacts with 

cholesterol via residues 114-140, which contains the CRAC motif overlapping the caveolin-1 

binding domain (109). Caveolin-1, which also contains a CRAC motif, binds cholesterol in a 

1:1 ratio and assists in the transport of cholesterol (393-396) from ER to PM (396, 397). Based 

on these observations it had been postulated that interaction of NSP4 with caveolin-1 and 

cholesterol mediates its intracellular transport (398, 399), and potentially a mechanism by 

which NSP4 is transported to the PM via a Golgi-independent process (104, 109, 121, 347).  

Thus, it is highly likely that the observed association of NSP4 to lipid rafts could be based on 

the interaction of the NSP4 polypeptide with caveolin-1 and cholesterol, which facilitates 

localisation of NSP4 to caveolae at the PM.    
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4.2.2.2 Role of S-palmitoylation in the DRM association of NSP4 

Even though DRMs do not represent lipid rafts, their isolation and analysis offer a useful tool 

for analyzing the biochemical and biophysical properties of membranes (379). DRM 

association characterizes molecules (e.g. proteins and lipids) based on their affinity to distinct 

environments. Enrichment to DRMs has been shown to facilitate protein co-localization (400), 

signal transduction (401), and viral assembly (402). Proteins can localize to DRMs due to their 

preference for a more ordered environment and by interacting with DRM components such as 

cholesterol or glycolipids. Thus, differential DRM association can be utilized to identify 

mechanisms and/or protein moieties that govern association (379); for example, S-

palmitoylation is known to enhance protein association with DRMs (326, 379). Thus, the 

ability of WT-NSP4 and C63A-NSP4 to associate with DRMs was also investigated. Triton X-

100 (TX) DRMs were isolated using differential centrifugation following protocol established 

by Hiyashi and Michiko et al. (236) (Section 2.2.16). Briefly, cells were transfected as before 

for 24 hours with either pTM1-NSP4WT or pTM1-NSP4C63A. Post-transfection cells were 

harvested and lysed in 1% TX TNE buffer (Section 2.1.2) for 30 minutes at 4 °C and briefly 

sonicated on ice. The lysate was centrifuged at 12,000g for 20 minutes at 4 °C. The supernatant 

was taken and further centrifuged at 100,000g for 1 hour at 4 °C to obtain TX insoluble DRM 

(pellet) and soluble supernatant. The pellet was washed three times with TNE and spun down 

at 10,000g for 10 minutes at 4 °C each time. Pellet was finally solubilized in 2x Laemmli buffer 

containing BME, resolved via SDS-PAGE, and analyzed via WB in parallel with a fraction of 

soluble lysate and total input (1.25%). To analyze the association of NSP4 with DRMs (Figure 

4.7), blots probed with anti-NSP4 antibodies in parallel with antibodies against known DRM-

enriched proteins flotillin-1 and caveolin-1 (403, 404),  
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Figure 4.7 Palmitoylation influences the association of NSP4 with Triton X-100 DRMs.  

BSR-T7/5 cells transfected with pTM1-NSP4WT and pTM1-NSP4C63A were lysed in Triton X-100 lysis 

buffer. (A) Pre-clarified lysate (lysate) was ultra-centrifuged to obtain insoluble pellet (DRM) and 

soluble supernatant (soluble). Samples were resolved in SDS-PAGE and blotted with anti-NSP4 and 

anti-flotillin antibodies. (B) Proteins were quantified via densitometric analysis using Image StudioTM 

Lite (LI-COR Biosciences) where WT-NSP4 and C63A-NSP4 were normalised to total NSP4 within 

respective lysates. Data in (B) are represented as the mean ± standard deviation of triplicate samples 

from three independent experiments. Statistical analysis was performed using Prism 8.0 (GraphPad). 

Significance of difference between each treatment group was determined using unpaired t-test. P values 

< 0.05 were considered significant with one (*), two (**), and three (***) asterisk representing adjusted 

P values between 0.01 and 0.05, 0.01 and 0.001, and 0.01 and 0.0001 respectively.  
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Both the DRM and soluble fractions were analysed for the presence of NSP4 (Figure 4.7) along 

with DRM-enriched flotillin-1 and caveolin-1 (403, 404). Compared to DRM enriched flotillin-

1, NSP4 remained primarily in the soluble fractions with only a small percentage of it 

associating with DRMs. However, a significant reduction of C63A-NSP4 in DRM fractions 

compared to WT-NSP4 (Figure 4.6 B) was observed. On average, across all biological repeats 

analysed,  C63A-NSP4 associated with DRMs 75% less than WT-NSP4. This indicates 

palmitoylation as the primary governing factor in TX DRM association of NSP4. Based on this 

it was hypothesised that as with other proteins, palmitoylation directs localization of NSP4 to 

specialised membrane microdomains and thus is required for one or several of its numerous 

functionalities. For example, the DRM association of viral proteins have been shown to play a 

role in virus particle formation (402). In order to further elucidate palmitoylation dependent 

distribution of NSP4, intracellular localisation of NSP4 was analyzed using confocal 

microscopy (Section 4.2.3).  

 

4.2.3 Effect of S-palmitoylation on NSP4 cellular distribution  

The role of palmitoylation in the cellular distribution of NSP4 was analysed using 

immunocytochemistry and confocal microscopy (Section 2.2.17). BSR-T7/5 cells were seeded 

on coverslips in 24 well plates and transfected with pTM1, pTM1-NSP4WT or pTM1-NSP4C63A 

using Lipofectamine 2000 (Life Technologies) according to the manufacturer 

recommendations (Section 2.2.4). 24 hours post-transfection the cells were fixed with 4% PFA, 

permeabilized with 0.2% PBST and blocked with 5% BSA. NSP4 and the cellular organelles 

of interest (ER, ERGIC, and mitochondria) were labelled using appropriate primary and 

fluorescent secondary antibodies (Section 2.1.3). ER, ERGIC and mitochondria were labelled 

using anti-calreticulin, anti-ERGIC-53, and anti-Total OXPHOS primary antibodies, 
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respectively. NSP4 was labelled with either rabbit polyclonal or mouse monoclonal anti-NSP4 

antibodies depending on the isotype of the organelle marker.  Post-labelling, fixed cells were 

imaged using the ZEISS LSM 710 confocal microscope where five cross-sections of 0.39 μm 

z-step each were taken through the centre of the cells to identify the cellular distribution of 

NSP4 with the respective organelle markers (Section 2.2.17.2). Confocal images were 

processed with Imaris 7.7 (Bitplane, Zurich, Switzerland).  

Colocalization of WT-NSP4 and C63A-NSP4 with respective organelles was determined by 

calculation of the mean Manders R coefficient by analyzing the recorder z-stacks using the 

ImarisColoc module of Imaris (Oxford Instruments) (Section 2.2.17.3). Manders coefficient 

was used to measure colocalization based on the following advantages. The Manders 

coefficient allows for easier interpretation of colocalization as the coefficient values of 0 to 1 

represent 0 to 100% colocalization. The Manders coefficient is also not affected by differences 

in signal intensities; thus, allows for reliable quantification of co-localization even in cases 

where one antigen is stained more strongly than the other (405).  However, a threshold for each 

channel needs to be set when calculating the Manders coefficient. ImarisColoc at default 

settings assumes a more lenient threshold (Appendix D), which results in the detection of more 

co-localized pixels. A more stringent threshold was set to quantify colocalization in order to 

eliminate potential background noise. The threshold was kept constant when measuring 

Manders coefficient for all cell samples within the same biological repeat. The analysis was 

performed on z-stacks of individual cells, and n = 10 cells were evaluated for each pairwise 

comparison, for three biological repeats. The following figures (Figures 4.8, 4.9 and 4.10) 

represent colocalization analysis of WT-NSP4 and C63A-NSP4 with the ER, ERGIC, and 

mitochondria, respectively.  
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4.2.3.1 Colocalization of NSP4 with ER 

 

 

 

Figure 4.8 S-palmitoylation does not affect the colocalization of NSP4 with the ER.  
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Images represent BSR-T7/5 cells transfected with (A) pTM1 (B) pTM1-NSP4WT and (C) pTM1-

NSP4C63A. ER and NSP4 were imaged via immunocytochemistry and confocal microscopy. Images 

from left to right depict ER (green), NSP4 (red), both ER and NSP4, and lastly NSP4 colocalised with 

ER (white) identified via ImarisColoc. Cell nucleus represented in blue. Images presented are from a 

single cross-section (0.39 µm z-step) through the centre of each cell. Scale bar = 5 µm. (D) Bar graph 

representing Manders coefficient of colocalization for WT-NSP4 and C63A-NSP4 with the ER marker 

calreticulin (Section 2.2.17.3). Manders coefficient was calculated via ImarisColoc from z-stacks of 

individual cells (n=10) from three biological repeats. The data in (D) is presented as mean  ±  standard 

deviation. Statistical analysis was performed using Prism 8.0 (GraphPad). Significance of difference 

between each treatment group was determined using unpaired t-test. P values < 0.05 were considered 

significant with one (*), two (**), and three (***) asterisk representing adjusted P values between 0.01 

and 0.05, 0.01 and 0.001, and 0.01 and 0.0001 respectively. ns = non-significant.   

