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Abstract 

Proteins which mislocalise or misfold must be effectively dealt with by the cell, if left to accumulate 

these proteins aggregate, which has been linked to neurodegeneration. Therefore, cells employ 

multifaceted quality control processes in order to deal with aberrant proteins. The Small Glutamine 

Rich Tetratricopeptide Repeat Containing Protein Alpha (SGTA) is a major component of these 

quality control pathways. SGTA is thought to be the ‘first responder’ in a molecular triage reaction, 

recognising aberrant membrane proteins and deliver these clients to a multiprotein complex which 

decides the fate of the client protein, either directing them for degradation or rescuing them for 

refolding. However, the molecular details about how SGTA functions in quality control are poorly 

understood. In studying the functions of quality control components, depleting a protein usually 

provides insights about their function. A novel technique (‘Trim-Away’) which utilises an antibody 

receptor TRIM21, and an antibody targeting a protein of interest to enable rapid depletion of target 

proteins was attempted. 

In this study the role of SGTA in protein quality control was investigated with emphasis on the fate 

of client proteins in the presence of a panel of mutants. Mutants of SGTA were created targeting 

conserved motifs in the C-terminus, namely the Q-rich region and the NNP repeat motifs. These 

mutants when expressed in a HeLa cell culture system increased the steady state levels of a model 

mislocalised protein, OP91 beyond the WT levels. Pulse-chase analysis showed that the mutants 

delayed degradation of OP91 which was rationalised by a reduction in ubiquitination. 

Immunofluorescence confocal microscopy revealed formation of punctate inclusions where SGTA 

mutants and OP91 colocalised, which was confirmed by co-immunoprecipitation. Further 

investigations into the fate of OP91 and nature of these structures using fluorescence recovery 

after bleaching (FRAP), eludes to them being dynamic phase-separated structures with a possible 

role in spatial quality control. As part of this spatial quality control mechanism, 

immunoprecipitation on cell culture media from SGTA and OP91 expressing cells revealed the 

export of OP91 and SGTA into the media and a novel ability of SGTA to transfer between cells in a 

possibly prion-like manner. Further to this, a variation of ‘Trim-Away’, utilising a cell-penetrating 

peptide tag was developed to attempt compartment-specific depletion of SGTA in order to study 

the resultant effects. Therefore, the SGTA mutants developed in this study are valuable tools which 

will enable an in-depth study of the role of SGTA in protein quality control. 
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1. Introduction 

1.1. Protein Folding 

Proteins undertake a vast array of functions due to the many structures they can adopt. 

Proteins are synthesised as a linear string of amino acids, yet to be functional they must 

achieve a specific 3-dimensional shape, their native conformation. This final structure is 

largely encoded within the linear primary structure as the properties of the various amino 

acid side chains dictate the final outcome. Hydrophobic residues bury into the core of the 

protein, whilst charged and hydrophilic side chains align themselves to the aqueous 

environment of the cytosol (Dill and MacCallum, 2012). The size of the residue constrains 

packing and folding, charged residues are naturally drawn together, disulphide bridges 

form. These initial interactions result in secondary structures of helices and sheets, which 

are stabilised further through charge and longer interactions. These myriad interactions 

between residues within the peptide chain and its environment, ultimately dictate the final 

conformation. The native conformation is normally the most energetically favourable, that 

is the lowest energy conformation that particular sequence can adopt. Therefore, the 

protein folding can be thought of as a process of energy minimisation. This can be 

visualised as an ‘energy landscape’ of all the possible conformations a sequence can adopt 

with a central well or funnel representing the lowest energy conformations (Figure 1.1). 

The landscape is somewhat rough, pitted and ridged and in many places the free energy 

barriers required for proper folding may be insurmountable. This situation, and the time it 

takes for proteins to fold experimentally rule out a simple stochastic approach to folding 

and instead point towards that of a guided mechanism (Hartl et al., 2011).  

The folding of proteins is further complicated due to features such as the crowded cellular 

environment within which the proteins have to navigate the energy landscape, and the 

vectorial manner  by which the  emerging nascent chain starts folding whilst it is still 

tethered to the ribosome  (Cabrita et al., 2010).  Therefore, in the majority of cases, 

proteins do not spontaneously fold, but instead require assistance from complex molecular 

machinery to guide new proteins through the energy landscape, reducing free energy 

barriers, shielding unfolded regions, and transporting them to more favourable 

environments for folding. These protein quality control (protein QC) systems ensure 
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efficient maintenance, regulation and degradation of terminally misfolded proteins to 

maintain homeostasis (proteostasis).  The system is both highly conserved and functionally 

diverse as it is essential to survival but must be able to deal with the enormous variety of 

cellular proteins (Hartl et al., 2011).  

  

1.2. Chaperones 

Molecular chaperones are a major component of protein QC which undertake a diverse set 

of functions. Chaperones ensure correct folding, disaggregation, regulation, refolding and 

degradation of their many client proteins (Saibil, 2013). They are frequently constitutively 

Representation of the protein folding ‘energy landscape’. 

In order to achieve their functional native state, proteins must be correctly folded. This is 

essentially a process of energy minimisation, in which the nascent protein must navigate to 

the energetically favourable native fold. Chaperones help this process proceed by 

overcoming free energy barriers and preventing aggregation. Intermolecular interactions 

(often between hydrophobic transmembrane domains) drives the formation of amorphous 

aggregates and amyloid plaques which present a significant burden to cellular function. 
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expressed but with inducible forms which are upregulated during stress. Many families of 

structurally-distinct chaperones exist, the major families of heat shock proteins (Hsps), 

Hsp70, Hsp90 and the small Hsps are discussed below as well as the chaperonins.  

1.2.1. Hsp70 

Hsp70s consist of a conserved N-terminal ATPase domain, a substrate binding domain 

(SBD), which recognises linear hydrophobic regions (Flynn et al., 1991; Blond-Elguindi et 

al., 1993), and a C-terminal variable region. Cytosolic members  often have a conserved 

EEVD motif, whilst those targeted to organelles have an N-terminal localisation signal 

(Radons, 2016). When bound to ATP, Hsp70 has an open conformation with low affinity 

and rapid exchange of its substrates. ATP is hydrolysed by the ATPase domain upon Hsp40 

binding, this induces a conformational change in Hsp70 into a closed conformation with 

high affinity and slow exchange rates of substrates. Bound ADP is recycled by numerous 

associated nucleotide-exchange factors (BAGs, Hsp110), which returns Hsp70 to its open 

conformation upon ATP binding (Mayer et al., 2010; Jiang et al., 2007). The substrate 

protein is released from the cycle once it achieves its native conformation, or more likely 

when it is handed off to a downstream factor such as Hsp90 via Hsp Organising Protein 

(HOP) or a chaperonin (Chen and Smith, 1998; Mayer and Bukau, 2005). 

1.2.2. Hsp90  

Hsp90 is often considered the central hub of the proteostasis network. It has approximately 

250 clients and is involved in myriad processes including folding, transport, degradation 

and cell cycle regulation (Echeverría et al., 2011).  Hsp90 has a C-terminal dimerisation 

domain and conversed EEVD motif, a client binding region in its middle domain and a N-

terminal ATPase domain. Hsp90 acts downstream of Hsp70, via an intermediate interaction 

with Hsp70-Hsp90 organising protein (HOP) (Chen and Smith, 1998). It facilitates late stage 

folding of clients, via an ATP dependent cycle and gyrase-like activity (Schopf et al., 2017), 

further to this Hsp90 is also required for formation of many multi-subunit complexes 

(Makhnevych and Houry, 2012). Hsp90 also has protective roles against aggregation and in 

promoting timely degradation through proteasome assembly and aiding ATPase activity 

(Imai et al., 2003). 
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1.2.3. Small Hsps 

The small Hsps are a diverse set of ATP-independent chaperones and co-chaperones. They 

generally have protective roles as part of the cell stress response, reducing aggregation and 

promoting refolding in concert with Hsp70 and 90. When proteins become unfolded, or 

are incorrectly folded in the first instance, the small Hsps are able to bind exposed 

hydrophobic regions and maintain the substrates in a soluble state acting as ‘holdases', 

thus preventing the build-up of large insoluble aggregates (Bakthisaran et al., 2015).  

1.2.4. Chaperonins 

The chaperonins undertake de novo folding of cytosolic proteins. They are large multimers 

with a double ring structure, forming a cage which isolates nascent proteins from the 

cytosol. Classified into group I (Hsp60/GroEL) which act alongside a co-chaperone (GroES) 

and group II (TRiC/CCT) which are larger and act independently (Hartl et al., 2011).  

Nascent chains are delivered to chaperonins by Hsp70 or prefoldins where they bind the 

inside of the cis ring through hydrophobic interactions (Frydman, 2001). The lid binds upon 

ATP hydrolysis and induces a conformational change, twisting the ring and burying the 

hydrophobic residues. This creates a hydrophilic environment and causes the substrate to 

bury its hydrophobic residues as globular core. This cycle continues until the client is 

correctly folded, at which point its association is weak enough to facilitate release and any 

further downstream processing (Saibil, 2013). 

1.3. Targeting and trafficking 

Proteins must be targeted to the correct cellular location in order to carry out their 

function. In the case of membrane proteins correct localisation is also essential for them 

to be correctly folded. Below the focus is on ER targeting pathways due to their importance 

in membrane protein biogenesis and as an entry to the endomembrane system (Aviram 

and Schuldiner, 2017), however membrane proteins are also targeted to organelles such 

as the mitochondria (Wasilewski et al., 2017), nucleus (Christie et al., 2016) and chloroplast 

(Bölter and Soll, 2016). 

The initial stage in membrane protein biogenesis is to target newly synthesised proteins to 

the ER membrane, this can occur either through the co-translational or post-translational 

pathway (Figure 1.2) (Shao and Hegde, 2011).  
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1.3.1. Co-translational pathway 

The co-translational pathway deals with both secretory and membrane proteins, it requires 

the protein to contain an N-terminal signal sequence or transmembrane domain and 

couples targeting of the protein to the ER to translation (Pool, 2005). When the signal 

sequence or transmembrane domain emerges from the ribosome exit tunnel, the signal 

recognition particle (SRP) recognises and binds to the nascent chain (Nyathi et al., 2013). 

SRP is a complex consisting of RNA and protein subunits, through one protein subunit 

SRP54, it is able to bind the nascent chain. This binding slows elongation, shields exposed 

hydrophobicity and targets the ribosome to the ER membrane SRP receptor (SR)(Pool, 

2005). GTP is required for SRP to bind SR, once bound the complex is directed to Sec61, a 

translocon. Upon Sec61 binding, GTP hydrolysis results in the disassembly of SRP-SR and 

recycling of SR. SEC61 is a heterotrimeric protein channel which allows the nascent protein 

to either enter the ER membrane or cross into the lumen (Görlich and Rapoport, 1993). 

Once translation is completed, signal peptidase cleave the signal sequence, the newly 

synthesised protein is released, and the ribosome disassociates from SEC61 (Nyathi et al., 

2013).  

1.3.2. Post-translational pathway 

Most membrane proteins undertake co-translational membrane insertion, however, a 

subset are targeted and inserted after translation is complete via post-translational 

pathways. These proteins are predominantly tail-anchored (TA) proteins which have a C-

terminal transmembrane domain which is not recognised by SRP as synthesis is complete 

before SRP recruitment occurs (Johnson et al., 2013). Several pathways exist to facilitate 

this process, the guided entry of tail-anchored proteins (GET) pathway is the best 

characterised and is discussed below, however TA proteins can also be delivered to the ER 

via the SRP independent pathway (SND) (Aviram et al., 2016) or the ER membrane protein 

complex (EMC) (Guna et al., 2018).   TA proteins are thought to leave the ribosome and be 

quickly bound by SGTA which shields the exposed hydrophobicity and directs the nascent 

protein to a BAG6-TRC35-UBL4a complex (Xu et al., 2012; Leznicki et al., 2013). This multi-

protein complex has a triage role, directing the nascent protein for membrane insertion via 

TRC40 or degradation at the proteasome (see 1.5.1) (Shao et al., 2017; Leznicki and High, 

2012; Wunderley et al., 2014). TRC40, a cytosolic ATPase, is recruited to the complex where 
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ATP is able to bind. TRC40 is then able to deliver the nascent client to a WRB-CAML ER 

receptor complex, where upon ATP hydrolysis the client can be inserted into the ER 

membrane (Stefanovic and Hegde, 2007; Johnson et al., 2013). The GET pathway has been 

best characterised in yeast. In yeast the SGTA homologue SGT2 targets TA proteins to a 

GET4-GET5 complex (homologous to BAG6-TRC35). GET3 the TRC40 homologue then 

transfers the TA protein to GET1-GET2 (WRB-CAML homologues) for insertion into the ER 

membrane (Johnson et al., 2013).  
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Figure 1.2 Representation of ER targeting pathways. 

There are two major pathways which target proteins to the ER membrane for insertion, the 

Co-translational pathway (A) and the post-translational pathway (B) other pathways not 

shown in this overview are the EMC (Guna et al., 2018) and SND routes, (Aviram et al., 

2016). Proteins with N-terminal signal sequences or transmembrane domains are 

recognised by SRP and recruited into the co-translational pathway. SRP targets the 

translating ribosome to the ER membrane via the SR receptor (SRPR), where co-

translational insertion of the nascent protein can occur via the Sec61 translocon. Proteins not 

recognised by SRP, such as tail-anchored proteins, are instead inserted into the membrane 

by the post-translational pathway. These proteins are recognised after completion of 

synthesis by a BAG6 complex, which subsequently hands the nascent protein to TRC40 for 

membrane insertion via a WRB-CAML complex. 
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1.4. Protein Misfolding 

Despite the extensive systems and checks in place to ensure proper folding occurs, 

mistakes happen, and proteins become misfolded. Misfolded proteins occur for several 

reasons, from errors in de novo folding and mutations, or due to denaturation from cell 

stress. These proteins present a risk to the cell as they are both no longer functional and 

prone to aggregation (Labbadia and Morimoto, 2015).  

The underlying causes of protein misfolding are myriad, but essentially all result from some 

form of cellular stress. Problems may arise throughout the protein’s lifecycle, initial errors 

in biogenesis may result in mutations that cause misfolding such as those in SOD1 which 

results in Amyotrophic lateral sclerosis (ALS) (Bruijn et al., 1998). Incorrect processing and 

post-translational modifications may cause proteins to become misfolded or increase their 

propensity to aggregate, for example the hyperphosphorylation of Tau results in 

neurofibrillary tangles in Alzheimer’s Disease (Alonso et al., 1997; Hoover et al., 2010). A 

major cause is mislocalisation of proteins, often due to saturation or defects in the 

translocation machinery, in the wrong environment hydrophobic transmembrane regions 

are more likely to aggregate (Hung and Link, 2011). Mislocalisation of several proteins has 

been implicated in disease, for instance TDP-43 and FUS in ALS (Barmada et al., 2010; 

Tyzack et al., 2019), as well as p53 and BRCA1 in various cancers (Zhao et al., 2005; Chen 

et al., 1995). Finally, defects or saturation of the degradation machinery (often caused by 

earlier aggregation events) can lead to the accumulation of misfolded and aggregation-

prone species, exacerbating the damage (Thibaudeau et al., 2018). Many of the root causes 

of these cellular stress remains elusive, although it is thought that oxidative damage and a 

decline in protein QC associated with ageing may play a major part (Labbadia and 

Morimoto, 2015; Takalo et al., 2013). 

Misfolded proteins if not cleared may ultimately result in the formation of protein 

aggregates. Hydrophobic regions resulting from improper folding, are exposed to the 

cytosol where hydrophobic interactions drive the formation first of oligomers, and 

eventually fibrils and aggregates. This process is still debated, but the initial species are 

often smaller oligomers, these oligomers are driven together by hydrophobic forces 

creating a nucleus for the formation of larger aggregates. These aggregates are broadly 

considered to be unstructured amorphous or amyloidogenic (Yoshimura et al., 2012; 
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Roberts, 2007), formed of highly ordered fibrils with a characteristic cross-β structure 

(Sunde et al., 1997). How aggregates form from the oligomer nucleus is contested with 

models suggesting addition of single molecules to a growing protofilament, whilst others 

argue that filament structures result from the concurrent assembly of oligomers (Morris et 

al., 2009). Either way the resulting aggregates are largely insoluble, and the associated 

oligomeric species thought to be cytotoxic, in many diseases aggregates have been shown 

to induce further aggregation and the spread of toxic species via prion-like propagation 

(Kfoury et al., 2012; Ren et al., 2009; Luk et al., 2012; Eisele et al., 2010).  