 

 

As can be seen from Figure 4.8 (D), there was no observed reduction in the association of non-

palmitoylated C63A-NSP4 with the ER compared to WT-NSP4. Thus, it can be assumed that 

palmitoylation does not play a role in ER localization of NSP4 and that the second hydrophobic 

domain of NSP4 is likely responsible for ER targeting and association (104).  
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4.2.3.2 Colocalization of NSP4 with ERGIC 

 

 

           

Figure 4.9 S-palmitoylation potentially affects the colocalization of NSP4 with the ERGIC.  
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Images represent BSR-T7/5 cells transfected with (A) pTM1 (B) pTM1-NSP4WT and (C) pTM1-

NSP4C63A. ERGIC and NSP4 were imaged via immunocytochemistry and confocal microscopy. Images 

from left to right depict ERGIC (red), NSP4 (green), both ERGIC and NSP4, and lastly NSP4 

colocalised with ERGIC (white) identified via ImarisColoc. Cell nucleus represented in blue. Images 

presented are from a single cross-section (0.39 µm z-step) through the centre of each cell. Scale bar = 

5 µm. (D) Bar graph representing Manders coefficient of colocalization for WT-NSP4 and C63A-NSP4 

with the ERGIC marker ERGIC-53 (Section 2.2.17.3). Manders coefficient was calculated via 

ImarisColoc from individual cells (n=10) from three biological repeats. The data in (D) is presented as 

mean  ±  standard deviation. Statistical analysis was performed using Prism 8.0 (GraphPad). 

Significance of difference between each treatment group was determined using unpaired t-test. P values 

< 0.05 were considered significant with one (*), two (**), and three (***) asterisk representing adjusted 

P values between 0.01 and 0.05, 0.01 and 0.001, and 0.01 and 0.0001 respectively. ns = non-significant.   

 

 

As can be seen from Figure 4.9 (D), NSP4 was seen to weakly colocalize with ERGIC-53. 

Based on the threshold of detection used, at 24 hours post-transfection, only about 15% of WT-

NSP4 was seen to colocalize with the ERGIC marker according to the Mander’s coefficient of 

colocalization. Interestingly, C63A-NSP4 was seen to localise 30% less than WT-NSP4 and 

the difference also appeared statistically significant. However, given the low level of 

association detected, assuming the biological significance of S-palmitoylation based on 

observed difference would be speculative at best.   
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4.2.3.3 Colocalization of NSP4 with Mitochondria 

 

 

 

Figure 4.10 S-palmitoylation potentially affects the colocalization of NSP4 with the mitochondria.  



134 

 

Images represent BSR-T7/5 cells transfected with (A) pTM1 (B) pTM1-NSP4WT and (C) pTM1-

NSP4C63A. Mitochondria and NSP4 were imaged via immunocytochemistry and confocal microscopy. 

Images from left to right depict mitochondria (red), NSP4 (green), both mitochondria and NSP4, and 

lastly NSP4 colocalised with mitochondria (white) identified via ImarisColoc. Cell nucleus represented 

in blue. Images presented are from a single cross-section (0.39 µm z-step) through the centre of each 

cell. Scale bar = 5 µm. (D) Bar graph representing Manders coefficient of colocalization for WT-NSP4 

and C63A-NSP4 with the mitochondria marker anti-Total OXPHOS antibody (Section 2.2.17.3). 

Manders coefficient was calculated via ImarisColoc from z-stacks of individual cells (n=10) from three 

biological repeats. The data in (D) is presented as mean  ±  standard deviation. Statistical analysis was 

performed using Prism 8.0 (GraphPad). Significance of difference between each treatment group was 

determined using unpaired t-test. P values < 0.05 were considered significant with one (*), two (**), 

and three (***) asterisk representing adjusted P values between 0.01 and 0.05, 0.01 and 0.001, and 0.01 

and 0.0001 respectively. ns = non-significant.   

 

 

As depicted in Figure 4.10 (D), WT-NSP4 also appeared to weakly colocalize to the 

mitochondria marker at 24 hours post-transfection. Based on the quantification,  C63A-NSP4 

localized 20% less to the mitochondria than WT-NSP4 but the difference did not appear 

statistically significant. As in the case with ERGIC, the observed reduction is likely too small 

to assume any biological significance of NSP4 S-palmitoylation. However, considering the 

functional role of NSP4 at the mitochondria, further study should be conducted to confirm the 

observation.  
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4.3 Discussion 

4.3.1 S-palmitoylation is involved during infection with RV SA11   

In this chapter, the role of NSP4 S-palmitoylation in RV replication, lipid raft and DRM 

association, and intracellular distribution was analyzed. Initially, the role of palmitoylation in 

RV replication was assessed using a general inhibitor of palmitoylation, 2BP. The effect of 

2BP on both successive rounds of RV replication after initial infection at a low MOI of 0.01 

(Figure 4.1) and in a  one-step growth cycle post synchronous infection with a MOI of 1 (Figure 

4.2) was measured. The results indicate that 2BP inhibits RV replication kinetics of only SA11 

and not BRV. Since no effect on cell attachment of SA11 was observed (Figure 4.4),  2BP 

treatment likely inhibits SA11 entry and/or early stages of its replication.  Recent studies have 

established that RV enters cells through endocytosis and that different RV strains utilise 

different endocytic pathways (40, 53, 54, 406, 407). However, both SA11 and BRV were found 

to enter cells via clathrin-dependent endocytosis that requires cholesterol and dynamin (40, 54). 

BRV and SA11, like all RV strains, first reach early endosomes and then mature endosomes 

during cell entry (53, 54, 407). However, the distinction between these two strains arises from 

their exit routes to the cell cytoplasm following endocytosis. SA11 can exit maturing 

endosomes (early penetrating) to enter cell cytoplasm while BRV traffics to and exits from late 

endosomes (late penetrating) (54). Thus, it is likely that 2BP somehow affects maturing 

endosomes and/or related components required for SA11 exit. However, not much is known 

about the mechanisms utilised by RV to exit endosomes (408). Additionally, studies that 

blocked the interaction of  RV with respective cell surface receptors and co-receptors have only 

ever reported a reduction of less than 1 log in viral titre (55). This highlights the presence of 

several alternative, and possibly redundant, entry pathways utilized by RV, which makes it 
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difficult to assess the exact mechanism of 2BP induced inhibition of SA11 titres observed in 

this study.  

The relative quantities of palmitoylated NSP4 within BRV and SA11 infected cells treated with 

or without 2BP was measured. On average, a 57% and 60% reduction in palmitoylated NSP4 

within 2BP treated cells infected with SA11 and BRV, was observed respectively (Figure 4.5). 

Reduction in NSP4 palmitoylation did not result in the reduction of viral titre for either RV 

strain (Figure 4.4). Due to the incomplete inhibition of palmitoylation achieved using 2BP, it 

is difficult to assess the role of NSP4 palmitoylation in RV replication. 2BP was initially 

introduced as a non-selective inhibitor of lipid metabolism but has recently garnered a 

reputation for being a specific inhibitor of S-palmitoylation due to its ability to irreversibly 

inhibit PATs which catalyse S-palmitoylation  (234, 409, 410). 2BP is converted to 2BP-COA 

within cells, albeit less efficiently than free palmitate in vitro (234). 2BP-COA competes with 

palmitoyl-COA and binds to the catalytic cysteine residue within the DHHC motif of PATs 

(185, 188), thus preventing PAT-acyl intermediate and blocking acyltransferase activity (410). 

2BP has been used to study the role of protein palmitoylation in several cellular processes, 

including membrane localisation (356), cellular differentiation (411), and viral replication (182, 

357, 359). However, 2BP is known to have promiscuous reactivity and has been shown to bind 

to numerous proteins with no clear preference for PATs. Thus, concerns have been raised in 

using this non-specific covalent inhibitor in analyzing the role of protein S-palmitoylation 

(412-414). Incomplete inhibition of NSP4 palmitoylation could likely be due to a fraction of 

NSP4 being palmitoylated non-enzymatically, and residual palmitoylated NSP4 (roughly 40% 

of total) could still be enough for its role in RV replication. Thus, future work should be 

considered where the role of NSP4 palmitoylation in RV replication can be elucidated via the 
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creation of a mutant RV strain expressing the palmitoylation deficient C63A-NSP4 using 

existing RV reverse genetic systems (363-365). 

 

4.3.2 Palmitoylation affects the association of NSP4 with DRMs but not 

with lipid rafts   

Studies utilizing detergent-based lipid raft extraction have already established that NSP4 

associates with TX-insoluble rafts along with other RV proteins VP4 and VP7 (290, 347). 

Based on that, it has been postulated that RV uses these specialized microdomains to 

concentrate viral proteins for viral particle assembly mediated by NSP4 (82, 347, 415). This 

study shows for the first time, the association of NSP4 with lipid rafts extracted using a 

detergent-free extraction protocol (Figure 4.6). Both WT-NSP4 and C63A-NSP4 were 

compared in terms of their ability to associate with raft fractions, and it was deduced that 

palmitoylation is not the critical factor that governs the association. Although S-palmitoylation 

is a factor that can facilitate raft-association (228), this property cannot be assumed as a rule. 

Membrane proteins such as caveolin-1 (416) and UNC5H family of tumour suppressors (417) 

associate with lipid rafts with or without being palmitoylated. Other palmitoylated proteins 

such as the transferrin receptor (418, 419) and the VSV G protein (420) do not associate with 

rafts. Furthermore, palmitoylation can even inhibit the raft association of proteins as seen for 

TEM8 (212). Several other factors, such as the amino acid composition of TMD, the interaction 

between multiple TMDs, and interactions with lipophilic partner proteins, can work either 

synergistically or competitively with the palmitoylation state of the protein to determine its raft 

localization (390). Thus, the role of S-palmitoylation in dictating lipid raft association of any 

given protein needs to be experimentally determined. 



138 

 

However, S-palmitoylation governs more than localization to lipid rafts as it has been shown 

to be required for association with other specialized membrane microdomains (297-299, 421). 

As mentioned, studies investigating lipid-raft association generally rely on the isolation of 

detergent-insoluble rafts as seen with studies conducted on RV NSP4 (290, 347). TX DRMs 

have been shown to contain other RV structural proteins (VP4 and VP7) and identified as the 

site of nascent RV particle assembly both in vitro and in vivo (290, 347). In this study, the role 

of NSP4 palmitoylation in TX DRM localization was also determined (Figure 4.7). A 

significant reduction (75% on average) in the enrichment of C63A-NSP4 in DRMs compared 

to WT-NSP4 was observed. In addition to flotillin-1, caveolin-1 was also constitutively 

enriched in TX DRMs across all samples, which indicates that NSP4 associated with TX DRMs 

is not dependent on its known interaction with caveolin-1 (108, 391). Thus, based on the 

observations, it is apparent that palmitoylation is a significant factor that governs NSP4 

association with these specialized microdomains. Only a small fraction of total NSP4 (1.8% on 

average) was observed to associate with DRMs, which was in line with the amounts of other 

RV proteins, 3.9% of VP6 and 4.1% of VP7, previously shown to associate with TX DRMs 

during infection (290). Relatively low levels of RV proteins associated with DRMs is believed 

to be due to the transient nature of virus particle assembly, which once formed dissociate from 

rafts and are secreted (347). Association of NSP4 with TX DRMs has been postulated to be 

significant for two functions: (1) RV assembly and release, and (2) secretion of NSP4 from 

infected cells resulting in the initiation of RV disease pathogenesis via enterotoxin activity 

(290). Studies utilizing siRNA to inhibit NSP4 expression in infected cells have already 

established the role of NSP4 in both the morphogenesis of RV particles (83) and the association 

of infectious RV particles with TX DRMs (294). Based on these results, it is highly likely that 

palmitoylation deficient NSP4 will result in both the reduction in RV particle formation and 

secretion of NSP4 from cells. Unfortunately, since the model relied on only the expression of 
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NSP4 in transiently transfected cells, it was unsuitable for confirming the role of NSP4 S-

palmitoylation in respect to these traits. As mentioned before, a working reverse genetic system 

would be an ideal system to study these, either in vitro using differentiated human epithelial 

cell lines (e.g. Caco-2) or in vivo mouse model, as it would more accurately represent native 

infection involving all other RV proteins.     

4.3.3 Role of palmitoylation in intracellular distribution of NSP4  

S-palmitoylation is known to affect the intracellular localisation of modified proteins (297-

299). Based on the observed differential association of WT-NSP4 and C63A-NSP4 (Figure 4.7) 

with TX DRMs, it was hypothesised that palmitoylation potentially affects the localisation of 

NSP4 to specialised membranes. Thus, immunocytochemistry and confocal microscopy were 

utilised to assess the effect of S-palmitoylation on the cellular distribution of NSP4 (Figures 

4.8, 4.9, 4.10). Based on previous studies, the known ability of NSP4 to associate with the ER, 

ERGIC, and mitochondria was assessed (24, 104, 120). Both WT-NSP4 and C63A-NSP4 were 

seen to equally associate with the ER (Figure 4.8). Thus, palmitoylation does not appear to play 

a role in ER retention. This observation matches previous studies that indicated aa residues 85-

123 in the C terminal of NSP4, which does not contain the palmitoylated Cys-63, is responsible 

for ER retention (82, 106). In the case of the other organelles assessed, only a very weak 

association of NSP4 with the marker proteins for ERGIC and mitochondria were observed. 

However, compared to WT-NSP4, C63A-NSP4 was seen to localise less with both the ERGIC 

(Figure 4.9) and mitochondria (Figure 4.10). The ER, ERGIC, Golgi and PM have been 

identified as sites of protein palmitoylation, with the ER and Golgi, containing the majority of 

the DHHC PATs, being the primary sites of protein palmitoylation within mammalian cells  

(184, 278, 295, 422). Considering that NSP4 is initially synthesised as an ER-transmembrane 

protein and is later transported to the PM via its interaction with caveolin in a Golgi-
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independent pathway (104, 109, 121, 347), it is possible that NSP4 is S-palmitoylated in the 

ER, which subsequently facilitates its localisation with other organelles. As mentioned, only a 

very weak association of NSP4 with ERGIC-53 was observed in this study. This observation 

could be explained by the fact that only a small fraction of total NSP4 has been reported to 

localize at the ERGIC (24). Expression of both WT-NSP4 and C63A-NSP4 also resulted in the 

redistribution of ERGIC-53 as previously reported (117, 294). Interestingly, on average, C63A-

NSP4 was seen to localise 30% less with ERGIC-53 compared to WT-NSP4 (Figure 4.9 D). 

However, the subtle reduction in colocalization observed can only be considered speculative 

at best for implicating biological significance of S-palmitoylation. Regardless, it is still 

intriguing that a substitution of a single aa could result in the reduced association of NSP4 to 

ERGIC-53. Palmitoylation in conjunction with aa sequence may govern targeting to ERGIC. 