1.5. Degradation 

Timely degradation of regulatory, damaged and misfolded proteins is an essential part of 

proteostasis. Failure to degrade aberrant proteins results in the accumulation of potential 

damaging species. There are two major degradation pathways within the cell, the 

ubiquitin-proteasome system (UPS) and autophagy (Kocaturk and Gozuacik, 2018). 

1.5.1. UPS 

The major degradative pathway is the ubiquitin proteasome system (UPS) (Figure 1.3). The 

UPS selectively targets proteins for degradation through addition of a small peptide 

modification, ubiquitin. Ubiquitin is covalently attached to proteins generally through 

lysine residues where an isopeptide bond forms between the carboxyl end of ubiquitin and 

the primary amine of lysine. This reaction is coordinated by the sequential action of three 

enzymes (Kleiger and Mayor, 2014). 

An E1 enzyme activates ubiquitin, by creating a thioester bond to its active site using ATP. 

The active ubiquitin is handed off to a E2 ubiquitin-conjugating enzyme, which bring 

ubiquitin into proximity of the substrate where an E3 ligase enzyme can covalently link 

ubiquitin to the substrate protein (Kleiger and Mayor, 2014). 

Once the protein is ubiquitinated further ubiquitin molecules are added to the first one 

through the 7 lysines within each ubiquitin moiety, thereby forming large branching chains, 

the structure and topology of these is thought to determine targeting and downstream 

processing of the protein. The best example of this is K48 linked chains which are targeted 

to the proteasome although this is generally the case for the majority of ubiquitinated 

proteins (Komander and Rape, 2012). However, those linked through K63 are thought to 
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avoid proteasomal degradation possibly through increased action of deubiquitinases 

(DUBs) (Jacobson et al., 2009) or as a result of targeting to autophagy. K63 ubiquitination 

may serve as an important targeting moiety such as for sorting of membrane proteins to 

multivesicular bodies (Erpapazoglou et al., 2012). 

Ubiqutination is a highly dynamic and reversible process due to the action of 

deubiqutinases (DUB) which act as specialised ubiquitin proteases, thereby antagonising 

the action of the E3 ligase and preventing the proteasomal degradation of their substrates 

(Komander et al., 2009; Reyes-Turcu et al., 2009). It has been known for a long time that 

DUBs are important in generating a pool of free ubiquitin in the cell (Dayal et al., 2009). 

However, recent evidence suggests a role for DUBs in the regulation of many cellular 

processes by fine-tuning or modulating substrate ubiquitination and degradation. A typical 

example is the DUB Ataxin-3 which acts to limit the length of ubiquitin chains built on 

substrates by CHIP (C-terminus of Hsp70 Interacting Protein) a mammalian E3 ligase 

involved in cytosolic protein quality control (Scaglione et al., 2011). In addition, DUBs 

localised on the proteasome, can act to delay the degradation of some proteasomal 

substrates (Reyes-Turcu et al., 2009). Moreover, DUBs are now known to have an 

important role in ubiquitin chain editing by promoting K48 ubiquitin conjugates on 

substrates or K63 linked ubiquitin chains to regulate degradation by the proteasome or via 

autophagy, respectively (Ferreira et al., 2015). Hence a balanced action of the two 

processes is required for efficient degradation of misfolded proteins. Therefore, 

dysregulation in both ubiquitination/ deubiquitination processes is linked to 

neurodegenerative diseases (Zheng et al., 2016).  

The proteasome consists of two regulatory particles and a larger proteolytic core. The core 

is formed of two α and two β-heptameric proteins rings. The α rings the outer part of the 

barrel shaped core, forming a regulatory ‘gate’ that substrates must pass through. The β 

rings form the inner section and form the major proteolytic region, with subunits β1, β2, 

and β5 responsible for caspase-like, trypsin-like and chymotrypsin-like activity respectively 

(Livneh et al., 2016).  

The regulatory 19S ‘cap’ is formed of a 6 subunit ‘base’ and 9 subunit ‘lid’ particle and 

identifies, binds, de-ubiquitinates, unfolds and transports substrates into the core (Inobe 
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and Matouschek, 2014). The ‘base’ has subunits involved in ATPase activity (Rpt1-6) 

(Lander et al., 2012) and ubiquitin recognition (RPN1, RPN10 and RPN13) (Husnjak et al., 

2008; Elsasser et al., 2004). Briefly, the ubiquitinated substrate is delivered to the 

proteasome where the poly-ubiquitin chain of at least 4 ubiquitin moieties binds RPN1, 

RPN10 or RPN13 (Thrower et al., 2000). To enter the proteolytic core and be degraded the 

substrate protein must be unfolded, as ubiquitin is highly thermostable and would block 

entry it is efficiently removed by proteasome associated DUBs. Binding of ubiquitin to 

RPN1, 10 or 13 induces a conformational change in the proteasome allowing RPN11 to 

cleave the ubiquitin chain, facilitating entry to the core (and also recycling ubiquitin)(de 

Poot et al., 2017). This is followed by the ATP-coupled translocation of the substrate into 

the 20S core which causes it to unfold into a linear chain, where it is subsequently 

hydrolysed into short peptides (Inobe and Matouschek, 2014).  

Figure 1.3 Representation of the Ubiquitin Proteasome System. 

Proteins are targeted for proteasomal degradation by the addition of ubiquitin. Ubiquitin is 

added via the action of three enzymes; E1 enzymes activate ubiquitin, E2 enzymes conjugate 

ubiquitin, bringing it into proximity with the protein and finally E3 enzymes ligates ubiquitin 

to the protein. Further ubiquitination occurs forming polyubiquitin chains, a minimum chain 

length of 4 molecules is required for proteasomal recognition and binding to the 19S cap. 

Once bound the protein is deubiquitinated and unfolded as it enters the 20S core where it is 

cleaved into short peptides. 
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1.5.2. ERAD 

Endoplasmic Reticulum Associated Degradation (ERAD) is a spatial distinct part of the UPS 

machinery, any aberrant proteins in the ER need to be degraded in order to avoid stress, 

but the proteasome is located in the cytosol. Therefore, the cell employs a specific ER 

pathway to retrotranslocate, ubiquitinate and degrade ER proteins, known as ERAD 

(Ruggiano et al., 2014). ERAD is further divided into 3 well-characterised pathways, ERAD-

C, -L and -M, which recognise and deal with misfolded cytoplasmic, luminal and membrane 

domains, respectively (Carvalho et al., 2006). ERAD-C recognises those proteins with 

misfolded cytoplasmic domains, Cdc48 recruits the misfolded protein to a membrane 

embedded complex. This complex facilitates the retrotranslocation of proteins into the 

cytosol, via Doa10, which through its E3 activity ubiquitinates proteins as they reach the 

cytosol. Once in the cytosol the misfolded proteins are recognised by SGTA and recruited 

to a BAG6 complex, before eventual degradation at the proteasome. ERAD-L and ERAD-M 

also utilise Cdc48 alongside different machinery, Hrd3 recruits the misfolded proteins to a 

Hrd1 complex, where it can be retrotranslocated and ubiquitinated as it reaches the cytosol 

(Vashist and Ng, 2004). 

1.5.3. Autophagy 

Alongside the UPS, the other major degradative pathway is Autophagy. The Autophagy-

lysosome system allows intracellular substrates to be degraded by the lysosome and is 

particularly involved in the clearance of large aggregates and organelles. Autophagy has 3 

major processes, macroautophagy, microautophagy and chaperone-mediated autophagy 

(Figure 1.4) (Dikic and Elazar, 2018; Mijaljica et al., 2011; Cuervo and Wong, 2014). 

Macroautophagy is a well characterised process that degrades cellular contents by 

engulfing them in a vesicle and delivering them to the lysosome (Dikic and Elazar, 2018). It 

is initiated by inhibition of mTOR, which results in downstream dephosphorylation of ULK1 

and ULK2 (Jung et al., 2009). Activation of ULK1 and 2 is necessary for the formation of the 

phagophore, the precursor to the vesicular autophagosome. In order for the vesicle to form 

several proteins must come together into a complex; Beclin1/PI3K complex, Atg9 and 

VMP1 transmembrane proteins, UBL proteins Atg8 and Atg12, as well as proteins necessary 
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for vesicle fusion to the lysosome (Dikic and Elazar, 2018). The formation of this multi 

protein complex allows the phagophore to mature into the autophagosome, as the 

membrane grows it simultaneously engulfs the substrates for degradation. Substrate 

proteins are targeted to the autophagosome via BAG3 or possibly through K63 linked 

polyubiquitination (Gamerdinger et al., 2011; Tan et al., 2008). The proteins marked for 

degradation remain within the autophagosome until it fuses with the lysosome, resulting 

in degradation via acid hydrolysis. 

Both microautophagy and the chaperone-mediated autophagy pathway do not require 

formation of an autophagosome. Instead they both deliver proteins directly to the 

lysosome for degradation. In microautophagy the substrate protein enters the lysosome 

via invaginations in the lysosomal membrane which engulf the proteins (Mijaljica et al., 

2011). The chaperone-mediated pathway delivers substrate proteins into the lysosome via 

a membrane receptor complex and the action of Hsp70 (Cuervo and Wong, 2014). 

Figure 1.4 Representation of Autophagy. 

mTOR normally maintains ULK1/2 in a phosphorylated form, inhibition of mTOR results 

in the dephosphorylation of ULK1/2 and initiation of autophagy. ULK1/2 recruits several 

proteins and this colocalisation allows the formation of the phagophore and subsequently the 

autophagosome. The autophagosome engulfs substrates in a membrane bound vesicle, 

which eventually fuses with the lysosome where substrates are degraded by acid hydrolysis. 

Autophagy has 3 related pathways; macroautophagy where the autophagosome fuses with 

the lysosome (A), microautophagy, where substrates are engulfed by the lysosome 

membrane (B) and chaperone-mediated autophagy, where substrates are delivered by 

Hsp70 and a membrane receptor (C) 
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1.6. Spatial Quality Control 

Whilst mislocalised and misfolded proteins are normally efficiently degraded, at times 

when the proteasome is saturated or deficient (such as during stress) the cell must still be 

able to deal with aberrant proteins before they become detrimental. To do this, cells 

sequester these proteins into a distinct cluster or inclusion body (Hill et al., 2017). These 

have been characterised and found to broadly have two functions, as either a ‘holding area’ 

for proteins before they are degraded or delivered to chaperones or as a sequestration site 

for insoluble, aggregated material, which may be removed by disaggregases or autophagy 

(Miller et al., 2015). Recently, some of these inclusions have been identified as 

membraneless compartments many of which may form through liquid-liquid phase 

separation (Grousl et al., 2018). Alongside this, newly-characterised pathways have 

revealed that aberrant species may be exported from cells to relieve proteostatic burden 

and possibly facilitate degradation in neighbouring cells (J. G. Lee et al., 2016).  

1.6.1. Inclusion bodies 

The hallmark of spatial QC is the sequestering of proteins in inclusion bodies. These 

inclusion bodies have been characterised in a variety of forms, but all serve a similar 

function, that is enriching misfolded proteins in a compact form, thus at least partially 

isolating them from the cytoplasmic milieu (Miller et al., 2015). The best characterised are 

juxtanuclear quality control (JUNQ) inclusion and insoluble protein deposit (IPOD) inclusion 

(Kaganovich et al., 2008). JUNQ is a highly dynamic ‘holding bay’ for misfolded proteins, 

which are targeted there when the proteasome is unavailable. Only ubiquitinated proteins 

are directed to JUNQ, where they are sequestered until more favourable conditions 

(reduced stress, lessened proteasome load) are available (Kaganovich et al., 2008). Once 

the conditions favour it, the misfolded ubiquitinated proteins can be removed from JUNQ 

and quickly degraded by the proteasome which associates with the inclusion. IPOD, on the 

other hand, is an insoluble undynamic structure. Amyloidogenic species without ubiquitin 

are sequestered into a tightly packed conformation within IPOD inclusions, which serves 

as a protective compartment. Both JUNQ and IPOD are thought to undergo asymmetric 

inheritance of aggregates to daughter cells, thus reducing the stress on one daughter cell 

(Ogrodnik et al., 2014). It also seems likely that cells are able to remove IPOD inclusions via 
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the action of disaggregases or autophagy as both Hsp104 and components of the pre-

autophagosome localise to IPOD inclusions (Kaganovich et al., 2008). 

Other inclusion bodies have been identified such as P-bodies and Stress granules, these are 

upregulated on cell stress and sequester both RNA and associated proteins, this is thought 

to reduce the risk of aggregation by both removing proteins from the cytosol and also 

tuning translation (Cherkasov et al., 2013; Kulkarni et al., 2010).  

It is notable that many of the diseases associated with protein misfolding and aggregation 

also present with inclusion bodies. The Lewy bodies found in Parkinson’s Disease are 

thought to be inclusions of predominantly α-synuclein (Spillantini et al., 1997) , similarly 

inclusions of TDP-43, SOD1 and FUS have been identified in ALS (Blokhuis et al., 2013). 

1.6.2. Phase separation 

Recently, liquid-liquid phase separation has emerged as a key mechanism of inclusion 

formation (stress granules) and assembly of large complexes (nuclear pores, the nucleolus). 

These membraneless organelles and compartments are formed by the de-mixing of the 

cytosol into two liquid phases (Boeynaems et al., 2018). This occurs spontaneously by 

spinodal decomposition or nucleation once the concentration of protein reaches a certain 

point (Csat). Above this threshold proteins are able to adopt gel and glassy states and thus 

form droplets in a distinct phase (Alberti et al., 2019). This is mediated by a high number 

of multivalent interactions, often from RNA or intrinsically disorder regions of proteins 

(Harmon et al., 2017; Boeynaems et al., 2018). Phase-separated inclusions are generally 

identified by their dynamic nature, concentration-dependent reversibility and ability to 

coalesce into larger droplets (Alberti et al., 2019). They have also been implicated in 

disease, with proteins such as FUS and TDP-43 readily phase separating in vitro (Murthy et 

al., 2019; Babinchak et al., 2019) and being found in in vivo inclusions in ALS (Arai et al., 

2006; Neumann et al., 2009). 

1.6.3. Misfolding-Associated Protein Secretion 

In cases of proteasome dysfunction an unconventional secretion pathway is able to export 

misfolded proteins out of the cell, thus lowering the proteostatic burden on the cell. This 

pathway, termed misfolding associated protein secretion (MAPS), is thought to target 

misfolded proteins to late endosome-like vesicles via the action of USP19, Hsp70 (HSPA8) 
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and Hsp40 (DNAJC5) (Xu et al., 2018). USP19 is the only tail-anchored, ER localised DUB 

and plays a central role in the MAPS pathway. USP19 is proposed to recognise misfolded 

proteins through an intrinsic chaperone activity and enrich them in a deubiquitinated state 

at the ER membrane (J. G. Lee et al., 2016; Xu et al., 2018). These proteins are then 

transferred via Hsp70 to DNAJC5 which is associated on late endosomal vesicles, the 

misfolded protein is thought to enter the vesicle lumen via a translocon pore and then the 

vesicle trafficked out of the cell (Lee et al., 2018). Vesicles may release their cargo in the 

extracellular space or be uptaken by neighbouring cells in order to share the proteostaic 

load. 

1.7. SGTA 

The small glutamine rich tetracopeptide-repeat containing protein α (SGTA) is a 34 kDa, 

313 amino acid protein (Kordes et al., 1998). Initially discovered through yeast 2-hybrid 

screen in complex with the viral protein NS1 (Cziepluch et al., 1998), it has since been 

implicated in a variety of roles in both health and disease (Roberts et al., 2015).  