Due to the significance of ERGIC localized NSP4 in RV morphogenesis, further study aimed 

at elucidating the potential S-palmitoylation-dependent association of NSP4 to ERGIC should 

be conducted. Similar to ERGIC, only a small fraction of NSP4 was seen to colocalize with the 

mitochondria. A slight reduction in the association of C63A-NSP4 with the mitochondria, 20% 

less on average, was observed compared to WT-NSP4. The difference, however, was not 

statistically significant. As previously mentioned, aa residues 61-83 within the alpha-helix of 

the viroporin domain of NSP4, which contains the palmitoylated Cys-63, has been identified 

as the mitochondrial targeting sequence (120). Additionally, palmitoylation within a 

membrane-binding helix is believed to facilitate stronger membrane association (302). Thus, 

further works should be conducted to confirm potential S-palmitoylation-dependant 

association of NSP4 with the mitochondria.    
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5.1 S-Palmitoylation of RV NSP4 

The initial aim of this study was to identify potential fatty acid modification, i.e. fatty acylation, 

of RV NSP4, which was previously implicated to be expressed as a lipoprotein (131, 145). 

Chapter 3 contains all the experiments conducted to identify and validate potential fatty 

acylation. Multiple algorithm-based sequence analysis of RV NSP4 indicated S-palmitoylation 

to be the most likely form of fatty acylation. NSP4 sequence across all strains contain two 

highly conserved cysteine residues at aa positions 63 and 71 (Figure 1.3). Using two 

independent methodologies, i.e. Click Chemistry-based methodology and Acyl Biotin 

Exchange, both of which independently allowed for the identification of protein S-

palmitoylation, it was conclusively shown that NSP4 is indeed fatty acylated (Figures 3.4 and 

3.6). NSP4 expressed by both SA11 and BRV was found to be S-palmitoylated. 

Further work was conducted to identify whether one or both cysteines within the NSP4 

sequence were S-palmitoylated. Point mutant variants of BRV NSP4 were created and analysed 

via both CCBM and ABE. Results confirmed that NSP4 contained a single S-palmitoylated 

cysteine at the aa residue 63 (Cys-63) (Figure 3.9). The results corroborated previous research 

that indicated Cys-71 remains unmodified and most likely involved in disulphide bond 

formation between NSP4 monomers (423). Considering the conserved nature of the cysteine 

residue within the NSP4 sequence across all RV strains (Figure 1.3), and the observed S-

palmitoylation of NSP4 from both BRV and SA11 strains, it is highly likely that all RV strains 

produce NSP4 that is S-palmitoylated at Cys-63. S-palmitoylation is known to modify the 

distribution and functionality of proteins; therefore, the functional role of NSP4 S-

palmitoylation was investigated.    
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5.2 S-Palmitoylation inhibits infectibility of MA104 cells by 

specific RV strains   

The role of S-palmitoylation in RV replication was assessed using a general inhibitor of 

palmitoylation, 2-bromopalmitate (2BP). Interestingly, only inhibition in the replication of RV 

strain SA11 and not for BRV was detected. Observed inhibition resulted from the reduction of 

SA11 replication kinetics as elucidated from the one-step growth curve following synchronous 

infection (Figure 4.2). SA11 titres in 2BP treated cells was significantly less than control cells, 

but the final titre obtained from the two treatment groups at the end of the 12 hours of infection 

remained relatively equal. Upon further investigation, it was apparent that 2BP specifically 

affected the ability of SA11 to infect MA104 cells. There was an observed reduction in both 

SA11 mRNA and protein levels in cells treated with 2BP before infection compared to cells 

treated with 2BP post-infection (Figure 4.3). 

In contrast, 2BP treatment has been reported to result only in the reduction of viral mRNA and 

not protein expression levels during HCV infection (358). Considering the reduction in both 

RV mRNA and protein, and the fact that 2BP treatment did not affect the attachment of SA11 

to MA104 cells (Figure 4.4), it was hypothesized that the lag in SA11 replication kinetics 

originated from 2BP mediated inhibition of endocytosis and/or subsequent viral entry into the 

cell cytoplasm. This was further supported by the fact that the reduction in SA11 titres in cells 

treated with 2BP before infection was not observed in cells treated with 2BP after infection, 

i.e. replication rate recovered in cells treated with 2BP post-infection (Figure 4.4). Additionally, 

while mRNA and protein expression for other RV genes were not measured as before, a 

relatively similar expression of NSP4 was observed in cells treated with or without 2BP after 

infection (Figure 4.5) in contrast to the reduced NSP4 expression in cells treated with 2BP 
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before infection (Figure 4.3). Overall data supports the hypothesis that the reduction in SA11 

replication kinetics was a consequence of reduced infectibility of MA104 to SA11 mediated 

by 2BP, resulting in lower viral mRNA and viral protein synthesis and thus, reduced rate of 

formation of infectious virion.  

Although different RV strains use different endocytic pathways to enter cells, both SA11 and 

BRV strains analysed in this study share considerable similarities in their mode of entry. A 

clear distinction between SA11 and BRV arises from their entry to the cell cytoplasm, where 

SA11 exits maturing endosomes and BRV exits late endosomes to the cytoplasm (55, 424). 

Although little is known regarding RV entry into the cell cytoplasm, the cellular proteins 

involved in the endosomal exit of SA11 may require palmitoylation to function. Based on this 

hypothesis, it can be postulated that 2BP treatment prevents the exit of SA11 from maturing 

endosomes which progress to form late endosomes. Unlike BRV, SA11 which evolved to exit 

maturing endosomes may not be able to exit from late endosomes. In the final stages of 

maturation, endosomes fuse with lysosomes to form endosome/lysosome hybrid (425, 426). 

Thus, SA11 trapped within endosomes, due to 2BP treatment, might be degraded by acid 

hydrolases in lysosomes, which would account for the reduced infectibility observed. 

Considering 2BP failed to inhibit protein palmitoylation completely, this can explain why a 

reduction and not a complete inhibition of SA11 replication was observed. Further 

investigation is required to support this hypothesis and to elucidate the exact mechanism of 

2BP mediated inhibition of SA11 infectibility of MA104 cells.   

In order to deduce the effect of NSP4 S-palmitoylation on RV replication, the relative amount 

of palmitoylated NSP4 in infected cells treated with or without 2BP after infection was 

measured. An average reduction in palmitoylated NSP4 by 57% and 60% in cells infected with 

SA11 and BRV was observed, respectively (Figure 4.5). The reduction in palmitoylated NSP4 
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observed did not result in a reduction in titre for either RV strain. Similarly, palmitoylation of 

IAV M2 was not seen to affect IAV replication in vitro however, the virulence of IAV 

containing palmitoylation deficient M2 resulted in reduced virulence in vivo compared to WT 

IAV (366). Thus, it is likely that S-palmitoylation of NSP4 does not play a role during 

replication within MA104 cells. However, there remains a possibility that the remaining pool 

of palmitoylated NSP4, within 2BP treated cells, roughly half of that in control cells, was 

sufficient for its specific role in RV replication. This highlights the need to create an SA11 

strain expressing only palmitoylation-deficient C63A to confirm the role of NSP4 S-

palmitoylation in RV replication (elaborated in Section 5.6.1).  

 

5.3 S-Palmitoylation affects the association of NSP4 with DRMs 

and not with lipid rafts  

Considering that NSP4 is enriched into lipid rafts (290, 347), and that S-palmitoylation can 

direct the association of proteins to these specialised microdomains (228), the effect of S-

palmitoylation on lipid raft association of NSP4 was investigated. Using a detergent-free lipid 

raft extraction method, no significant shift from lipid-raft associated to non-raft associated 

fractions for C63A-NSP4 compared to WT-NSP4 was observed. Both forms of NSP4 were 

seen to primarily associate with lipid-raft fractions (Figure 4.6). Thus, S-palmitoylation appears 

to be dispensable for the association of NSP4 to lipid rafts. As mentioned before, even though 

palmitoylation can influence localisation to specialised lipid-rich domains by increasing the 

affinity of palmitoylated proteins to the structured domains, it is not a rule. Several 

palmitoylated proteins do not require palmitoylation for lipid raft association (416, 417), while 

others remain un-associated with lipid rafts (418-420), and in the case of TEM8 palmitoylation 

negatively affects its lipid raft association (212). However, the methodology utilised does not 
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distinguish between lipid rafts from related vesicular structures rich in cholesterol and 

sphingolipids, namely caveolae (235, 387). NSP4 aa residues 114-135 within the CRAC 

binding domain (aa 114-140) has already been reported to bind to caveolin-1 (108, 391) and 

localize to caveolae at the PM (121). Thus, future work could be considered to distinguish the 

individual influences of the CRAC motif and S-palmitoylation of NSP4 in raft enrichment.  