1.7.1. Structure  

SGTA has 3 distinct domains which are conserved across species; an N-terminal 

dimerisation domain, a central tetratricopeptide repeat (TPR) domain and a glutamine rich 

C-terminal domain (Liou and Wang, 2005)(Figure 1.5). The N-terminal domain mediates 

the dimerisation of SGTA into homodimers, each monomer consists of four alpha helices, 

which via tight hydrophobic interaction form a single symmetrical dimer (Figure 1.5) 

(Simon et al., 2013; Darby et al., 2014). The resultant dimer is thought to be an elongated 

v-shaped molecule with a possible transient dimerisation at the C-terminus (Martínez-

Lumbreras et al., 2018).  The N-terminal domain has also been shown to mediate the 

interaction between SGTA and BAG6, via binding to a Ubiquitin-like (UBL) domain (Xu et 

al., 2012).  

The central TPR region is typical of many chaperone and co-chaperone proteins and 

functions to mediate interactions with the Hsps (D’Andrea and Regan, 2003). Structurally 

it consists of three TPR repeats, each repeat is formed of a 34 amino acid helix-turn-helix 

structure, which arranges into an overall superhelical structure (Figure 1.5) (Dutta and Tan, 
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2008). The resultant major groves allow close association with partner chaperones and the 

proteasome via Rpn13 (Thapaliya et al., 2016).  

The C-terminal domain is known to be glutamine rich and thought to be involved in 

substrate recognition and binding (Liou and Wang, 2005), however a defined structure 

remains elusive. It has been predicted to be helical and recent ab initio efforts have 

suggested a hydrophobic ‘helical-hand’ structure for the yeast homologue Sgt2 (Lin et al., 

2019). Taken together a loose helical conformation with a high degree of disorder and 

flexibility is likely. The C-terminal region of SGTA may also transiently form a dimer, 

allowing it to bind to a wide variety of substrate proteins as a kind of ‘molecular tweezer’ 

(Martínez-Lumbreras et al., 2018).  

 

1.7.2. Function 

SGTA has been implicated in a variety of cellular functions, its major function in protein QC 

is discussed in detail below (1.6.3), however SGTA’s other reported functions may be 

closely tied to this. For example, SGTA is upregulated in poly-cystic ovary syndrome 

(Goodarzi et al., 2008) and hormone related cancers (Zhu et al., 2014; Buchanan et al., 

2007) due to its interaction with both Androgen Receptor (AR) and Growth hormone 

Figure 1.5 Schematic of SGTA domains. 

SGTA has three main domains; an N-terminal dimerisation domain, a central TPR motif and 

a Q rich C-terminal domain. The N-terminal domain is composed of 4 alpha helices (PDB 

4GOF) which form the dimerisation interface and also mediates SGTA’s interaction with 

BAG6. The TPR domain is formed of 3 TPR repeats (PDB 2VYI) which allows interaction 

with chaperones and the proteasome. The C-terminal structure remains elusive but is 

thought to be helical and disordered and primarily responsible for binding substrate proteins 
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Receptor (GR) (Paul et al., 2014), thorough an interaction between the TPR domain and the 

hinge region of the receptors SGTA is able to retain the receptors in the cytoplasm, 

affecting the resultant transcriptional response (Buchanan et al., 2007) or endocytosis 

(Schantl et al., 2003). Similarly, Cystine String Protein (CSP) a protein involved in 

neurotransmitter exocytosis is thought to be modulated by a Hsp70 and SGTA complex. 

Exocytosis was impaired upon overexpression of SGTA, suggesting that SGTA may also 

retain neurotransmitter containing  vesicles in the cytoplasm (Tobaben et al., 2001, 2003).  

SGTA has also been implicated in cell cycle control and viral lifecycles, although the exact 

role is unclear. SGTA (and BAG6) knockdown resulted in reduced proliferation, mitotic 

arrest and chromosome misalignment (Winnefeld et al., 2004, 2006). SGTA may also affect 

viral trafficking and membrane penetration or protect against viral particle release 

(Cziepluch et al., 1998; Callahan et al., 1998; Dutta and Tan, 2008). 

1.7.3. Role in QC 

The best characterised role of SGTA is in protein quality control, particularly that of tail-

anchored (TA) membrane proteins (Leznicki et al., 2013). SGTA is thought to recognise the 

exposed hydrophobic regions of proteins which fail to fold properly, which are not 

efficiently delivered by the post-translational pathway or are retrotranslocated via the 

ERAD pathway (Wunderley et al., 2014; Payapilly and High, 2014). Once bound to a 

substrate, SGTA is recruited to a BAG6 complex, which is central to its QC role (Shao et al., 

2017). The complex consists of BAG6, the E3 ligase RNF126 and an unidentified DUB 

(Rodrigo-Brenni et al., 2014; Leznicki and High, 2012). UBL4a and TRC35 are also 

associated, and it is thought that the proteasome and Hsp chaperones are in close 

proximity (Shao et al., 2017; Wunderley et al., 2014). This SGTA-BAG6 complex is 

responsible for the ‘triage’ of its substrate proteins, by modulating the level of 

ubiquitination the substrate protein is directed to either the proteasome or rescued for 

reinsertion (Shao et al., 2017; Leznicki and High, 2012). BAG6 has been shown to promote 

ubiquitination of substrate proteins, via the action of the E3 ligase RNF126 (Rodrigo-Brenni 

et al., 2014). SGTA conversely is thought to promote deubiquitination by recruiting a DUB 

enzyme, which is yet to be identified (Leznicki and High, 2012). The balance between BAG6 

and SGTA ultimately decides the fate of the substrate, however the exact mechanistic basis 

and determinants for each outcome of this triage remains unclear.  
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SGTA has been linked with diseases related to failures in protein QC, particularly 

neurodegenerative disease which are characterised by protein aggregates. SGTA has been 

shown to increase steady state levels of mislocalised proteins in vitro (Wunderley et al., 

2014) and is associated with aggregates in vivo (Fonte et al., 2002; Wear et al., 2015). 

1.8. Model substrates 

A major challenge of investigating QC processes is in order to enter the QC pathways a 

protein must be aberrant in a particular way. To overcome this, a range of model substrates 

have been developed. These substrates are frequently well characterised proteins which 

have been modified so they can no longer correctly fold, lack signal sequences or post-

translational modification sites, or contain degron sequences which cause them to be 

rapidly degraded by the cell. This allows them to enter the QC pathways of interest and 

allow convenient study of these processes. The model substrates used in this study are 

detailed below (1.8.1, 1.8.2). 

1.8.1. OP91 

OP91 is a 91 amino acid long truncation of bovine rhodopsin (Figure 1.6 A). A stop codon 

was introduced in the 2nd transmembrane domain resulting in a TA like structure which is 

not recognised by SRP and the co-translational pathway (Crawshaw et al., 2004). Once 

synthesised it disassociates from the ribosome and mislocalises to the cytosol (Leznicki et 

al., 2013). OP91 has previously been used to study SGTA and TA protein biogenesis 

(Wunderley et al., 2014; Martínez-Lumbreras et al., 2018). 
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1.8.2. Opsin Degron 

Opsin Degron (OpD) is a second model substrate based on full-length bovine rhodopsin but 

with two point mutations (L46R and G61K) in the first transmembrane domain (Figure 1.6 

B), this results in OpD failing to insert into the membrane correctly and being recognised 

by the ERAD pathway (Ray-Sinha et al., 2009). OpD has also previously been used to study 

SGTA’s role in ERAD (Payapilly and High, 2014). 

 

1.9. Trim-Away 

Removing a component from a system and studying the resultant effects is a common 

approach, this is often achieved through the use of gene expression knockdown by RNA 

interference or complete knockouts which lack the gene entirely. Whilst these techniques 

are effective, they do have a major caveat in compensatory expression. The 

knockdown/out of one gene often leads to the increase of another to restore homeostasis 

and thus removes the desired phenotype (Rossi et al., 2015). There may also be instances 

Figure 1.6 Schematic of model substrates. 

A. OP91 is a truncation of bovine rhodopsin which contains one full and one partial 

transmembrane domain causing it to behave as an aggregation prone, mislocalised tail-

anchored protein.  B. Opsin Degron (OpD) is based on full length rhodopsin, however, the 

introduction of two mutations (L46R and G61K) in the first transmembrane domain cause 

it to fail to insert into the membrane and enter the ERAD pathway. Adapted from Payapilly 

and High, 2014. 
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where knockdown or knockout are not suitable or challenging, for example long lived 

proteins, or those with multiple isoforms (Clift et al., 2017).  

To overcome this protein level depletion methods are increasingly being explored. 

However, many require modification of the protein of interest, introducing tuneable 

degron tags (Banaszynski et al., 2006; Neklesa et al., 2011) or are only applicable to a small 

number of targets as in the case of PROTACs and small molecules (Deshaies, 2015). 

Therefore, the most promising tool for research is the recently developed Trim-Away 

method (Clift et al., 2017, 2018). Trim-Away relies on the action of TRIM21 a cytosolic 

antibody receptor and E3 ligase, in conjunction with an antibody against the protein of 

interest. Therefore, it is theoretically able to target any endogenous protein which an 

antibody can be raised against. Briefly, the antibody is delivered to cells via 

electroporation, where it binds its antigen (the protein to be depleted), the FC portion is 

then able to bind to TRIM21. Once the TRIM21-antibody-protein complex is formed, 

TRIM21 is able to ubiquitinate the protein through its E3 activity, resulting in the protein 

of interest being degraded by the proteasome (Figure 1.7) (Clift et al., 2017, 2018).  

Figure 1.7 representation of ‘Trim-Away’. 

Trim-Away utilises the action of the cytosolic antibody receptor and E3 ligase TRIM21. 

Delivery of an antibody to the cytosol allows it to target a protein of interest, and in turn the 

Fc portion of the antibody is bound by TRIM21, which via its E3 activity ubiquitinates the 

complex and targets it for proteasomal degradation. Adapted from Clift et al. 2017. 
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This allows a rapid depletion, resulting in no compensatory expression. As it targets the 

protein itself, RNA abundance is unaffected, and the choice of targets is limited only by 

availability of antibodies. The method is also compartment specific as antibodies are too 

large to reach the nucleus or other organelles (this can be overcome by using nanobodies 

fused to IgG Fc)(Clift et al., 2017), this allows targeting of only SGTAs cytosolic QC role. The 

major caveat to Trim-Away is its reliance on electroporation which is not suitable for all cell 

lines. Particularly in the case of adherent cells despite the depletion being rapid, any early 

effects of this may not be seen as there may be a significant time before cells re-adhere to 

dishes, making them unsuitable for imaging or even changing the expression profile. 
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2. Aims and Objectives 

As discussed in the previous sections, SGTA is emerging as a key player in the quality 

control of mislocalised membrane proteins and possibly other aggregation prone 

proteins. However, the mechanistic details about how SGTA controls these processes is 

still unclear. The lack of a high-resolution structure for the C-terminus of SGTA is a major 

hurdle in constructing a mechanism of how SGTA might recognise substrates and promote 

their targeting as well as their degradation. To understand how SGTA might function in this 

triage role requires a detailed characterisation of the role of the C-terminus which 

recognise substrates in the context of full-length SGTA. As a major step towards 

characterisation of the role of the C-terminus, this project aimed to generate mutants in 

two highly conserved key regions of the C-terminus; the Q-rich region and the NNP repeat 

motifs and use in the functional characterisation of SGTA. 

The project had the following objectives; 

1. To generate mutants in Q-rich and NNP regions individually and in combination by using 

site directed mutagenesis. 

2. To investigate the effect of the mutants on the steady state levels of two model 

substrates OP91 and Opsin Degron (OpD) using Western blotting and Immunofluorescence 

confocal microscopy   

3. To investigate changes in ubiquitination status and degradation of OP91 caused by the 

mutants using co-immunoprecipitation and pulse chase analysis.  

4. To investigate the fate of OP91 temporally and spatially in the presence of the mutants 

by using immunofluorescence confocal microscopy, Western blotting and also co-

immunoprecipitation of OP91 and SGTA from the cell culture media. 

5.  To determine the nature of SGTA-OP91 inclusions by making use of fluorescence 

recovery after photobleaching (FRAP) and an aliphatic organic compound (hexanediol) 

which disrupts inclusions and subsequently monitor the reformation via 

immunofluorescence microscopy. 

6. To develop a method for rapid depletion of SGTA using the Trim-Away approach
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3. Materials and methods 

All reagents were analytical grade and from Sigma-Aldrich or Fisher Scientific unless otherwise 

stated. Plasmids used in this study are detailed in Table 3.1. Primers used in this study are detailed 

in Table 3.2 and cell lines are in Table 3.3. 

Table 3.1 plasmids used in this study 

Plasmid Source 

pcDNA5_V5-SGTA 
A gift from Prof Stephen High, 

Leznicki et al., 2015 

pcDNA5_V5-SGTA_UBL Generated by Dr Yvonne Nyathi 

pcDNA5_V5-SGTA_TPR 
A gift from Prof Stephen High,  

Leznicki et al., 2015 

pcDNA5_V5-SGTA_NNP Generated by Dr Yvonne Nyathi 

pcDNA5_V5-SGTA_’ΔQ’ Generated by Jake Hill (this study) 

pcDNA5_V5-SGTA_’ΔQ’_NNP Generated by Jake Hill (this study) 

pcDNA5_SGTA-GFP Generated by Dr Yvonne Nyathi 

pcDNA5_SGTA-GFP_’ΔQ’ Generated by Dr Yvonne Nyathi 

pcDNA5_SGTA-GFP_’ΔQ’_NNP Generated by Dr Yvonne Nyathi 

pcDNA5_GFP A gift from Prof Jon Whitehead 

RFP A gift from Prof Martin Lowe 

HLTV-hTRIM21 Cliff et al 2018, Addgene plasmid #104973 

pET28c_TAT-TRIM21 Generated by Jake Hill (this study) 

pET28c_R8-TRIM21 Generated by Jake Hill (this study) 
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Table 3.2 Primers used in this study 

Nde1 and EcoR1 restriction sites underlined, TAT and R8 tags in bold 

Primer Sequence Source 

SGTA ‘ΔQ’ Forward CAGCCTCATCCAGGCGGGCGCGGCGTTTGCCGCGG

CGATGGCGGCGGCGAACCCAGAGTTGATAGAGC 

Eurogentec 

SGTA ‘ΔQ’ Reverse GCTCTATCAACTCTGGGTTCGCCGCCGCCATCGCC

GCGGCAAACGCCGCGCCCGCCTGGATGAGGCTG 

Eurogentec 

TAT-TRIM21 Forward AATTGGGCATATGTATGGCAGGAAGAAGCGGAGAC

AGCGACGAAGAATGGCTTCAGCAGCACGCTTG 

Eurogentec 

R8-TRIM21 Forward AATTGGGCATATGCGCCGCCGCCGCCGCCGCCGCC

GCATGGCTTCAGCAGCACGCTTG 

Eurogentec 

TRIM21 Reverse CCCAATTGAATTCTCAATAGTCAGTGGATCCTTGT

GATCCAATATTCAGTGG 

Eurogentec 

 

Table 3.2 Cell lines used in this study 

Cell Line Source/ Reference 

HeLa Flp-In T-REx OP91/+Tet 
A gift from Prof Stephen High, Leznicki et al., 

2015 

HeLa Flp-In T-REx OpD/+Tet 
A gift from Prof Stephen High, Payapilly & High, 

2014 

HeLa M Wunderley et al., 2014 

MRC5 A Gift from Prof Viki Allan, Jacobs et al., 1970 
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3.1. Site-directed Mutagenesis 
PCR-based site-directed mutagenesis was used to create the ‘ΔQ’ NNP mutant. SGTA ‘ΔQ’ primers 

(Table 3.2) were used with pcDNA5_V5-SGT_NNP plasmid as template. Briefly 20 ng of template 

plasmid was mixed with 10 µM of both forward and reverse primers, 25 mM MgSO4 and 2mM of 

each dNTP. The mixture was initially heated to 94 °C for 5 min before addition of 1 U KOD 

polymerase. The reaction was run under the conditions in Table 3.4, this was repeated for 12 

cycles with a final 5 min extension at 72 °C.  

Table 3.3 Mutagenesis PCR reaction conditions 

 Temperature (°C) Time (min) 

Denaturation 94 1 

Annealing 55 1 

Elongation 72 6.5 

Final Extension  72 5 

 

20 U of Dpn1 was subsequently used to remove any remaining template. PCR products were 

transformed into 100 µL chemically competent E.coli XL-10 Gold (TetrΔ(mcrA)183 Δ(mcrCB-

hsdSMR-mrr)173 endA1 supE44 thi-1 recA1 gyrA96 relA1 lac Hte [F´ proAB lacIqZΔM15 Tn10 (Tetr) 

Amy Camr]) (Agilent, Santa Clara, USA) by incubation with 1 µL of the Dpn1 treated PCR reaction 

on ice for 30 minutes followed by heat shock for 45 seconds at 42 °C. E.coli were recovered for 

no more than 1 hour at 37 °C in SOC, 0.5% w/v Yeast Extract, 2% w/v Tryptone, 10 mM NaCl, 2.5 

mM KCl, 10 mM MgSO4, 20 mM Glucose, at 200 rpm and subsequently grown overnight at 37 °C 

on LB agar plates supplemented with 100 µg mL-1 Ampicillin. Single colonies were picked, grown 

overnight in LB broth with 100 µg mL-1 Ampicillin at 37 °C, 200 rpm and subsequently plasmids 

isolated using a miniprep kit (Qiagen, Manchester, UK). Mutagenesis was confirmed by 

sequencing (Source BioScience, Nottingham, UK) with bGH reverse primers 

(TAGAAGGCACAGTCGAGG). 

3.2. Mammalian Cell Culture 
HeLa M cells were maintained in Dulbecco’s Modified Eagle’s Media (DMEM) supplemented with 

10% v/v Foetal Calf Serum (FCS) and 2% v/v L-Glutamine at 37 °C and 5% CO2. Both the OP91 and 
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Opsin Degron expressing HeLa Flp-In T-REx cells were maintained in DMEM supplemented with 

10% v/v FCS and 2% v/v L-Glutamine at 37°C and 5% CO2 with the addition of 100 µg mL-1 

hygromycin B and 4 µg mL-1 blasticidin S. MRC5 cells were maintained in Minimal Essential Media 

(MEM) supplemented with 10% v/v FCS and 2% v/v L-Glutamine at 37 °C and 5% CO2.  

3.3. Transfection 
Cells were washed twice with Dulbecco’s Phosphate Buffered Saline (PBS), detached by addition 

of trypsin EDTA for 2 minutes and resuspended in complete DMEM to inhibit the action of trypsin. 

10 µL of resuspended cells were mixed with 10 μL 0.4% w/v trypan blue solution (Thermo Fisher 

Scientific, Altrincham, UK) and counted using a Bio-Rad TC20 automated cell counter or manually 

using a haemocytometer. Cells were seeded as indicated in Table 3.5 a day prior to transfection. 

Transfections were carried out using Lipofectamine 2000 (Thermo Fisher Scientific, Altrincham, 

UK) for HeLa cell lines and Lipofectamine 3000 (Thermo Fisher Scientific) for MRC5 diluted in 

Optimem serum free media (Thermo Fisher Scientific, Altrincham, UK), using the quantities 

indicated in Table 3.6. Once added to the cells the transfection was incubated for 4-6 hours, after 

which the media was replaced with fresh media. Expression of OP91 or OpD was induced for 24 

hours (unless indicated) by addition of DMEM containing 1 µg mL-1 tetracycline (Melford, Ipswich, 

UK) to HeLa T-REx cell lines. Cells were treated with 100 nM bortezomib (SelleckChem, Munich, 

Germany) for 3 hours to inhibit proteasomal degradation or 100 µM leupeptin (SellekChem, 

Munich, Germany) and 1 µg mL-1 pepstatin (SelleckChem, Munich, Germany) overnight to inhibit 

autophagy where indicated. 

Table 3.4 Cell culture seeding densities 

 

Plate Size Cell Density for Western 

Blotting (cells mL-1) 

Cell Density for Microscopy 

(cells mL-1) 

10 cm dish 1,200,000  N/A 

35 mm dish N/A 100,000 

6 well 200,000  100,000  

12 well 100,000  50,000 

96 well 10000  N/A 
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Table 3.5 Transfection Reagent quantities 

Plate Size Lipofectamine (µL) DNA (ng) Optimem (µL) 

10 cm dish  18 6000 600 

35 mm dish 3 1000 100 

6 well 3 1000 100 

12 well 1.5 500 50 

96 well 0.15 50 5 

 

3.4. SDS-PAGE and Western Blot 
Cells were harvested into RIPA buffer, 50 mM Tris-Cl (pH 7.4), 150 mM NaCl, 2 mM EDTA, 1% v/v 

NP-40, 1% v/v Triton X-100, 0.5% w/v sodium deoxycholate, 0.1% w/v SDS, 1 mM PMSF by 

scraping on ice and lysed for 30 minutes. Cell lysates were centrifuged at 17,000 g at 4 °C for 10 

minutes, the supernatant was removed and Laemmli sample buffer added to a final 

concentration of 1X. Samples were separated in polyacrylamide gels of specified percentage 

using running buffer, 25 mM Tris, 200 mM Glycine, 0.1% w/v SDS, initially at 90 V in stacking gel, 

followed by 120 V for ≈ 1.5hr. Proteins were transferred to immobilon PVDF FL (Sigma Aldrich) in 

transfer buffer, 25 mM Tris, 200 mM Glycine, 20% v/v methanol, for 2 hours 15 minutes at 200 

mA. Membranes were blocked for 30 minutes in blocking buffer, 1X casein, 50 mM Tris, 150 mM 

NaCl, and subsequently probed with the appropriate antibodies as indicated in Table 3.7 

overnight at 4°C. Membranes were then washed 4 times with 10 mL of wash buffer, 50 mM Tris, 

150 mM NaCl, 0.1% v/v Tween 20, before incubation with Li-COR IRDye secondary antibodies 

diluted as indicated in the Table 3.7. Membranes were then washed again, 4 times in 10 mL wash 

buffer before imaging using a LI-COR Odyssey system. Bands were quantified using LI-COR Image 

Studio v5.2 software and normalised to a tubulin loading control.  

3.5. Immunoprecipitation 
Cells were grown in 10 cm dishes or 6 well plates before transfection as described. Transfected 

cells were harvested into IP buffer, 10 mM Tris-HCl pH 7.4, 150 mM NaCl, 1 mM EDTA and 10% 

v/v glycerol supplemented with complete protease inhibitor tablet, 1 mM PMSF and 0.5% w/v n- 
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Docdecyl-β-D-Maltoside (DDM). For analysis of Ubiquitination IP buffer was supplemented with 

20 mM N-ethyl maleimide (NEM). Samples were centrifuged at 17,000 g for 10 minutes at 4 °C 

to remove insoluble material, and the supernatant retained for processing. A 10% input was 

removed, and the remaining supernatant was incubated with either anti-Opsin or anti-V5 

antibodies as indicated for ≈12 hours at 4 °C with agitation. Antibodies were pulled down by the 

addition of protein A agarose beads (Genscript, Leiden, Netherlands), the mixture was incubated 

at 4 °C with agitation for 1 hour. Beads were settled by centrifugation at 800 g for 1 minute, and 

the supernatant removed. Beads were washed with 10 bead volumes of IP buffer. 1 bead volume 

of 2x Laemmli buffer was added to resuspend the beads, which were then heated at 70 °C for 10 

minutes before processing by SDS-PAGE and Western blotting.  

3.6. Confocal microscopy 
Cells were grown on precision glass coverslips (Marienfeld, Lauda-Königshofen, Germany) in 6 or 

12 well plates as indicated in Table 3.5 and transfected and induced as previously described. Cells 

adhered to coverslips where then washed once in PBS before fixing in 4% w/v Paraformaldehyde 

in PBS for 15 minutes. Cells were washed once in PBS and then quenched with 100 mM glycine 

in PBS for 5 minutes. Cells were permeabilised in 0.1% v/v Triton-x100 and 0.05% w/v SDS in PBS 

for 10 minutes and then washed three times in PBS before incubation for 1 hour with primary 

antibodies diluted 1:100 or 1:200 in PBS for OP91 or V5 respectively. Cells were then washed 

three times in PBS before incubation with secondary antibodies (AlexaFluor 488 and 568) diluted 

1:1000 and DAPI diluted 1:5000 in PBS for 1 hour. The final three washes in PBS were followed 

by one wash in MilliQ water to remove PBS salts. Coverslips were mounted onto slides with 

ProLong Gold (Life technologies, Carlsbad, USA) or VECTASHIELD (VectorLab, Peterborough, UK). 

Cells were imaged using a HC PL APO CS2 63X / 1.40 Oil immersion lens on a Leica SP8 confocal 

using LAS X v3.7.0 software. Image analysis was done in LAS X and imageJ v1.52a.  
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Table 3.6 Antibodies used in this study 

Antibody Western 

Blot 

Dilution 

Confocal 

Microscopy 

Dilution 

Species Source 

V5 1:2000 N/A 
Rabbit A gift from Prof. Stephen 

High, Leznicki et al., 2015 

V5 N/A 1:200 Rabbit Abcam 

N-Term Opsin 1:1000 1:100 
Mouse A gift from Prof. Stephen 

High, Leznicki et al., 2015 

FK2 1:500 1:500 Mouse Enzo Life Sciences 

α-Tubulin 1:1000 N/A Mouse Thermo Fisher Scientific 

GFP N/A N/A Mouse Abcam 

IR-Dye 680 1:10000 N/A Goat anti-rabbit LI-COR 

IR-Dye 800 1:10000 N/A Goat anti-mouse LI-COR 

AlexaFluor 488  N/A 1:1000 Donkey anti-mouse Thermo Fisher Scientific 

AlexaFluor 568  N/A 1:1000 Donkey anti-rabbit Thermo Fisher Scientific 

 

3.7 Cell viability assay (MTT) 
HeLa Flp-in T-REx OP91/+Tet cells were seeded in 96 well plates as indicated in Table 3.5. The 

following day, cells were transfected as previously described with either SGTA or specified 

mutants of SGTA, and OP91 expression induced by addition of 1 µg mL-1 tetracycline. After either 

24 or 48 hours of OP91 expression as indicated, 20 µL of 5 mg mL-1 of 3-(4,5-dimethylthiazole-2-

yl)-2,5-diphenyltetrazolium bromide (MTT) was added to each well. Cells were incubated in the 

presence of MTT for 3 hours at 37 °C, and subsequently the media was removed and 150 µL 

DMSO added to each well. The plate was incubated in the dark with rocking for 15 min before 

absorbance was read at 590 nm with a reference measurement at 620 nm using a TECAN T200Pro 

plate reader (TECAN, Reading, UK). 
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3.8 Seeding experiments 
To investigate the transfer of OP91 in the presence of WT SGTA, NNP and NNP ‘ΔQ’ mutants, cells 

were seeded into 6 well plates with coverslips, and transfected to transiently express SGTA WT 

or the mutants. Media was changed after 6 hours. Cells were then induced to express OP91 for 

24 hours before media was removed. For immunoprecipitation, media was incubated with anti-

Opsin antibodies overnight at 4 °C, before pulling down antibodies with protein A agarose beads. 

Samples were then processed for SDS-PAGE and analysed by Western blotting. For microscopy, 

media from transfected cells expressing OP91 and either WT SGTA, NNP or NNP ‘ΔQ’ mutants 

were either treated with Benzonase (Merck) for 1 hour, passed through a 0.2 µm filter or spun at 

1000 g for 10 minutes or left untreated. The media was then added to untransfected cells. The 

cells were incubated with this media for 24 hours before processing for microscopy. 

3.9. Disruption of puncta 
Cells were seeded as for microscopy (Table 3.5) and transfected with SGTA or mutant SGTA and 

OP91 expression induced as previously described. Cells were treated with 4% v/v hexanediol for 

specified times before the media was removed and cells fixed and processed as described in 3.6.  

3.10. Fluorescence Recovery After Photobleaching (FRAP) 
SGTA-GFP, SGTA-GFP_NNP and SGTA-GFP_’ΔQ’ NNP constructs were designed and created by Dr 

Y Nyathi. SGTA-GFP, SGTA-GFP_NNP or SGTA-GFP_’ΔQ’ NNP were transfected into HeLa Flp-In T-

REx OP91/+Tet cells in ibidi µ-Dish 35mm, high dishes (ibidi, Gräfelfing, Germany) and 

subsequently OP91 expresion induced by addition of tetracycline. FRAP was carried out on a Leica 

SP8 microscope, using LAS X software in the FRAP XT mode. For each cell, lines were defined for 

background, cytosolic and puncta regions and then bleached with a 488 nm laser at 100% for 1 

second, recovery was monitored for 20 seconds. Background was subtracted, and values 

normalised to pre-bleach levels, before a one-phase association curve was fitted using GraphPad 

Prism8. 

3.11. Knockdown 
siRNA duplexes (Table 3.8) were incubated with 2 µL INTERFERin (polyplus, Illkirch, France) in 100 

µL optimum media for 10 minutes, before adding to HeLa Flp-In T-REx OP91/+Tet cells cultured 
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as previously described. Treatment with siRNA duplexes was left for 48 hours before further 

analysis.  

Table 3.8. siRNA duplexes used in this study 

Target Oligo sequence Reference Source 

SGTA 1 5′ ACAAGAAGCGCCUGGCCUAUU 3’ Walczak et al., 2014 Eurogentec 

SGTA 2 5′ UAGGCCAGGCGCUUCUUGUUU 3′ Walczak et al., 2014 Eurogentec 

USP5 1 5′ UAGGCCAGGCGCUUCUUGUUU 3′ Dayal et al., 2009 Eurogentec 

USP5 2 5’ UGUCUCUCCACAUACUGUU 3’ Dayal et al., 2009 Eurogentec 

USP14 1 5’ GGAGAAAUUUGAAGGUGUAUU 3’ Tian et al., 2014 Eurogentec 

USP14 2 5’ UACACCUUCAAAUUUCUCCUU 3’ Tian et al., 2014 Eurogentec 

UCH37 1 5' GCCAGUUCAUGGGUUAAUUTT 3' Mazumdar et al., 2010 Eurogentec 

UCH37 2 5' AAUUAACCCAUGAACUGGCTT 3' Mazumdar et al., 2010 Eurogentec 

 

3.12. Protein quantification 
Total protein concentration of cell lysates was estimated using a Bradford Assay (BioRad). 5 µL of 

standard concentrations of BSA and cell lysates were incubated with 250 µL Bradford reagent for 

10 min at room temperature, before absorbance was read at 595 nm. A standard curve was 

constructed using BSA sandards, and unknown lysates concentration calculated from this. 

3.13. TRIM21 Construct Design 
Trim21 was amplified from the HLTV-hTRIM21 vector (Addgene, Table 3.1) using the mutagenic 

primers TAT-TRIM21 For or R8-TRIM21 For and TRIM21 Rev (Table 3.2) engineered to introduce 

restriction sites for cloning into pET28c. The primers were also engineered to add either a TAT or 

R8 tag to the N-terminus of TRIM21 as indicated in Table 3.2. The PCR products were purified 

using Qiagen PCR purification kit.  Digestion of vector and PCR products was carried out for 4 

hours using Nde1 and EcoR1 restriction enzymes (New England Biolabs, Hitchin, UK). The vector 

was dephosphorylated using alkaline phosphatase (Roche, Burgess Hill, UK) to prevent re-ligation 

of single cut vector. Ligation of vector and insert was carried out using the T4 quick ligase (Roche, 

Burgess Hill, UK) following manufacturer’s instructions. Ligated reactions were transformed into 
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E.coli XL-10 Gold by incubation with the plasmid for 30 minutes on ice, 45 seconds heat shock at 

42 °C followed by recovery for 1 hour in SOC (0.5% w/v Yeast extract, 2% w/v Tryptone, 10 mM 

NaCl, 25 mM KCl, 20 mM MgSO4, 20 mM Glucose) at 37 °C at 200 rpm. Transformed cells were 

plated onto LB plates containing 100 µg ml-1 of Ampicillin and grown overnight.  Single colonies 

were picked and grown overnight in LB broth containing 100 µg ml-1 of ampicillin, and plasmids 

were isolated using the plasmid miniprep kit (Qiagen, Manchester, UK) following manufacturer’s 

instructions. Successful cloning was analysed by restriction digestion using Nde1 and EcoR1 

enzymes followed by gel electrophoresis and confirmed by DNA sequencing (Source Bioscience, 

Nottingham, UK) using T7 forward and reverse primers.  