Interestingly, in the case of NSP4 enrichment to DRMs, a significant reduction in the C63A-

NSP4 associated with TX DRMs compared to WT-NSP4 was observed. Along with NSP4, the 

blots were probed in parallel for known DRM enriched proteins flotillin-1 and caveolin-1 

(Figure 4.7) (403, 404). Considering the presence of caveolin in DRM fractions, the reduction 

in DRM association observed for C63A-NSP4 can be concluded to be solely dependent on its 

S-palmitoylation status. Thus, S-palmitoylation affects the localisation of NSP4 to specialised 

membrane microdomains. Along with NSP4, other RV proteins (VP4 and VP7) and infectious 

RV particles have been shown to be associated with DRMs (290, 294, 347). Based on these 

studies and similarity with other viruses (402, 427-430), DRMs have been postulated as the 

site of RV assembly, which is mediated by NSP4 (82, 347, 415). siRNA inhibition of NSP4 

has been shown to cause the redistribution and intracellular accumulation of several RV 

proteins and result in the inhibition of both the formation of RV particles (DLPs and TLPs) (83) 

and the association of infectious RV with DRMs (294). Taking everything into consideration, 

the reduced association of C63A-NSP4 with DRMs should result in the inhibition of RV 

particle formation. Unfortunately, since the analysis was based on the expression of NSP4 in 

transfected cells, the potential effect on other RV proteins and RV replication could not be 

validated. Additionally, palmitoylation dependent association of NSP4 with DRMs implicates 

the role of the PTM in spatial segregation of NSP4 and/or localisation to specialised membrane 
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microdomains to facilitate protein-protein interactions and/or signal transduction (326, 431-

435).  

 

5.4 S-palmitoylation and the intracellular distribution of NSP4 

The final set of experiments conducted in this thesis involved an examination of the effects of 

S-palmitoylation on the cellular distribution of NSP4 to gain a better understanding of its 

functional role. This was achieved via immunocytochemistry and confocal microscopy 

imaging of BSR-T7/5 cells transiently expressing WT-NSP4 and C63A-NSP4. ImarisColoc 

module of Imaris was used to quantify the Manders coefficient of colocalization of WT-NSP4 

and C63A-NSP4 with respective cellular organelle-specific marker proteins calreticulin (ER), 

ERGIC-53 (ERGIC), and Total OXPHOS (mitochondria) (Section 2.1.3). Overall results 

indicated that S-palmitoylation did not affect the localisation of NSP4 to the ER (Figure 4.8). 

Although a very weak association of NSP4 was observed with the other organelles assessed, 

quantification of colocalization suggested that C63A-NSP4 localised less with both the ERGIC 

and the mitochondria when compared to WT-NSP4 (Figures 4.9 and 4.10). On average, C63A-

NSP4 localised 20% less with the mitochondria and 30% to the ERGIC compared to WT-NSP4. 

Due to the overall low levels of colocalization observed however, it is difficult to assume the 

biological significance of S-palmitoylation in governing association of NSP4 to these 

organelles. Since NSP4 plays critical roles involved in RV replication and morphogenesis at 

these organelles, at the very least, the results highlight the need for further investigations aimed 

at validating potential S-palmitoylation-dependant localization of NSP4. Ideally, time-

dependent intracellular localization of NSP4 with the ER, ERGIC and mitochondria should be 

conducted, in addition to other areas of interest such as lipid droplets and PM/ caveolae, to gain 

a better understanding of S-palmitoylation dependent intracellular distribution of NSP4.  
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Considering the N-terminal aa 25-44 within the second hydrophobic domain of NSP4 acts as 

an uncleaved ER signalling sequence (104), and that C-terminal aa 85-123 facilitates ER 

enrichment most likely in an indirect manner based on its cytoplasmic orientation (106), it is 

unsurprising that palmitoylation was not seen to affect the ER localisation of NSP4. However, 

there is still a possibility that palmitoylation at Cys-63 assists in the insertion of viroporin 

domain (aa 47-90) within ER membrane and thus viroporin activity of NSP4 (92) which could 

be investigated in the future. NSP4 may even get palmitoylated at the ER, which then facilitates 

its translocation to and association with other organelle membranes. Since S-palmitoylation 

deficient NSP4 (C63A-NSP4) showed a reduced association and not complete disassociation 

with target organelles, S-palmitoylation likely works in concert with aa targeting sequences to 

facilitate membrane translocation. Interestingly, S-palmitoylation dependent association of 

NSP4 with both the mitochondria and the ERGIC has implications in the RV mediated 

regulation of cell death processes which facilitate viral replication, detailed in the following 

sections, which highlight the need of further investigation to validate current observations.    

 

5.4.1 Mitochondrial translocation of NSP4 initiates apoptosis   

Although RV induced apoptosis was initially reported in infected HT-29 cells (436), the 

depolarization of the mitochondrial membrane resulting in the release of cytochrome c to the 

cytoplasm during RV infection was not reported till much later (437). Once in the cytoplasm, 

cytochrome c interacts with APAF-1 to mediate activation of caspase-9 which in turn initiates 

apoptosis via the activation of other caspases in cascade (438-440). This implicated the 

apoptosis in RV infected cells to occur via the intrinsic pathway, which is initiated by the 

release of cytochrome c from the mitochondria (18-20). Further investigation identified the 

involvement of proapoptotic protein Bax, a protein of the cytoplasmic Bcl2 family (441-445), 
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in inducing mitochondrial dysfunction mediated apoptosis. RV infection activates Bax, which 

then translocates to the outer mitochondrial membrane and releases cytochrome c and other 

apoptotic proteins to the cell cytoplasm initiating apoptosis (446).  

Bhowmick et al., (120) was the first to show that NSP4 localized to the mitochondria, both in 

infected cells and in transfected cells expressing only NSP4. NSP4 was shown to associate with 

both the inner and outer mitochondrial membranes, suggesting its incorporation as an integral 

membrane protein, similar to the PB1F2 protein of IAV (447). The aa 61-83 of NSP4, located 

within the membrane destabilizing viroporin domain (92), was identified as the mitochondrial 

targeting sequence (120). This targeting sequence within NSP4 contains the putative 

amphipathic alpha-helix (aa 74–83), a trait shared by both cellular and viral proteins that target 

the mitochondria (448, 449). Interestingly aa 61-74 of NSP4, containing the palmitoylated Cys-

63, was seen to be required in addition to the amphipathic helix for mitochondrial association.  

The direct interaction of NSP4 with mitochondria was shown to induce apoptosis via the 

intrinsic pathway (120) independently of both NSP4 induced calcium-mediated apoptosis (437) 

and Bax-mediated apoptosis (446). The ability of viral proteins to directly bind to mitochondria 

to initiate apoptosis has been reported for other viral proteins such as p13II protein of human 

T-cell leukaemia virus type 1 (HTLV-1) (450), VPR of HIV (451) the PB1F2 of IAV 

mentioned (452).  The hypothesis that NSP4 can activate mitochondrial proteins involved in 

the transition of membrane permeability was supported by observed binding and activation of 

VDAC and ANT by NSP4 (120), similar to that observed for other mitochondria-associated 

viral proteins (450, 453, 454).   