3.14. Protein expression and purification 
Plasmids containing the sequence for the expression of R8-TRIM21 and TAT-TRIM21 were 

transformed into E.coli BL21(DE3)-pLysS (F– ompT hsdSB (rB
–, mB

–) gal dcm (DE3) pLysS(CamR)) 

(Agilent, Santa Clara, USA). Transformed BL21(DE3)-pLysS colonies were picked and grown in 200 

µL LB broth supplemented with 100 µg mL-1 of ampicillin and 50 μg mL-1 of chloramphenicol for 

8 hours at 37 °C at 220 rpm. This starter culture was used to inoculate 10 mL of autoinduction 

media (Formedium, Swaffham, UK) containing 100 µg mL-1 Ampicillin, Cells were grown overnight 

at 18 °C until OD600 reached 10. Aliquots were taken pre and post induction in order to check 

expression. These aliquots were centrifuged at 3000 g, the supernatant was removed, and the 

cell pellet resuspended in 50 µL of 2x Laemelli sample buffer followed by analysis using SDS-PAGE 

and Coomassie staining to visualise the protein bands.  

After confirmation of expression, 20 mL of starter culture prepared as above was used to 

inoculate 1 litre cultures which were then grown as above. Cells were then centrifuged at 5000 g 

for 20 minutes at 4 °C, the supernatant removed, and pellets were resuspended in 20 mL 

Bugbuster (Merck, Darmstadt, Germany), supplemented with Complete protease inhibitor 

cocktail tablet, 20 mM Tris (pH 8.0) and 200 mM NaCl. Cells were lysed by sonication on ice for a 

total of 5 minutes in 10 second pulses followed by 10 second rest using a Q700 Sonicator (Fisher 

Scientific, Loughborough, UK). Lysates were clarified by centrifugation at 20,000 g for 40 minutes 

at 4 °C and the supernatant was removed; the pellet was retained for downstream analysis. Ni-

NTA beads (Thermo Fisher) were equilibrated by washing in PBS, settled by centrifugation at 2000 
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g for 3 minutes and removing the supernatant, this was repeated twice. Cleared supernatant was 

incubated with equilibrated Ni-NTA for >1 hour at 4 °C with rotation. Beads were settled by 

centrifugation and the supernatant (unbound fraction) removed. Beads were resuspended in 

Wash buffer, 20 mM Tris (pH 8.0), 200 mM NaCl, 10 mM imidazole, and packed into a gravity 

flow column. The column was washed twice with 10 bed volumes of wash buffer and once with 

wash buffer and 1% v/v Triton-X100. Bound Tat/R8-Trim21 was eluted with wash buffer 

supplemented with 300 mM imidazole. Wash and elution fractions were analysed by SDS-PAGE 

followed by Coomassie staining (Expedeon, Cambridge, UK). Eluted fractions were buffer 

exchanged into Buffer J, 50 mM NaH2PO4, 300 mM NaCl, 10 mM imidazole, pH 7.4, with PD-10 

columns (GE Healthcare, Amersham, UK), following the spin protocol. Elution fractions were 

further purified by binding to HisPur Cobalt resin (Thermo Fisher) >1hr at 4 °C with rotation. 

Beads were settled by centrifugation at 2000 g, the supernatant removed (unbound fraction) and 

stored for later analysis. Beads were washed with Buffer J and eluted with Buffer J supplemented 

with 300 mM imidazole. Fractions were buffer exchanged with PD-10 columns into PBS as 

previously described. Concentration was estimated using a NanoDrop 2000 Spectrophotometer 

(Thermo Fisher Scientific) measuring absorbance at 280 nm. 

TRIM21 was purified as described by Clift et al. 2018. Briefly BL21(DE3)-pLysS cells were grown 

at 37 °C in 2x TY (1.6% w/v Yeast extract, 1% w/v Tryptone, 0.5% w/v NaCl) supplemented with 

0.1% w/v glucose and 100 µg mL-1 ampicillin until OD600 values were between 0.8-1.2. Expression 

was induced with 0.1 mM IPTG and the temperature reduced to 22 °C. Cells were harvested the 

following day by centrifugation at 5000 g for 20 min at 4 °C, lysed by addition of Bugbuster, 

supplemented with complete protease inhibitor cocktail tablet, 20 mM Tris (pH 8.0) and 200 mM 

NaCl, followed by sonication. Lysed cells were pelleted by centrifugation and the supernatant 

collected. The supernatant was incubated with Ni-NTA beads for 1 hour at 4 °C. Beads were 

washed and twice before packing into a gravity flow column. TRIM21 was eluted using wash 

buffer supplemented with 300 mM imidazole and fractions exchanged into 20mM Tris, 200 mM 

NaCl using PD-10 columns. Eluted fractions were further purified by gel filtration using a Superdex 

S200 10/300 column (GE Life Sciences, Amersham, UK) on an Äkta pure chromatography system 

(Ge Life Sciences, Amersham, UK).  500 µL fractions were collected and frozen at -80 °C.  
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3.15. Binding and cell entry 
To check whether TAT-Trim21 and R8-Trim21 were able to bind to antibodies, 6 µg of the eluted 

fraction was incubated with 1 µg AlexaFluor 568 for at least 30 minutes on ice. An equivalent 

volume of PBS with AlexaFluor 568 was used as a control. The complexes where then incubated 

with Ni-NTA beads for >1 hr, and subsequently washed 4 times with PBS before complexes and 

beads where prepared for SDS-PAGE by solubilisation in 2X Laemmli buffer. To check if TAT-

Trim21 or R8-Trim21 antibody complexes where able to enter cells, cells were treated with TAT-

Trim21 and AlexaFluor 568, R8-Trim21 and AlexaFluor 568 or PBS and AlexaFluor 568 alone. 

Uptake was assessed by monitoring the internalisation of the fluorescent secondary antibodies 

using fluorescence microscopy. Uptake was also investigated in the presence of 6 mM CaCl2 to 

optimise internalisation. 

3.16. Electroporation 
Cells were grown in a T-75 until 90% confluent and harvested as detailed in section 2.2. Cells were 

pelleted by centrifugation at 400 g for 3 minutes. Cell pellets were washed by resuspension in 1 

mL PBS followed by centrifugation at 400 g for 3 minutes. Cells were resuspended in 1 mL PBS, 

counted and the appropriate volume for seeding (e.g. 2.4 x 106 cells for a 12 well plate) taken and 

subsequently pelleted by centrifugation at 400 g for 3 minutes. The cell pellets were resuspended 

in buffer R (Invitrogen) to desired concentration for seeding.  Electroporation was performed 

using the Neon transfection system (Invitrogen), following manufacturer’s instructions. Briefly, 

500 ng of DNA or 1 µg of protein was added to each reaction, and 10 µL of the cells and 

DNA/Protein mix was aspirated into a Neon Pipette tip (Invitrogen). The tip was placed into a 

Neon transfection tube containing 3 mL buffer E (Invitrogen) and electroporated as indicated. 

The electroporated mixture was added dropwise to wells. Optimisation of pulse voltage, width 

and number was carried out to ensure efficient transfection, and results assessed using 

fluorescent microscopy.  

3.17. Antibody-mediated depletion 
Cells were grown and transfected with GFP as previously described. TRIM21, TAT-TRIM21 or R8-

TRIM21 were incubated with anti-GFP antibodies on ice for 30 minutes. TRIM21 was delivered to 
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cells by electroporation and TAT/R8-TRIM21 added to wells dropwise. Cells were monitored by 

fluorescence microscopy at specific timepoints to assess depletion of GFP.  

3.18. Data analysis 
Sequencing results were analysed using Clustal Omega 

(https://www.ebi.ac.uk/Tools/msa/clustalo/) and Unipro UGENE v3.3 (http://ugene.net/). 

Multiple sequence alignments were created using Clustal Omega and Jalview v2.11 

(https://www.jalview.org/). Creation of graphs and statistical analysis was undertaken using 

GraphPad Prism 8. Images were analysed using ImageJ v1.52a (https://imagej.nih.gov/ij/).  

https://www.ebi.ac.uk/Tools/msa/clustalo/
http://ugene.net/
https://www.jalview.org/
https://imagej.nih.gov/ij/
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4. Results 

4.1. Generation of SGTA C-terminal Mutants 
SGTA is a modular protein comprising an N-terminal dimerisation domain, a central TPR region 

which interacts with chaperones such as Hsp70 and a C-terminal domain implicated in substrate 

binding (Roberts et al., 2015). Previous work focussing on the role of SGTA in protein quality 

control, has shown that SGTA stabilises mislocalised membrane proteins (MLPs) (Leznicki and 

High, 2012). However, the mechanism by which this stabilisation occurs is poorly understood. 

This is compounded by the lack of a complete structure of SGTA; with the structure of the highly 

disordered C-terminus remaining elusive.  Multiple sequence alignment of SGTA from a wide 

variety of organisms show that the C-terminus is highly conserved (Figure 4.1), and this region 

has recently been implicated in SGTA’s ability to stabilise MLPs (Martínez-Lumbreras et al., 2018). 

Previously, Martínez-Lumbreras et al. showed that truncations of the highly-conserved C-

terminal domain, which remove the Q-rich region (Figure 4.1) did not affect the ability of SGTA 

to stabilise MLPs.  A second conserved region within the C-terminal domain is characterised by 3 

repeat asparagine-asparagine-proline (NNP) motifs, this region is thought to be necessary for the 

correct structure and proper function of the C-terminal domain (Martínez-Lumbreras et al., 

2018). To further investigate the role of SGTA, the current work focussed on the role of the Q-

rich region and how this region functions in relation to the NNP repeat motifs. This was achieved 

by generating a ‘ΔQ’ and ‘ΔQ’ NNP ‘double mutant’ and studying their effects on the stability of 

OP91. Whilst SGTA contains three NNP motifs (highlighted in Figure 4.1), this study focuses on 

the first NNP motif, based on unpublished data (Nyathi, Y) which concluded that mutating the 

first NNP motif led to stabilisation of OP91, whereas mutagenesis of the second and third NNP 

motifs resulted in little or no effect on OP91 stability. The mutations generated were; 

SGTAN226A/N227A/P228A, SGTAQ278-9A/Q282-3A/Q285-7A and SGTAN226A/N227A/P228A/Q278-9A/Q282-3A/Q285-7A, 

referred to herein as NNP, ‘ΔQ’ and ‘ΔQ’ NNP, respectively. The mutations were introduced into 

the human SGTA sequence by site directed mutagenesis and confirmed by sequencing. In silico 

DNA translation, followed by alignment confirmed the introduction of the desired mutation, 

which can also be seen in the chromatograms (Supplementary Figure S1).   
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These mutants were used in the analysis, alongside SGTAK160E/R164E (herein TPR) (Leznicki et al., 

2015) and SGTAD27R/E30R (herein UBL) (Xu et al., 2012) to target each region of SGTA. 

 

Figure 4.1. Multiple sequence alignment show SGTA is highly conserved 

SGTA protein sequences were retrieved from Uniprot and aligned using Clustal Omega. 

Percentage identity between sequences is indicated by blue shading, with darker shading 

indicating higher conservation. The mutants of human SGTA used in this study are 

indicated; SGTAD27R/E30R as UBL, SGTAK160E/R164E as TPR, SGTAN226A/N227A/P228A as NNP 

SGTAQ278-9A/Q282-3A/Q285-7A as ‘ΔQ’ and SGTAN226A/N227A/P228A/Q278-9A/Q282-3A/Q285-7A as ‘ΔQ’ 

NNP  
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4.2. SGTA C-terminal mutants show increased stabilisation of OP91 
Overexpression of SGTA is known to cause increased levels of MLPs, possibly by perturbing their 

timely proteasomal degradation (Leznicki and High, 2012; Wunderley et al., 2014). To investigate 

whether this effect was altered by any of the mutations introduced into SGTA, plasmids which 

over-express V5-tagged SGTA or an SGTA mutant were transiently transfected into HeLa Flp-In T-

REx OP91/+Tet cells and OP91 expression induced by addition of tetracycline. The level of OP91 

Figure 4.2. SGTA mutants affect the stability of OP91.  

HeLa Flp-In T-REx OP91/+Tet cells were transfected with WT SGTA or the indicated mutants of 

SGTA and OP91 expression was induced for 24 hours by addition of tetracycline before harvesting 

the samples in RIPA buffer for analysis. A. Samples were analysed by SDS-PAGE and Western 

blotting for OP91, SGTA V5 and tubulin loading control using fluorescence-based detection 

(LICOR).  Untransfected, induced cells were used as a control (1). B. Quantified signals for OP91 

were normalized to endogenous tubulin, which acted as a loading control. The OP91 levels were 

then expressed relative to the control (1), One-way ANOVA P<0.0001, Tukey’s test *<0.05 

**<0.005 ***<0.0005 ****<0.0001. C. Levels of V5- tagged SGTA quantified and normalised to 

tubulin and found to not be significantly different. Values in B and C show means ± S.E.M. from 

three independent technical repeats.  
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and V5-tagged SGTA were analysed by SDS-PAGE and Western blotting. SGTA WT was found to 

stabilise OP91 as previously reported (Wunderley et al., 2014), whilst the individual mutants 

showed a range of effects (Figure 4.2). The TPR mutant did not stabilise OP91 (Figure 4.2 A, lane 

4) as previously shown by (Leznicki et al., 2015). Similarly, the UBL mutant did not stabilise OP91 

when compared to WT SGTA (Figure 4.2, lane 3). On the other hand, the C-terminal mutants, 

NNP, ‘ΔQ’ and ‘ΔQ’ NNP all increased OP91 levels (Figure 2 A, lanes 5, 6 and 7) beyond those seen 

with WT SGTA (Figure 2 A, lane 2). Quantification of band intensities revealed ‘ΔQ’ NNP stabilised 

OP91 approximately 5-fold greater than WT (Figure 4.2 B).  While the NNP and ‘ΔQ’ mutants 

showed a more moderate 2- and 1.5-fold increase respectively. ANOVA post-hoc analysis found 

that only the ‘ΔQ’ NNP was statistically different to the WT, and there was no statistically 

significant difference between other mutants and WT. Moreover, there were no significant 

differences in the level of the V5 signal across all the mutants (Figure 4.2 C), suggesting that the 

differences observed are due likely due to the mutation introduced into SGTA. 

The localisation of OP91 and SGTA for this panel of mutants was then investigated by 

immunofluorescence confocal microscopy (Figure 4.3). WT SGTA was found to colocalise with 

OP91 in distinct punctate intracellular inclusions, as reported (Wunderley et al., 2014). UBL and 

TPR mutants showed reduced or no inclusions, in keeping with the reduced OP91 levels detected 

by Western blotting. Both NNP and ‘ΔQ’ NNP mutants showed an increased number of inclusions 

when compared to WT SGTA, while the ‘ΔQ’ mutant had a comparable number of inclusions to 

WT SGTA. Notably, in the C-terminal mutants (NNP, ‘ΔQ’ and ‘ΔQ’ NNP mutants) there was an 

increase in large amorphous perinuclear inclusions (Figure 4.3, indicated with white arrows).  
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Figure 4.3. SGTA mutants and OP91 colocalise in distinct intracellular inclusions.  