Recently, NSP4 has been shown to upregulate fission-active form of dynamin-1 related protein 

(Drp1) which it subsequently binds and translocates to the mitochondria, independent of 

accessory adaptors Mitochondrial fission factor (Mff) and Fission protein 1 (Fis1), resulting in 
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the inhibition of mitochondrial fission and enhancement of mitochondrial fission thus, 

initiating the intrinsic apoptosis pathway during RV infection (455). Interestingly, remodelling 

of the outer mitochondrial membrane by Drp1 has been reported to facilitate the insertion of 

Bax (456), which has also been speculated to play a role in Drp1-dependent mitochondrial 

fragmentation (457-459). Thus, it is likely that NSP4 mediated incorporation of Drp1 to the 

mitochondria is a mechanism for inducing Bax mediated apoptosis.   

Viruses utilize host cell apoptosis pathway for viral replication and release (460, 461), which 

also include mechanisms to inhibit early apoptosis that would be detrimental to virus 

replication (462). Increased phosphorylation and subsequent proteasomal degradation of 

mitochondrial chaperonin Hsp60 has been reported during the early stages of RV infection. 

Hsp60 was shown to bind to the viroporin domain of NSP4 (aa 47-92) which contributes to the 

translocation of NSP4 to the mitochondria. Thus, degradation of Hsp60 was suggested as a 

mechanism to delay early apoptosis via the inhibition of immature mitochondrial translocation 

of NSP4 (463). Additionally, RV utilizes NSP1 to induce  PI3K/Akt anti-apoptotic pathway, 

similar to NS1 of IAV  (460, 464), to delay premature apoptosis by inhibiting the autocatalysis 

and subsequent activation of caspases (465, 466). The use of two distinct viral proteins to 

control host cell apoptosis has also been seen in other viruses such as influenza virus, poliovirus, 

and adenovirus (466-468).   

 

5.4.2 ERGIC associated NSP4 facilitates hijacking of autophagy machinery  

Autophagy is a cellular catabolic process which utilizes intracellular membrane trafficking 

pathways to transport cytoplasmic materials to lysosomes for degradation (469)  and can be 

initiated in response to a diverse array of cellular stress factors (470). RV NSP4, expressed on 

its own or during RV infection, was shown to colocalize with autophagy marker protein 
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microtubule-associated protein 1 light chain 3 (LC3) in novel membranes in close proximity to 

viroplasms (24). NSP4 viroporin activity was later shown to initiate autophagy via the 

activation of calcium/calmodulin-dependent kinase kinase-β (CaMKK-β) signalling pathway 

(26). RV infection induces lipidation of cytoplasmic LC3, required for its insertion into 

autophagic membranes, and the formation of LC3/NSP4 punta (26, 470). The LC3/NSP4 

puncta do not merge with lysosomes, indicating that RV infection initiates early stages of 

autophagy but inhibits maturation of autophagy (26). This has been since proposed to be a 

mechanism by with RV utilizes autophagy to transport ER localised RV proteins (NSP4 and 

VP7) to sites of viral assembly (348).  

Formation of endogenous LC3-containing autophagy-like membranes requires PI3K activity 

which, as mentioned, is activated by RV NSP1 during early stages of infection (460, 471). 

Additionally, RV-vsRNA1755 miRNA encoded by RV NSP4 gene has been shown to inhibit 

the expression of insulin growth factor 1 receptor (IGF1R) during RV infection (472). IGF1R 

mediated initiation of PI3K/Akt/mTOR pathway inhibits autophagy (473, 474); thus, the 

inhibition of IGF1R during RV infection promotes autophagy (472). IGF1R has also been 

reported to inhibit apoptosis via the activation of the Ras/Raf/MEK/ERK pathway (475-479). 

This highlights the complex nature by which RV RNA and proteins influence cellular 

signalling pathways to control cell death processes and promote viral replication.   

Historically it was believed that NSP4 mediated maturation of RV particles by acting as an ER-

resident intracellular receptor for DLPs and facilitating their budding through ER membranes 

to form TLPS (350-352). Now there is an increasing body of evidence implicating the 

involvement of ERGIC in RV assembly and maturation. As mentioned, NSP4 localizes to 

ERGIC (24, 117). NSP4 also interferes with the secretory pathway in a pre-Golgi step by 

binding to microtubules (117) which supports the hypothesis of Golgi-independent secretion 
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of NSP4 and RV TLPs (117, 294). Cellular redistribution of ERGIC observed during RV 

infection (294) and in response to expression of NSP4 alone (117, 294), has also been 

implicated in the disruption of the secretory pathway. Additionally, RV proteins VP7 and VP4 

have been detected in ERGIC implicating it as the site of viral assembly (117, 294, 348, 349).  

A recent study indicates that NSP4 exits the ER via COPII coated vesicles. Binding of LC3-II 

to NSP4 within COPII containing vesicles allows for the hijacking and subsequent 

accumulation of these membranes around viroplasms (27, 353). These viroplasm associated 

membranes containing LC3-II/NSP4 did not contain ER membrane proteins SERCA and 

calnexin, confirming that these were not ER membranes (353). The fact that LC3 lipidation 

required for its insertion into autophagic membranes, a critical step in autophagosome 

biogenesis, occurs at the ERGIC (480, 481), it is likely that the binding of LC3 to NSP4 occurs 

at ERGIC.  Based on this, a likely scenario can be postulated. NSP4 and VP7 are transported 

from the ER to the ERGIC via COPII vesicles (348, 353). Lipidated LC3-II in the ERGIC then 

binds to NSP4 (353), and thus redistributes ERGIC membranes also containing VP4 and VP7 

(117, 294, 348, 349), near viroplasms (117, 294, 353),  disrupting the secretory pathway (117). 

DLPs in viroplasms then bud through the autophagic membranes to form TLPs (353). This 

narrative fits the observed transition of RV particles through ERGIC-53 containing membranes 

which subsequently exit the traditional secretory pathway before cis-Golgi (294). Although the 

colocalization data obtained cannot implicate biological significance on its own (Figure 4.9), 

it warrants future experiments aimed at validating the potential role of NSP4 S-palmitoylation 

in RV morphogenesis.  
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5.5 Conclusions / Significance 

The study shows that both intracellular and secreted forms of NSP4 is S-palmitoylated. 

Additionally, it conclusively shows that RV NSP4 is singly S-palmitoylated at the Cys-63 

residue. Based on the conserved nature of the cysteine residue, NSP4 produced from all RV 

strains is likely to be S-palmitoylated. Thus, NSP4 is the third RV protein identified to be fatty 

acylated, in conjunction with VP2 and VP6, which are myristoylated (482). S-palmitoylation 

is the primary factor governing the association of NSP4 with TX DRMs. As highlighted in the 

discussion sections, current research implicates TX DRM associated NSP4 in RV particle 

maturation (83, 120, 290, 294). Based on overall observations, it was hypothesized that S-

palmitoylation facilitates the association of NSP4 to specialized membranes, and in turn, 

potentially plays a role in RV replication and particle maturation. However, chemical inhibition 

of NSP4 S-palmitoylation did not affect RV replication in vitro. The following figure (Figure 

5.1) depicts a schematic representation of the potential functions of NSP4 S-palmitoylation that 

can be investigated via some of the future studies suggested in Section 5.6.  
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Figure 5.1 Schematic representation of the potential functional roles of NSP4 S-palmitoylation.  

NSP4 is initially synthesised as an ER-resident transmembrane protein. S-palmitoylation of NSP4 

potentially occurs within the ER, which facilitates the transport and association of NSP4 with (a) 

ERGIC, (b) caveolae at the plasma membrane, and (c) mitochondria. Association of NSP4 with the 

mitochondria promotes RV replication via the initiation of apoptosis. Translocation of NSP4 to the 

caveolae has been implicated in the non-lytic secretion of NSP4 from polarised epithelial cells and 

subsequent induction of RV disease pathogenesis. (d) NSP4 at the ERGIC binds to LC3 which results 

in the hijacking and accumulation of autophagic membranes near viroplasms. (e) NSP4 acts as an 

intracellular receptor and mediates budding of DLPs from the viroplasm and through the hijacked 

autophagic membranes to form mature RV particles, i.e. TLPs. DLP = double-layered particle. TLP = 

triple-layered particle. 
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5.6 Future research  

The research presented in this thesis reveals that both intracellular and secreted forms of RV 

NSP4 are S-palmitoylated and that the modification might govern the intracellular distribution 

and potential secretion of NSP4 from infected cells. Reversible nature of S-palmitoylation 

provides a novel mechanism which could facilitate spatial segregation of NSP4 to specialized 

membrane microdomains to govern protein-protein interactions, and therefore provide a 

potential explanation for the ability of NSP4 to interact with several distinct binding partners 

using the same functional domain, e.g. aa 87-145 (Figure 1.4). Thus, several aspects still need 

to be further investigated to confirm the biological significance of NSP4 S-palmitoylation. The 

following sections detail examples of future research that can be conducted to elucidate the 

matter further.  

 

5.6.1 Establishment of RV strain expressing palmitoylation deficient NSP4    

As mentioned, this study was limited in its ability to assess the role of NSP4 S-palmitoylation 

within the scope of native viral infection. Further work could be considered to optimise the 

reverse genetics system to create RV strains expressing palmitoylation deficient NSP4. Current 

reverse genetics model allows for the development of SA11 strain using an entirely plasmid-

based system. Three distinct protocols were utilised in an attempt to recover infectious SA11 

from transfected BSR-T7/5 cells: (1) purely plasmid-based reverse genetics model established 

by Kanai (364), (2) further optimized plasmid-based protocol established by Komoto (483), 

and lastly (3) hybrid of the two methodologies which incorporated the use of increased NSP2 

and NSP5 plasmid concentrations (364) in conjunction with Nelson Bay orthoreovirus fusion 

associated small transmembrane (FAST) protein (483). Unfortunately, none of these 
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methodologies could be successfully implemented, and 2BP was utilized instead to assess the 

effect of NSP4 S-palmitoylation in RV replication. The incomplete inhibition of NSP4 S-

palmitoylation by 2BP observed, however, warrants future attempts to establish an SA11 strain 

expressing palmitoylation deficient NSP4. Such a strain would facilitate the conclusive 

assessment of the potential roles of NSP4 S-palmitoylation in both in vivo and in vitro RV 

replication and mature infectious particles formation, and mediating interactions with other RV 

proteins.  

 

5.6.2 S-palmitoylation dependent mitochondrial translocation of NSP4  

Colocalization analysis implicated a reduced association of palmitoylation deficient NSP4 

(C63A-NSP4) with the mitochondria compared to WT-NSP4. Since the difference observed 

was not statistically significant, follow up experiments should be considered to validate the 

observation and confirm whether S-palmitoylation plays a role in mitochondrial association. 

One method of measuring that would be to isolate purified mitochondria from WT-NSP4 and 

C63A-NSP4 expressing cells and quantify relative quantities of mitochondrial NSP4 from each 

sample (484). Furthermore, considering mitochondrial NSP4 is involved in the initiation of 

apoptosis (120), relative proportions of apoptotic cells in response to transfection with either 

WT-NSP4 or C63A-NSP4 can be measured via commercially available kits, e.g. Annexin V-

FITC (485, 486), in order to confirm the potential functional significance of S-palmitoylated 

NSP4 targeting the mitochondria.  

 

 

\\  
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5.6.3 S-palmitoylation dependent localisation of NSP4 to plasma 

membrane caveolae   

Although S-palmitoylation of NSP4 did not significantly affect its association with lipid rafts, 

the methodology utilised did not differentiate rafts from caveolae. NSP4 has been shown to 

bind directly with caveolin-1 (108, 391). Further work could be considered to dissect S-

palmitoylation dependent association of NSP4 with caveolae. Considering S-palmitoylation 

dependent association of NSP4 with TX DRMs, it is possible that S-palmitoylation could affect 

the localisation of NSP4 to caveolae. Further work could be considered to isolate caveolae from 

lipid rafts (487), in order to investigate both the proportion of caveolae enriched NSP4 that 

appears in raft fractions and the role of S-palmitoylation in governing association to caveolae. 

Additionally, mutational analysis of the NSP4 sequence can be used to assess individual roles 

of S-palmitoylation and caveolin-1 binding domains of NSP4 in targeting caveolae (121, 122). 

Association of NSP4 with caveolae has been implicated in the Golgi-independent secretion of 

NSP4 from infected cells (117, 294).  

 

5.6.4 Functional role of the secreted form of S-palmitoylated NSP4  

Lastly, in line with the hypothesis of S-palmitoylation dependent secretion of NSP4 from 

caveolae (121, 122), NSP4 secreted via a non-lytic pathway from fully differentiated Caco-2 

cells infected with BRV was also seen to be S-palmitoylated (Figure 3.10). Secreted NSP4 

(sNSP4) has been shown to bind to uninfected cells, resulting in the increased cellular uptake 

of Ca2+, which is believed to promote RV pathogenesis (132), bind and activate TLR2-TLR6 

mediated immune response (145), and induce serotonin secretion from cultured human entero-

chromaffin (EC) potentially causing nausea and vomiting during RV infection (143, 144). 
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Considering that NSP4 was seen to be S-palmitoylated at an N-terminal cysteine residue, which 

is a characteristic of TLR2 agonists (146), it is highly likely that the modification is responsible 

for NSP4 mediated activation of TLR2-TLR6. Thus, priority should be placed to assess this 

potential trait of S-palmitoylated sNSP4. Generation of the aforementioned mutant RV strain 

expressing palmitoylation-deficient NSP4 will be instrumental in facilitating the analysis of 

the biological function sNSP4 palmitoylation using in vitro and in vivo models that most 

closely represent native RV infection.  
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Appendix A – NSP4 Sequence Variants  

Variant name: WT-NSP4, Variant sequence:  

CCATGGAAAAGCTTACCGACCTCAACTACACATTGAGTGTAATCACTCTAATGAA

TAATACATTGCACACAATACTAGAGGATCCAGGGATGGCGTATTTTCCTTATATT

GCATCTGTCCTGACAGTTCTGTTCACATTGCACAAAGCATCAATTCCAACGATGA

AAATAGCATTGAAGACGTCAAAATGTTCGTATAAAGTAGTAAAGTATTGCATTGT

AACGATTTTTAATACGTTGCTGAAATTGGCAGGTTATAAAGAACAGATTACTACT

AAAGATGAAATAGAAAAACAAATGGACAGAGTCGTTAAAGAAATGAGACGCCA

GTTGGAGATGATTGATAAATTGACTACACGTGAAATTGAACAGGTTGAATTACTG

AAGCGTATCTACGACAAATTGATGGTGCGATCGACTGGTGAGATAGATATGACA

AAGGAAATTAATCAAAAGAACGTGAGAACGCTAGAAGAGTGGGAGAGTGGAAA

AAATCCTTATGAACCAAAAGAAGTGACTGCAGCAATGTAAGAGCTCGAG 

 

Variant name: C63A-NSP4, Variant sequence:  

CCATGGAAAAGCTTACCGACCTCAACTACACATTGAGTGTAATCACTCTAATGAA

TAATACATTGCACACAATACTAGAGGATCCAGGGATGGCGTATTTTCCTTATATT

GCATCTGTCCTGACAGTTCTGTTCACATTGCACAAAGCATCAATTCCAACGATGA

AAATAGCATTGAAGACGTCAAAAGCATCGTATAAAGTAGTAAAGTATTGCATTG

TAACGATTTTTAATACGTTGCTGAAATTGGCAGGTTATAAAGAACAGATTACTAC

TAAAGATGAAATAGAAAAACAAATGGACAGAGTCGTTAAAGAAATGAGACGCC

AGTTGGAGATGATTGATAAATTGACTACACGTGAAATTGAACAGGTTGAATTACT

GAAGCGTATCTACGACAAATTGATGGTGCGATCGACTGGTGAGATAGATATGAC

AAAGGAAATTAATCAAAAGAACGTGAGAACGCTAGAAGAGTGGGAGAGTGGAA

AAAATCCTTATGAACCAAAAGAAGTGACTGCAGCAATGTAAGAGCTCGAG 
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Variant name: C71A-NSP4, Variant sequence:  