HeLa Flp-In T-REx OP91/+Tet cells were transfected with WT SGTA or the indicated mutants 

and OP91 induced by addition of Tetracyline for 24 hours. The cells were fixed, and then labelled 

for confocal immunofluorescence microscopy using antibodies that recognise either OP91 (green) 

or the V5 tag on SGTA variants (red). DAPI (blue) was used as nuclear stain. Large, amorphous 

perinuclear inclusion are indicated by white arrows. Scale bar is 20 μm. 
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Following on from the immunofluorescence microscopy, coimmunoprecipitation was used to 

confirm that SGTA variants and OP91 are in complex as suggested by their co-localisation (Figure 

4.3). OP91 was pulled down from lysates expressing either WT SGTA or SGTA mutants, using anti-

Opsin antibodies, and probed with anti-V5 antibodies to assess if SGTA remained in complex. 

SGTA and all mutants were found to be still in complex with OP91 (Figure 4.4).  In the control lane 

whereby OP91 expression was induced without overexpression of SGTA, the presence of the 

OP91 band showed that the opsin antibodies were able to precipitate OP91. SGTA was not 

immunoprecipitated when OP91 was not induced (Supplementary Figure S2), thus demonstrating 

antibody specificity. Overall, these results show that all mutants were still able to co-

immunoprecipitate with OP91 at comparable levels to WT.  Hence, the results suggest that the 

mutations do not affect the ability of SGTA to form a complex with OP91.  

4.3. Mutations in the C-terminus of SGTA perturb degradation of OP91 
Having shown that C-terminal mutants of SGTA promote formation of cytosolic inclusions 

containing the SGTA variants and OP91. Next, the clearance of these inclusions was investigated. 

HeLa Flp-In T-REx OP91/+Tet cells transfected with SGTA mutants were induced to express OP91 

for 24 hours using tetracycline to allow adequate stabilisation and inclusion formation (as in 

Figures 4.2 and 4.3). The expression of OP91 was then stopped by growing the cells in medium 

Figure 4.4. SGTA mutants remain in complex with OP91.  

HeLa Flp-In T-REx OP91/+Tet cells were transfected with mutants of SGTA and OP91 was 

induced for 24 hours before analysis. Anti-opsin antibodies were used to pull down OP91, samples 

were normalised to have equal amounts of SGTA and then analysed by SDS-PAGE and Western 

blotting was carried out using the indicated antibodies followed by fluorescence-based detection 

(LICOR).   
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without tetracycline for a further 24 hours. The levels of OP91 remaining were assessed by 

Western blotting and confocal microscopy (Figure 4.5). Whilst WT, UBL and TPR mutants were 

found to have little or no remaining OP91, the C-terminal mutants (NNP, ‘ΔQ’ and ‘ΔQ’ NNP 

mutants) showed some OP91 remaining (Figure 4.5 A). When investigated by confocal 

microscopy the persisting OP91 was found predominantly in single large perinuclear inclusions 

(Figure 4.5 B). The level of the tubulin loading was comparable across all samples, suggesting that 

the differences in the levels of OP91 are not artefactual due to differences in amounts of samples 

loaded to the gel. This persistence of OP91 raised the question whether the C-terminal mutations 

cause a delay in OP91 degradation.  
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Figure 4.5. OP91 persists in C-terminal mutants. 

HeLa Flp-In T-REx Op91/+Tet cells were transfected with mutants of SGTA and OP91 was 

induced by addition of tetracycline for 24 hours in order to induce stabilisation and inclusion 

formation.  Tetracycline was removed for a further 24 hours before analysis. A.  Samples were 

analysed by SDS-PAGE and Western blotting for OP91, V5 tagged exogenous SGTA and Tubulin 

as a loading control. (B)  The cells were fixed, and then labelled for confocal immunofluorescence 

microscopy using antibodies that recognise either OP91 or the V5 tag on SGTA variants. DAPI was 

used as nuclear stain.  Scale bar is 20 μm. Single perinuclear inclusions are shown by (white 

arrows).  
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To further investigate how the C-terminal mutants affect degradation of OP91, a cycloheximide 

chase experiment was carried out (Figure 4.6). Cells were transfected with SGTA WT, NNP, and 

‘ΔQ’ NNP as these showed the highest degree of stabilisation of OP91. Cells were then treated 

with cycloheximide to inhibit translation. The synthesised pool of OP91 was followed over 6 hours 

with samples collected every 2 hours. The mutants were found to slow degradation compared to 

WT; after 2 hours about 45% of OP91 was present in the ‘ΔQ’ NNP mutant and 30% was still 

present in the NNP mutant when compared to the WT SGTA samples which had less than 20% of 

OP91 remaining. Notably, the ‘ΔQ’ NNP showed the greatest delay, with 28% of initial OP91 still 

present after 6 hours, whereas both NNP and WT had fallen to 8% and 6% respectively. 

 

 

Figure 4.6. NNP and ‘ΔQ’ NNP mutations delay degradation of OP91. 

 A. HeLa Flp-In T-REx OP91/+Tet cells were transfected with mutants of SGTA and OP91 was 

induced by addition of tetracycline for 24 hours. Cells were treated with cycloheximide to inhibit 

translation. Samples were collected every 2 hours for the indicated duration and analysed by 

Western blotting and quantitative fluorescence-based detection (LI-COR). B. Quantification of 

OP91 signal with initial (0h) levels normalised to 100%, SEM, n=3.  
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The results presented in Figure 4.6 suggested that degradation was perturbed in the mutants. To 

dissect which degradation pathway was perturbed, cells were treated with bortezomib, a 

proteasome inhibitor or leupeptin and pepstatin as inhibitors of autophagy. Treatment with 

Figure 4.7. OP91 is degraded by the proteasome in the presence of SGTA mutants. 

A. HeLa Flp-In T-REx OP91/+Tet cells were transfected with mutants of SGTA, and OP91 induced 

by addition of tetracycline for 24 hours. Cells were treated with 100 nM bortezomib to inhibit 

proteasomal degradation. Samples were analysed by SDS-PAGE and Western blotting for OP91, 

V5 tagged exogenous SGTA and tubulin as a loading control. B. OP91 signals were quantified after 

the addition of bortezomib (+) and normalised to the tubulin loading control. These values were 

compared to the untreated cells (-) in figure 4.2.  Bortezomib treatment increased the amount of 

stabilised OP91 however all bortezomib treated variants were found to be stabilised to similar 

levels, ANOVA analysis revealed no significant difference between bortezomib treated SGTA 

variants. 
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bortezomib resulted in an increase in stabilisation of both WT SGTA and SGTA mutants (Figure 

4.7), suggesting degradation was via the UPS. The level of OP91 stabilised when cells were treated 

with bortezomib was similar across both the WT and mutants of SGTA, in contrast to the normal 

variation seen between the mutants (Figure 4.7B). The increased levels of OP91 in the C-terminal 

mutants (Figure 4.2 A, lanes 5-7) may therefore be the result of an impaired ability to engage the 

UPS, as all forms of SGTA result in similar levels on proteasome inhibition.  

No further stabilisation was observed when the autophagic pathway was inhibited with leupeptin 

and pepstatin, thus ruling out autophagy as the major pathway for OP91 degradation (data not 

shown). This is consistent with previous work which demonstrated that OP91 is predominantly 

degraded by the proteasome (Wunderley et al., 2014; Leznicki et al., 2015) 

 

4.4. Mutations in SGTA C-terminus promote Deubiquitination of OP91 
A possible mechanism by which the C-terminal mutants delay degradation is through promoting 

deubiquitination of the MLPs (see intro section 1.5).  To investigate whether the ubiquitination 

of OP91 was altered in the presence of the C-terminal mutants, immunoprecipitation of OP91 

was carried out using cell lysates normalised to contain the same amount of OP91, followed by 

blotting for poly-ubiquitinated OP91 (Figure 4.8). The same volume of lysate as calculated for WT 

was used for the control lacking OP91. Analysis of the input material (the normalised total lysates) 

showed that an equal amount of OP91 was used in the immunoprecipitation experiment and 

total ubiquitination was found to be similar across the lysates corresponding to all SGTA variants 

(Figure 4.8 A). Co-immunoprecipitation results (Figure 4.8 B), indicated that the C-terminal 

mutants have reduced levels of ubiquitin conjugates.  Notably, in the presence of the C-terminal 

mutants (NNP, ‘ΔQ’ and ‘ΔQ’ NNP, lanes 5-7), OP91 was found to have reduced poly-

ubiquitination, which may result in delayed degradation of OP91 by the proteasome. The 

presence of some ubiquitinated material in the control lane of the IP (Figure 4.8 B) is likely due to 

ubiquitinated rhodopsin being immunoprecipitated, as the opsin antibodies cross-react with 

endogenous rhodopsin.  
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The results presented in Figure 4.8 suggest that deubiquitination of OP91 might occur more 

rapidly in the presence of SGTA C-terminal mutants (compared to in presence of WT SGTA), 

thereby promoting stabilisation of OP91. The site of this deubiquitination event is likely to be at 

the proteasome where the proteins are degraded. There are two DUBs (USP14 and UCH37) which 

are constitutively associated with the proteasome and one DUB (USP5) which is transiently 

associated with the proteasome (Ristic et al., 2014). It was hypothesised that knockdown of the 

expression of any of these three DUBs should reduce the stabilisation effect of these C-terminal 

mutants on OP91. This will likely be the case, in particularly if the mechanism of stabilisation 

involves any of these DUBs. To investigate this hypothesis, HeLa Flp-In T-REx OP91/+Tet cells were 

transfected with siRNAi duplexes to knockdown the expression of USP5, USP14 and UCH37 or 

non-targeting siRNAi duplexes as control. Due to lack of antibodies to the DUBs, these 

knockdowns were not validated in this experiment. However, the siRNA oligos used were 

validated in published literature (Tian et al., 2014; Dayal et al., 2009; Mazumdar et al., 2010) as well 

as in the lab by Dr Nyathi who used them extensively (manuscript in preparation). It was also 

Figure 4.8. C-terminal mutations result in decreased OP91 ubiquitination 

HeLa Flp-In T-REx OP91/+Tet cells were transfected with mutants of SGTA and OP91 was 

induced for 24 hours by addition of tetracycline.   A. The levels of OP91 and total ubiquitinated 

protein were analysed by Western blotting of lysates normalised to contain the same amount of 

OP91 by probing with opsin and FK2 antibodies followed by fluorescence-based detection 

(LICOR). For the control lacking OP91 an equal volume of lysate to WT was used. B. Input samples 

(normalised lysate) containing the same amount of OP91 were subjected to immunoprecipitating 

using anti-Opsin antibodies. Samples were analysed by Western blotting and fluorescence-based 

detection (LICOR) of OP91 with opsin antibodies and poly ubiquitin using the FK2 antibodies. 
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shown that the knockdowns are very robust even after 72 hours, hence there was no need to 

transfect again some siRNAi oligos at the time of transfecting SGTA.   Therefore, after 48 hours, 

cells were transfected with WT SGTA or C-terminal mutants (NNP, ‘ΔQ’ and ‘ΔQ’ NNP) and OP91 

was induced as previously described. It was found that knocking down of USP5 destabilised OP91 

in cells expressing WT SGTA or C-terminal mutants (NNP, ‘ΔQ’ and ‘ΔQ’ NNP), however knocking 

down of USP14 specifically led to a reduction in OP91 only in the C -terminal mutants (Figure 4.9). 

These results suggest a possible major contribution of USP14 in the stabilisation of OP91, in the 

C-terminal mutants which warrants further investigation. Although, knocking down UCH37 

showed a modest effect on the levels of OP91 in the presence of the ‘ΔQ’ NNP mutant, it had no 

effect on OP91 in the presence of the WT and NNP mutant. However, without the validation of 

the knockdown efficiency it was not possible to make clear conclusions about the role of UCH37 

on the degradation of OP91. In future, these results need to be confirmed by repeating the 

experiments and validating the knockdown efficiency. 

 

4.5. Investigating the fate of SGTA/OP91 inclusions 

Having established that the C-terminal mutants delay the degradation of OP91, probably through 

deubiquitination of OP91, the effect of the accumulation of such inclusions on cell viability was 

investigated. Cell viability was investigated using an MTT assay, of cells expressing either WT 

Figure 4.9. Knockdown of USP5 and USP14 destabilise OP91. 

HeLa Flp-In T-REx OP91/+Tet cells were treated with siRNA as indicated for 48 hours, followed 

by transfection of WT SGTA or mutant SGTA, OP91 was induced for 24 hours by addition of 

tetracycline. Samples were analysed by Western blotting followed by fluorescence-based detection 

(LICOR).  
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SGTA or mutant SGTA in the presence or absence of OP91 expression.  There was very little 

difference in growth amongst all SGTA variants (Supplementary Figure S4), suggesting that the 

accumulation of the inclusions does not have observable deleterious effects on growth. If 

degradation is delayed substantially, ubiquitination reduced, but with little effect on viability; the 

question then, is how does the cell deal with these inclusions? One possibility is that the cell can 

remove the aberrant material, by exporting it out of the cell.  To investigate this possibility, media 

was taken from cells expressing SGTA and OP91 and incubated with anti-Opsin antibodies for 

immunoprecipitation of OP91.  Interestingly, both OP91 and SGTA were found to be present in 

the media, with a corresponding increase in OP91 in the presence of the SGTA ‘ΔQ’ NNP mutant 

(Figure 4.10).  Although, it cannot be ruled out that some of the OP91 and SGTA in the media might be 

due to cell lysis, this does not explain the differences we see between the WT and the NNP ‘ΔQ’ mutant 

because, the MTT assay (Supplementary Figure S4) does not suggest reduced  cell viability in the 

presence of the NNP ‘ΔQ’ mutant.  Since, there was no observable difference in cell viability from 

Figure 4.10. SGTA and OP91 are present in media 

HeLa Flp-In T-REx Op91/+Tet cells were transfected with mutants of SGTA and OP91 was 

induced by addition of tetracycline for 24 hours. Cells were harvested and lysates analysed by SDS-

PAGE and Western blotting and fluorescence-based detection (LICOR) of V5 tagged SGTA and 

OP91 (lanes 1,2, and 3). The media was also taken from each of the wells corresponding to samples 

in lanes 1,2 and 3 and incubated with anti-opsin antibodies for immunoprecipitation of OP91 from 

the media. Subsequently samples were analysed by Western blotting for V5 tagged SGTA and OP91 

as detailed above (lanes 4,5, and 6).  The ratio of cell lysate loaded on the gel to media used in the 

IP was 1:2 
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the MTT assay, the increase in the level of OP91 and SGTA in the media may represent an 

unconventional  mechanism of secretion of misfolded cytosolic proteins which enables the cell 

to deal with extra load of aberrant proteins so  as to maintain protein homeostasis (J. G. Lee et 

al., 2016; Xu et al., 2018). Notably, SGTA was also found to co-immunoprecipitate with OP91 

(Figure 4.10), suggesting the presence of an SGTA-OP91 complex in the media.  

In human tissues, upon secretion, misfolded proteins may ultimately aggregate in the 

extracellular space if not removed in a timely manner. It was recently shown that eukaryotic cells 

possess a mechanism that internalises secreted misfolded proteins substrates for degradation by 

lysosomes of neighbouring cells (Xu et al., 2018). To investigate whether the ‘exported’ OP91 and 

SGTA could be taken up by neighbouring cells, a robust system which enable easy detection of 

transfer of protein between cells was developed. This involved specifically marking Hela M which 

were used as the receiving cells, by transfecting RFP, so that transfer of OP91 or SGTA could be 

easily detected in red cells with green signal of the transferred protein (Figure 4.11 A). To 

investigate the transfer, media taken from HeLa Flp-In T-REx OP91/+Tet cells expressing WT or 

‘ΔQ’ NNP SGTA and also expressing OP91 was added to RFP expressing HeLa M cells. The HeLa M 

cells were analysed by immunofluorescence confocal microscopy after 24 hours incubation in the 

media. The Hela M cells receiving media from both the ‘ΔQ’ NNP mutant and SGTA WT, were also 

found to contain SGTA (Figure 4.11 B).   In addition, the Hela M cells receiving media from ‘ΔQ’ 

NNP mutant was found to also contain OP91 (Figure 4.11 C). Media taken from cells which were 

not expressing SGTA or OP91 showed no effect (Supplementary Figure S5). To assess whether 

the transfer is an artefact from overexpression, RFP was expressed in HeLa T-REx cells and the 

media transferred to GFP expressing HeLa M cells. RFP was not detected in the HeLa M cells 

(Figure 4.11 D), suggesting this ability is specific to SGTA.  