CCATGGAAAAGCTTACCGACCTCAACTACACATTGAGTGTAATCACTCTAATGAA

TAATACATTGCACACAATACTAGAGGATCCAGGGATGGCGTATTTTCCTTATATT

GCATCTGTCCTGACAGTTCTGTTCACATTGCACAAAGCATCAATTCCAACGATGA

AAATAGCATTGAAGACGTCAAAATGTTCGTATAAAGTAGTAAAGTATGCAATTG

TAACGATTTTTAATACGTTGCTGAAATTGGCAGGTTATAAAGAACAGATTACTAC

TAAAGATGAAATAGAAAAACAAATGGACAGAGTCGTTAAAGAAATGAGACGCC

AGTTGGAGATGATTGATAAATTGACTACACGTGAAATTGAACAGGTTGAATTACT

GAAGCGTATCTACGACAAATTGATGGTGCGATCGACTGGTGAGATAGATATGAC

AAAGGAAATTAATCAAAAGAACGTGAGAACGCTAGAAGAGTGGGAGAGTGGAA

AAAATCCTTATGAACCAAAAGAAGTGACTGCAGCAATGTAAGAGCTCGAG 

 

Variant name: C63/71A-NSP4, Variant sequence:  

CCATGGAAAAGCTTACCGACCTCAACTACACATTGAGTGTAATCACTCTAATGAA

TAATACATTGCACACAATACTAGAGGATCCAGGGATGGCGTATTTTCCTTATATT

GCATCTGTCCTGACAGTTCTGTTCACATTGCACAAAGCATCAATTCCAACGATGA

AAATAGCATTGAAGACGTCAAAAGCATCGTATAAAGTAGTAAAGTATGCAATTG

TAACGATTTTTAATACGTTGCTGAAATTGGCAGGTTATAAAGAACAGATTACTAC

TAAAGATGAAATAGAAAAACAAATGGACAGAGTCGTTAAAGAAATGAGACGCC

AGTTGGAGATGATTGATAAATTGACTACACGTGAAATTGAACAGGTTGAATTACT

GAAGCGTATCTACGACAAATTGATGGTGCGATCGACTGGTGAGATAGATATGAC

AAAGGAAATTAATCAAAAGAACGTGAGAACGCTAGAAGAGTGGGAGAGTGGAA

AAAATCCTTATGAACCAAAAGAAGTGACTGCAGCAATGTAAGAGCTCGAG 
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Appendix B – Validation of Mouse Anti-NSP4 Antibody for 

Immunolabelling 

 

      pTM1 (empty vector) 

  

 

      pTM1-NSP4WT (WT-NSP4) 

  

 

     pTM1-NSP4C63A (C63A-NSP4) 
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     pTM1-NSP4C71A (C71A-NSP4) 

  

 

     pTM1-NSP4C63AC71A (C63AC71A-NSP4) 

  

Transient expression of NSP4 constructs in BSR-T7/5 cells.  

BSR-T7/5 cells were transfected with empty vector backbone (pTM1), WT-NSP4 (pTM1-NSP4WT), 

and the three NSP4 mutant variants (pTM1-NSP4C63A, pTM1-NSP4C71A, pTM1-NSP4C63AC71A) (Section 

2.2.4). 24 hours post-transfection, cells were fixed with 4% paraformaldehyde and immunolabelled 

using mouse anti-NSP4 primary antibody and anti-mouse Alexa Fluor® 594-conjugated secondary 

antibody (Section 2.1.3). Cell nucleus was stained using Hoechst stain. Cells were visualized and 

imaged using the Nikon Eclipse Ni-U fluorescence microscope in conjunction with SPOT ImagingTM 

software. Nucleus is depicted as blue and NSP4 as green. Scale bars = 50µm. Respective images on the 

left were further magnified and represented in images on the right.  
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Appendix C – S-palmitoylation of NSP4 expressed by SA11  

 

 

 

S-palmitoylation of NSP4 determined by Click Chemistry-based methodology. 

Mock and SA11 infected MA104 cells were incubated for 8 hours with (+) or without (-) 

17ODYA. Cell lysates were biotinylated with azide-biotin via Click Chemistry (Section 

2.2.12.1). (A) Streptavidin-agarose bead enriched proteins from each sample were separated 

via SDS-PAGE and blotted with rabbit anti-NSP4 antibody (B) Total lysates (1.25%) from 

each sample prior to streptavidin enrichment blotted with rabbit anti-NSP4 and mouse anti-

tubulin antibodies (Section 2.1.3).   
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Appendix D – Quantification of Colocalization using Imaris 

 

 

 

Mander’s coefficient of co-localization is dependent on the threshold of detection.  

Colocalization (white pixels) of signals A and B appear greater when threshold A (set automatically) is 

used versus when threshold B (set manually) is used. Setting a manual threshold allowed the isolation 

of strongly co-localized signals and the elimination of background detection that may affect the 

measurement of colocalization. The set threshold of detection was kept constant between all samples 

being compared.   
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Appendix E – Rotavirus NSP4 sequence is highly conserved  

 

 
 

Complete protein sequences of NSP4 from human and animal strains aligned via CLUSTALW 

Complete NSP4 protein sequences of human rotavirus strains WA (GenBank: AOI28109.1) and DS-1 

(GenBank: AAG09190.1) were aligned with NSP4 sequences from animal strains used in the study, 

BRV (GenBank: AFI98198.1) and SA11 (GenBank: BAW94620.1) via CLUSTALW. The symbols 

below the sequence, ‘*’ , ‘:’, ‘.’ and space, indicate identity, higher similarity, lower similarity, and 

dissimilarity respectively. Cysteine residues at aa 63 and 71 are conserved in all NSP4 sequences and 

the complete sequences are also highly conserved.  
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Appendix F – 2BP treatment does not affect cell viability  

 

 

2BP treatment did not affect MA104 cell viability  

MA104 cells were treated with either 100 µM of 2BP or equivalent quantity of DMSO used to solubilize 

2BP. Control, DMSO and 2BP treated cells were harvested at indicated time points post-treatment and 

cell viability measured using the EVE™ Automatic Cell Counter (NanoEnTek) as detailed in Section 

2.1.1.4. No significant reduction in viability was observed in 2BP treated cells as compared to DMSO 

and control cells (not treated with either DMSO or 2BP) at respective time points.  
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Appendix G – Quantification of S-palmitoylated NSP4 

 

 

Densitometric quantification of S-palmitoylated proteins detected via CCBM and ABE 

Relative quantities of S-palmitoylated NSP4 (i.e. streptavidin-enriched NSP4) detected were quantified 

via densitometric analysis of respective western blots (e.g. Figures 3.3, 3.4, 3.6, 3.9, 3.10) using Image 

StudioTM Lite (Li-COR Bioscience). Western blots of at least 3 independent biological repeats were 

used for quantification. The graph represents the percentage of total protein detected as palmitoylated. 

From the left: (a) HA detected via CCBM from MDCK cells infected with INF A for 8 hours (b) NSP4 

detected via CCBM from MA104 cells infected with BRV for 8 hours (c) NSP4 detected via ABE from 

MA104 cells infected with BRV for 8 hours (d) NSP4 detected via ABE from BSR-T7/5 cells 

transfected with WT-NSP4 sequence of BRV for 24 hours (e) NSP4 secreted from polarised Caco-2 

cells infected with BRV for 36 hours (f) NSP4 detected via ABE from MA104 cells infected with SA11 

for 8 hours.  
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Appendix H – S-palmitoylated proteins detected via CCBM  

 

 

Stoichiometry of S-palmitoylated protein labelling and detection via CCBM 

The figure depicts western blots of S-palmitoylated proteins identified via a CCBM. As can be 

seen for the majority of the proteins, percentage of total protein identified as palmitoylated 

appears within the 0.5% to 2% range (based on visual comparison of protein band detected in 

total elute and 1% of total lysate). In the extreme ends, almost all of the αLAT and only 0.01% 

of HSP90 appears to have been identified as S-palmitoylated. Image adapted from Wilson et 

al., (291). 
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