To confirm that the presence of SGTA was not due to carry over liposome complexes containing 

plasmid DNA and Lipofectamine, the media was removed and treated with Benzonase to destroy 

any nucleic acids or passed through a 0.2 µm filter before addition to HeLa M cells 

(Supplementary Figure S5). These treatments did not eradicate or reduce the green signal of the 

transferred SGTA, suggesting that this effect is not an experimental artefact.   
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Figure 4.11. SGTA is able to transfer between cells 

Figure continues overleaf. 
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This protein ‘seeding’ behaviour has previously been reported in the case of the Prion protein 

and more recently linked to proteins containing intrinsically disordered regions or prion-like 

domains. These domains have characteristic properties, notably increased frequencies of Q and 

N residues, and few charged or hydrophobic residues. This has allowed the development of 

several predictive tools for assessing the likelihood of a protein containing a prion like domain. 

As the SGTA C-terminal contains many characteristics of a prion-like domain (high Q content), 

Figure 4.11. SGTA is able to transfer between cells 

A. Schematic of the Model for testing SGTA and OP91 transfer. HeLa Flp-In T-REx OP91/+Tet 

cells were transfected with mutants of SGTA for 6 hours, the media was changed and OP91 

expression was induced for 24 hours by addition of tetracycline. In addition, Hela M cells were 

transfected with RFP for 24 hours. Media was taken from HeLa Flp-In T-REx OP91/+Tet cells 

expressing SGTA and OP91 and transferred to HeLa M cells transiently expressing RFP and 

incubate for a further 24 hours. HeLa M cells were fixed and analysed by confocal 

immunofluorescence microscopy. B. Detection of SGTA and ‘ΔQ’ NNP green in RFP-positive red 

cells indicating transfer of WT and ‘ΔQ’ NNP SGTA, as RFP expressing cells with distinct SGTA 

puncta (white arrows). C. Detection of OP91 green in RFP-positive red cells indicating transfer of 

OP91 in SGTA ‘ΔQ’ NNP transfected cells but not SGTA WT transfected cells. D. GFP transfected 

unfixed cells, incubated with media from RFP expressing cells showed no transfer of RFP 

suggesting SGTA transfer is not an artefact of overexpression. 
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the sequence of SGTA was assessed using PLAAC, which confirmed that the C-terminal was 

potentially prion like (Fig 4.12 A).  

To further investigate if this region was required for seeding and internalisation of SGTA into 

neighbouring cells, SGTA1-214 a mutant of SGTA with a C-terminal truncation was used. SGTA1-214 

was expressed in HeLa Flp-In T-REx OP91/+Tet cells and stabilised OP91, however to a lesser 

extent than WT SGTA (Supplementary Figure S3). SGTA1-214 was transfected into HeLa Flp-In T-

REx OP91/+Tet and OP91 induced for 24 hours, before the media was transferred to untreated 

Figure 4.12. SGTA C-terminus is important for transfer of SGTA between cells 

A. Prion-like domain prediction using PLAAC (Prion-like Amino Acid Composition), the SGTA 

sequence was analysed to identify regions enriched in amino acids commonly found in known 

prions. The C terminal region was identified, indicated in red text. B. HeLa Flp-In T-REx 

OP91/+Tet cells were transfected with a truncated mutant of SGTA lacking the C-terminus, SGTA1-

214 and OP91 induced by addition of tetracycline for 24 hours and expression visualised by confocal 

microscopy using antibodies that recognise either OP91 (green) or the V5 tag on SGTA variants 

(red). DAPI (blue) was used as nuclear stain (i).  After 24 hours media was taken from cells in (i) 

24 and added to untreated HeLa M cells (ii). The HeLa M cells were incubated with the exchanged 

media for 24 hours before fixing and analysis by confocal microscopy.  
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HeLa M cells, which where incubated for 24 hours and subsequently examined by confocal 

immunofluoresnce microscopy (Fig 4.12 B). The removal of the predicted prion-like domain 

resulted in no transfer through the media, suggesting this ‘seeding’ phenomenon may be 

dependent on the presence of the C-terminal Prion-like domain.  

 

4.6. SGTA / OP91 inclusions are dynamic 
Another important factor in determining the fate of inclusions in cells is the dynamic nature of 

the inclusions. This determines whether they are rapidly cleared or proceed to form terminally 

misfolded aggregates. To investigate this, cells transiently expressing WT SGTA or SGTA mutants 

had OP91 expression induced for 48 hours to assess whether extended expression caused 

changes in the inclusions. Confocal microscopy revealed mostly single large inclusions after 48 

hours of expression (Figure 4.13) in contrast to the many small punctate inclusions seen after 24 

hours (Figure 4.3).  These single large perinuclear inclusions (white arrows) are seen in both WT 

SGTA and the NNP and ‘ΔQ’ NNP mutants. When compared to the dispersed small inclusions seen 

after 24 hours, this suggests that inclusions may be dynamic and able to coalesce. 
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Figure 4.13. 48- hour expression results in single large inclusions.  

HeLa Flp-In T-REx OP91/+Tet cells were transfected with mutants of SGTA and OP91 was 

induced by addition of tetracycline for 48 hours. The cells were fixed, and then labelled for confocal 

immunofluorescence microscopy using antibodies that recognise either OP91 or the V5 tag on 

SGTA variants. DAPI was used as nuclear stain.  Scale bar is 20 μm. Single perinuclear inclusions 

are shown by (white arrows).  
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This suggested that inclusions are dynamic structures which change over time and may be phase 

separated compartments.  To further investigate this possible dynamic nature of the inclusions, 

hexanediol was used. Hexanediol is an aliphatic compound capable of reversibly disrupting liquid-

liquid phase separation (Alberti et al., 2019). Hexanediol was added to cells expressing WT SGTA 

or mutant SGTA and OP91 and the presence of inclusions detected by confocal microscopy at 

specific time points. Inclusions were readily disrupted by addition of hexanediol. When the 

reappearance of inclusions was monitored during recovery from the hexanediol treatment; the 

NNP and ‘ΔQ’ NNP mutants showed a faster return of inclusions compared to WT (Figure 4.14). 

Figure 4.14.  OP91 inclusions are reversibly removed.  

HeLa Flp-In T-REx OP91/+Tet cells were transfected with mutants of SGTA and OP91 was 

induced by addition of tetracycline for 24 hours. Cells were treated with hexanediol to disrupt 

liquid-liquid phase separation. The cells were fixed, and then labelled for confocal 

immunofluorescence microscopy using antibodies that recognise either OP91 or the V5 tag on 

SGTA variants. DAPI was used as nuclear stain.  Scale bar is 20 μm.  
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Hexanediol effectively removed all inclusions in both WT and mutant SGTA. NNP and ‘ΔQ’ NNP 

mutants recovered inclusions faster (10 and 20 minutes respectively) than WT SGTA (30 min). 

To better characterise the dynamic nature of these inclusions WT, NNP and ‘ΔQ’ NNP SGTA-GFP 

constructs were created in order to investigate their mobility by fluorescence recovery after 

photobleaching (FRAP).  Following confirmation of the C-terminal tagging of SGTA with GFP by 

DNA sequencing, the ability of the tagged construct to stabilise OP91 was investigated. WT SGTA-

GFP was found to stabilise OP91 (Figure 4.15 A) and form punctate inclusions (Figure 4.15 B), 

thus verifying it behaved as WT SGTA (Figure 4.15 A and B).  However, the GFP tagged SGTA 

stabilised OP91 more than the V5 tagged SGTA (Figure 4.2). Consistent with the results obtained 

with the V5 tagged constructs, SGTA-GFP NNP and SGTA-GFP ‘ΔQ’ NNP were found to stabilise 

OP91 to a greater extent than SGTA-GFP WT (Figure 4.15) and were also able to form puncta 

(Figure 4.15 B).  Overall, it can be concluded that, despite the GFP tagged SGTA variants stabilising 

more than the V5 tagged variants, we still see the same pattern with the GFP mutants suggesting 

that SGTA-GFP is broadly comparable to V5-SGTA. The SGTA-GFP plasmids were transfected into 

HeLa Flp-In T-REx OP91/+Tet cells and OP91 induced. After 24 hours, lines were bleached in and 

the fluorescence recovery was monitored over time. The speed of recovery was fairly similar 

between WT and ‘ΔQ’ NNP with ½ τ values of 0.6308 seconds and 0.6037 seconds respectively, 

for the NNP mutant this was reduced to 0.3189 seconds. Notably, puncta in both WT and mutant 

SGTA showed a relatively large immobile fraction, with WT only recovering 53% fluorescence 

(Figure 4.15 C). The mutants however show a greater immobile fraction with NNP only recovering 

32% fluorescence and ‘ΔQ’ NNP just 17% (Figure 4.15 C). 
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Figure 4.15. SGTA mutants affect the mobility of inclusions  

A. HeLa Flp-In T-REx OP91/+Tet cells were transfected with GFP, V5-SGTA, SGTA-GFP or 

SGTA-GFP mutants as indicated and OP91 was induced for 24 hours by addition of tetracycline. 

Samples were analysed by SDS-PAGE and Western blotting for OP91, V5 tagged exogenous SGTA, 

GFP and Tubulin as a loading control. B. HeLa Flp-In T-REx OP91/+Tet cells were transiently 

transfected with SGTA-GFP, SGTA-GFP NNP or SGTA-GFP ‘ΔQ’ NNP and OP91 expression 

induced by addition of tetracycline for 24 hours. C. Fluorescence Recovery After Photobleaching 

was used to assess any shift in mobility between SGTA WT and the mutants. ROI were selected in 

puncta, bleached and the fluorescence monitored for 20 seconds. A two-phase association was 

fitted and ½ τ was found to be 0.6308 s (95% CI 0.4837 – 0.9062) for WT, 0.3189 s (95% CI 

0.2705 – 0.3882) for NNP and 0.6037 s (95% CI 0.4416 – 0.9540) for ‘ΔQ’ NNP. 
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Having established an effect of SGTA C-terminal mutants on OP91, it was decided to extend the 

analysis to other substrates which are known to be SGTA clients. Opsin Degron is a known ERAD 

substrate, which has been previously shown to be stabilised by SGTA (Wunderley et al., 2014). 

To investigate the effects of the C -terminal mutants on the ERAD pathway, a stable HeLa Flp-In 

T-REx OpD/+Tet cells expressing Opsin Degron was used. SGTA variants were transiently 

transfected into HeLa Flp-In T-REx cells and OpD expression induced by addition of tetracycline. 

The level of OpD was analysed by SDS-PAGE and Western blotting. In the absence of SGTA, OpD 

is rapidly degraded whereas with WT SGTA it is stabilised (Figure 4.16). All mutants showed 

increased stabilisation of all forms of OpD to varying degrees, but particularly the double 

glycosylated form (Figure 4.16 A). Moreover, most mutants were expressed at levels comparable 

to the WT (Figure 4.16 C).  Although the ‘ΔQ’ and the ‘ΔQ’ NNP  mutant were somehow expressed 

at higher levels, these differences were not statistically significant (Figure 4.16 C). Quantification 

of double glycosylated OpD band intensities revealed that ‘ΔQ’ NNP stabilised OpD approximately 

3-fold greater than WT (Figure 4.16 B). In addition, the ‘ΔQ’ mutant showed a higher degree of 

stabilisation of OpD (Figure 4.16 lane 6) than the WT and NNP mutant.   This is in contrast to the 

effect observed with OP91 as a substrate, where this mutation only showed modest effects.  

These observations possibly suggest some substrate specificity in the effects of the mutants 

which warrants further investigation. Confocal microscopy revealed that WT and C-terminal 

mutants (but not TPR) colocalised with OpD in inclusions, (Figure 4.17). 
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Figure 4.16. SGTA mutants affect the stability of Opsin Degron.  

HeLa Flp-In T-REx OpD/+Tet cells were transfected with mutants of SGTA and Opsin Degron was 

induced for 24 hours before analysis.  A. Samples were analysed by Western blotting followed by 

quantitative fluorescence-based detection (LICOR) of OpD, V5 tagged exogenous SGTA and Tubulin. 

OpD shows an un-glycosylated (0 CHO), single glycan (1 CHO) and 2 glycan (2 CHO) form.  

Untransfected, induced cells were used as a control. B. Quantified signals for OpD were normalized to 

endogenous Tubulin, which acted as a loading control and the OpD levels were then expressed relative 

to the control. Values show means ± s.e.m. from three independent technical repeats. One-way 

ANOVA P<0.0001, Tukey’s test compared to WT, *<0.05 **<0.005 ***<0.0005 ****<0.0001. C. 

Quantified signals for SGTA variants (V5 signal) were normalized to endogenous Tubulin, which acted 

as a loading control and the OpD levels were then expressed relative to the control. 
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Figure 4.17. SGTA mutants and Opsin Degron colocalise in distinct inclusions 

HeLa Flp-In T-REx OpD/+Tet cells were transfected with mutants of SGTA and Opsin Degron 

was induced for 24 hours before analysis. SGTA WT forms punctate inclusions in the presence of 

Opsin Degron. The TPR mutation appears to not colocalise whereas UBL, NNP and ‘ΔQ’ NNP have 

a large number of very small punctate inclusions. The ‘ΔQ’ mutant has inclusions similar to WT. 
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As overexpression leads to accumulation of OP91 it is expected that knockdown of SGTA would 

result in lower than control levels of OP91, and this reduction would provide confirmation of 

SGTA’s stabilising effect. Treatment of HeLa Flp-In T-REx OP91/+Tet cells with siRNA targeting 

SGTA did reduce the level of OP91 compared to control levels (Fig 4.18 A). However, this is limited 

by a number of caveats. Firstly, although there is less OP91 this is reflective of a drop in the total 

level of protein (figure 4.18 B).  This effect although not published, has been observed 

consistently in more than six independent experiments within our lab.  Whilst it is not entirely 

clear why SGTA knockdown results in reduced total protein levels, it might be possible that SGTA 

knockdown has effects on a selected pool of proteins such as membrane proteins and SGTA 

clients and allows their rapid degradation. Other proteins might be excluded from this pool, such 

as the commonly used housekeeping genes hence, tubulin levels remaining largely unchanged.  

Secondly, due to the normally rapid turnover of OP91 to achieve a robust confirmation of SGTA’s 

ability to stabilise OP91 it would be pertinent to first stabilise the level of OP91 and subsequently 

monitor the change in the absence of SGTA. To overcome these caveats a methodology based 

Figure 4.18. SGTA knockdown reduces OP91 levels and total proteins 

A. HeLa Flp-In T-REx OP91/+Tet cells were treated with NT or SGTA siRNA for 48 hours. 

Subsequently cells were transfected with SGTA, and OP91 was induced for 24 hours before analysis 

by Western blotting followed by fluorescent based detection (LICOR). B. Total protein 

concentration was estimated using a Bradford assay. NT and SGTA siRNA treated lysates were 

compared and found to be significantly different, t-test P<0.05. 
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around the recently published Trim-away system (Clift et al., 2017, 2018) was developed. Briefly, 

Trim-away makes use of the cytosolic antibody receptor and E3 ligase TRIM21 and an exogenous 

antibody to the target protein. The antibody binds the target protein, which is in turn recognised 

and ubiquitinated by TRIM21, resulting in its proteasomal degradation. 

4.7. Trim Away  
 Trim21 was purified as described in Clift et al.2018. Briefly the Trim21 plasmid was transformed 

into E.coli BL21 pLysS and expression induced by addition of IPTG (Figure 4.19 A). Cells were lysed 

and Trim21 purified by Nickel affinity chromatography. Fractions were analysed by SDS-PAGE and 

Coomassie staining (Figure 4.19 B). From the results (Elution 1) it can be seen that the protein 

Figure 4.19. TRIM21 expression and purification 

A. TRIM21 was transformed into E.coli BL21-pLysS and expression induced by addition of IPTG. 

Aliquots were taken pre- and post- induction and total protein extracts assessed by SDS-PAGE 

followed by Coomassie staining to confirm expression of TRIM21 (red arrow). B. TRIM21(red 

arrow) was purified from induced cultures by Ni affinity chromatography, and sequential elution 

fractions assessed by SDS-PAGE followed by Coomassie staining.  
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obtained was the expected size of TRIM21 (≈50 kDa), however it was not very pure. To further 

purify this protein, elution fractions were subjected to size exclusion chromatography, in the 

presence of molecular weight standards. A UV-Vis trace was used to monitor protein separation 

and aid fraction collection (Figure 4.20 A). Peak fractions (19, 26, 31, 34 and 37) were analysed 

by SDS-PAGE and the presence of TRIM21 confirmed in fraction 37 by Western blotting using 

antibodies targeting the 6xHis tag (Figure 4.20 B and C).  

 

Figure 4.20. TRIM21 size exclusion purification 

Purified TRIM21 was further purified by size exclusion chromatography. A. UV-Vis was used to 

aid fraction collection. B. Fraction 37 was confirmed to contain TRIM21 by SDS-PAGE and 

Coomassie staining followed by Western blotting (C) using antibodies against the 6xHis tag and 

fluorescence-based detection (LICOR). 
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Following the purification of Trim21, electroporation conditions were optimised first to deliver 

AF 564 antibodies into HeLa M and MRC5 cell lines.  This approach was chosen first to ensure the 

protocol for delivering proteins into cells was working. Fluorescence would enable easy 

visualisation of the antibody delivered into cells. Initial conditions were chosen based on the 

recommended protocol and modified empirically. Efficiency was assessed by 

immunofluorescence microscopy.  The delivery of the antibodies was very efficient ~100% in the 

MRC5 cells (Figure 4.21), suggesting that the conditions used here could be a good starting point 

for optimising delivery of Trim21.  To test whether purified Trim21 was capable of mediating the 

depletion of proteins in cells, the purified Trim21 was incubated with anti-GFP antibodies, before 

electroporation into GFP transfected cells. The level of fluorescence was monitored over time to 

assess depletion; however, no depletion could be detected, even after 24 hours (data not shown). 

These results suggest that this protocol still requires extensive optimisation before it can be 

applied to SGTA depletion. Electroporation conditions were optimised to deliver AF 564 

antibodies into HeLa M and MRC5 cell lines. Initial conditions were chosen based on the 

recommended protocol and modified empirically. Efficiency was assessed by 

immunofluorescence microscopy.  

Figure 4.21. Electroporation conditions were optimised 

MRC-5 cells were electroporated (1450 V 20 mS 2 pulses) with AlexaFluor 564 and efficiency 

assessed using immunofluorescence microscopy. Scale bar 100 μm 
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The Trim-Away protocol presented here is reliant on electroporation which presents significant 

challenges as it took upwards of four months of testing various cell-lines and conditions to 

develop a working protocol. It should be noted that the stable HeLa Flp-in T-REx cell lines used in 

earlier experiments did not survive electroporation.  To try and counteract these problems two 

cell permeating peptide (CPP) tagged Trim21 fusion proteins were designed, TAT-Trim21 and R8-

Trim21 (Jones and Sayers, 2012; Patel et al., 2019) to allow antibody delivery using a less harsh 

method than electroporation. Briefly, PCR was used to amplify Trim21 and add the CPP tag (TAT 

or R8) (Figure 4.22 A). The PCR product was cut with Nde1 and EcoR1 and ligated into pET28c cut 

with same restriction enzymes.  Successful cloning was verified by restriction digest with Nde1 

and EcoR1 to cut out the insert, where it was revealed that only the construct in lane 7, did not 

have the insert (Figure 4.22 C). Plasmids containing the insert where then sequenced to confirm 

the presence of both the 6x His tag and the CPP tag (Supplementary Figures S6 and S7). 

Figure 4.22. CPP-TRIM21 were designed and cloned 

A. Schematic of a TAT or R8 tagged TRIM21 construct which was designed to facilitate cell entry. 

B. TAT/R8-TRIM21 inserts were generated by PCR and digested with EcoR1 and Nde1. Inserts 

were checked by gel electrophoresis. C. Ligated constructs were cut with EcoR1 and Nde1 and ran 

on an agarose gel to check the insert was present prior to sequencing. 
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Following successful cloning, plasmids harbouring TAT-Trim21 and R8-Trim21 were transformed 

into E.coli BL21-pLysS and grown in autoinduction media to induce expression, which was 

confirmed by SDS-PAGE and Coomassie staining (Figure 4.23 A). TAT-Trim21 and R8-Trim21 were 

purified from lysates using Ni-NTA beads and elution fractions analysed by SDS-PAGE and 

Coomassie staining (Figure 4.23 B).  The protein was not very pure from this analysis as seen in 

the elution fractions, however it was decided to assess whether TAT-Trim21 and R8-Trim21 

where still able to bind antibodies, as the interaction of Trim21 might be affected by tagging with 

the CPP. To this end, purified proteins were incubated with AF 568, with PBS incubated with AF 

568 as a control.  To isolate the antibody-protein complex, pull down was carried out using Ni-

Figure 4.23. TAT/R8-TRIM21 expression and purification 

A. TAT and R8 tagged TRIM21 were transformed into E.coli BL21-pLysS and expression induced 

by addition of IPTG. Control is untransformed BL21(DE3)-pLysS. B. TAT/R8-TRIM21(red 

arrow) was purified by Ni affinity chromatography and wash (W1-3) and elution (E1-3) fractions 

analysed by SDS-PAGE and Coomassie staining.  
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NTA beads followed by analysis using SDS-PAGE and Coomassie staining (Figure 4.24). The 

appearance of a high molecular weight bands and presence of heavy and light chain bands absent 

in the PBS control was indicative of the TAT/R8-Trim21-antibody complex. It is not entirely clear 

why so many high molecular weight bands are present when TRIM21 was mixed with antibodies. 

However, the stoichiometry of TRIM21 when bound to antibodies is not conclusively known.  

TRIM21 has been reported to both self-dimerise (Mallery et al., 2010) and trimerise (Rhodes and 

Trowsdale, 2007); the TRIM21 receptor was also reported to bind to IgG in a 2:1 stoichiometry, 

with one TRIM21 molecule binding each half of the IgG Fc domain (James et al., 2007). Hence, 

these high molecular weight bands may indicate oligomers of TRIM21, possibly reflecting how it 

Figure 4.24. TAT/R8-TRIM21 is still able to bind antibodies 

A. TAT and R8 tagged TRIM21 or PBS as a control were incubated with AF 564 IgG as indicated, 

before the complex was pulled down using Ni-NTA beads. Bound material was analysed by SDS-

PAGE followed by Coomassie staining. The presence of the heavy chain (white arrows) only in the 

presence of TAT/R8-TRIM21 (lanes 1 and 3) suggest TAT/R8-TRIM21 was still able to bind IgG 

and mediate binding to the Ni-NTA beads. Potential TRIM21 trimers (green arrows), dimers (red 

arrows) and monomers (blue arrow) are indicated. 
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binds to antibodies.  Moreover, TRIM21 binds to antibodies with high affinity (Mallery et al., 

2010), hence if the reduction was inefficient some antibodies may have remained in a bound 

state. 

 Purified TAT/R8-Trim21 was incubated with AF 568 to form a complex, which was added to HeLa 

M cells. The fluorescent secondary antibody was used to monitor the internalisation of the 

complex over time (Figure 4.25). It appears that although some signal is seen inside the cells, 

much remains on the cell periphery suggesting it binds to the membrane but is not successfully 

taken up. 

 

Figure 4.25. TAT/R8-TRIM21 antibody complex internalisation 

TAT/R8-TRIM21 was incubated with AlexaFluor 568 fluorescent secondary antibodies before 

addition to HeLa M cells. The fluorescence signal was monitored over time using 

immunofluorescence microscopy to check for uptake of the fluorescent antibody TAT/R8-TRIM21 

complex. Scale bar is 100 μm 
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A TAT/R8-Trim21 anti-GFP IgG complex was prepared and incubated with GFP transfected HeLa 

M cells. Depletion was monitored using immunofluorescence microscopy, however no drop in 

GFP fluorescence was apparent after 24 hours (Data not shown), confirming that this technique 

requires more extensive optimisation in order to be viable. 
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5. Discussion 

Previous work focussing on the role of SGTA in protein quality control, has shown that SGTA 

stabilises mislocalised membrane proteins (MLPs) (Leznicki and High, 2012). The highly conserved 

C-terminus of SGTA is implicated in SGTA’s ability to stabilise MLPs (Martínez-Lumbreras et al., 

2018), however the precise role of the conserved motifs is still poorly understood. This current 

work focussed on the role of the Q-rich region and how this region functions in relation to the 

NNP repeat motifs. This was achieved by using an NNP mutant, ‘ΔQ’ mutant and a ‘ΔQ’ NNP 

‘double mutant’ and studying their effects on the stability of OP91. The mutations generated 

were SGTAN226A/N227A/P228A (NNP mutant), SGTAQ278-9A/Q282-3A/Q285-7A (ΔQ mutant) and SGTA 

N226A/N227A/P228A/Q278-9A/Q282-3A/Q285-7A, referred to herein as NNP, ‘ΔQ’ and ‘ΔQ’ NNP respectively. 

These mutants were used in this study, alongside SGTAK160E/R164E (herein TPR) (Leznicki et al., 

2015) and SGTAD27R/E30R (herein UBL) (Xu et al., 2012) to target each region of SGTA. Mutations 

were chosen based on conservation (Figure 4.1) and previous work which identified the Q-rich 

region as a possible substrate binding site (Wunderley et al., 2014) and the NNP motifs as 

important mediators of binding and C-terminal structure (Martínez-Lumbreras et al., 2018). This 

is supported by a recent ab initio structure which predicts the C-terminal of SGTA to contain a 

substrate binding groove within its helical and disordered structure (Lin et al., 2019), although 

this structure is based solely on the C-terminal and therefore dimerisation has not been 

accounted for which may be relevant in terms of binding and complex stoichiometry. 

This study found several insights into the function of SGTA C-terminal domain. By utilising a panel 

of mutants, it was found that mutating the conserved motifs in the C-terminus of SGTA (NNP, 

‘ΔQ’ and ‘ΔQ’ NNP) led to an increase in stabilisation of OP91 beyond that seen in WT SGTA 

(Figure 4.2). Whilst SGTA has previously been shown to stabilise MLP including OP91 (Leznicki 

and High, 2012; Wunderley et al., 2014), and the NNP mutant was also shown to stabilise OP91 

beyond levels seen in the WT (Martínez-Lumbreras et al., 2018), the further increase in the ‘ΔQ’ 

NNP mutant is notable.  The stabilising effect of both mutants also happens without an increase 

in SGTA levels, suggesting a distinct change in the amount of OP91 able to bind to the mutants.  
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Currently SGTA is thought to recognise exposed hydrophobic patches via its C-terminus and bind 

these either through a hydrophobic ‘helical-hand’ (Lin et al., 2019) or by transient dimerisation 

of the C-terminus (Martínez-Lumbreras et al., 2018). It appears that none of the C-terminal 

mutants perturb this binding as OP91 remain colocalised (Figure 4.3) and in complex with SGTA 

when analysed by co-immunoprecipitation (Figure 4.4). Rather then, the C-terminal mutants 

probably perturb the function of SGTA, likely the ability to release the bound OP91 in a timely 

fashion causing a delay in proteasomal degradation. Alternatively, the mutants might have an 

increased ability to deliver OP91 to the inclusions seen in Figure 4.3, which may act to sequester 

an excess of aberrant proteins until they can be dealt with.  

An increase in stabilisation may well be due to a corresponding delay in the timely degradation 

of OP91. A cycloheximide chase (Figure 4.6) confirmed this was the case, with both the NNP and 

‘ΔQ’ NNP mutants retaining higher levels of OP91 for longer than WT SGTA. Proteasomal 

inhibition with bortezomib (Figure 4.7) confirmed that OP91 is predominantly degraded via the 

UPS.  

SGTA is thought to cause stabilisation via the recruitment of a DUB enzyme (Leznicki and High, 

2012; Shao et al., 2017) and is known to act at the proteasome (Thapaliya et al., 2016). Notably 

the increase in OP91 stabilisation in the C-terminal mutants was coupled to a loss in poly-

ubiquitination (Figure 4.8), suggesting the OP91 stabilisation seen in the C-terminal mutants is 

due to a lack of recognition and thus degradation by the UPS. These results could be further 

clarified by cell-fractionation, allowing removal of cross reacting rhodopsin in the membrane 

fraction. Immunoprecipitation of the cytosolic fraction will then enable a clearer dissection of 

OP91 ubiquitination status in these mutants. 

The IP was further supported by a loss of stabilisation when proteasomal DUBs, USP5 and USP14 

were knocked down. While knocking down USP5 leads to a decrease in OP91, even in the 

presence of WT SGTA (consistent with Dr Nyathi’s observation, manuscript in preparation) this 

was not the case for USP14.  Confirmation of the restoration of ubiquitination of OP91 in the 

absence of USP5 and USP14 would validate this.  USP14 seems to have some direct or indirect 

interaction with SGTA and has some wider role in regulating proteasomal degradation. This is 
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supported by findings which suggest that Tau and TDP-43 degradation is increased in the absence 

of USP14 (Lee et al., 2010).  

The massive stabilisation of OP91 levels, along with the lack of ubiquitination and therefore 

presumed loss of proteasomal degradation raised questions as to the fate of OP91 in the 

presence of the C-terminal mutants. OP91 stabilisation and inclusion formation did not 

negatively affect cell viability (Figure S5), it was therefore posited that an alternative QC pathway 

where aberrant proteins are exported out of the cell to lessen the proteostasic burden (Lee et 

al., 2016), may be involved. The recently identified MAPs pathway (1.6.3), targets aberrant 

proteins to endosome-like vesicles for secretion under conditions of proteasome dysfunction. 

SGTA maybe well be involved in this pathway given its reliance on Hsp70 and the DUB USP19, 

which has been identified as an interactor of SGTA (Nyathi, Y., unpublished data). 

This was supported by OP91 being detectable in the media by immunoprecipitation (Figure 4.10), 

suggesting that at least some of the stabilised material is exported from the cell. To see if this 

was transferred to neighbouring cells, media from SGTA and OP91 expressing cells was 

transferred onto HeLa M cells and surprisingly it was found that SGTA was more readily taken up 

than OP91 (Figure 4.11). The ability of SGTA to seed was linked to its predicted PrD within the C-

terminal. When this domain was removed, SGTA was no longer transferred to cells (Figure 4.12).  

This novel ‘seeding’ mechanism for SGTA is highly interesting. Whilst it is increasingly recognised 

that many proteins have prion-like properties and are able to seed, particularly when aggregated 

(Walker et al., 2013; Kfoury et al., 2012) it is as yet unreported in the case of a chaperone.  

Export of SGTA out of cells is not completely without precedent as many chaperones, including 

HSPs are found extracellularly, where they have been linked to surveillance and recognition of 

misfolded species and immune functions (Wyatt et al., 2013; Calderwood et al., 2016). However, 

to our knowledge this hasn’t been reported for SGTA.  

What is more striking is SGTA is readily taken up by neighbouring cells and the underlying 

mechanism and functional consequence of this remains unclear. Future investigations may focus 

on both the mechanism of export from cells and import into neighbours, as well as whether SGTA 

remains functional and able to cause stabilisation in receiving cells. If SGTA is still able to stabilise 
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MLPs in receiving cells, and as in the case of the ‘ΔQ’ NNP facilitate transfer of MLPs (Figure 4.11 

C); this may represent a novel pathogenic method underlying the spread of aggregates in 

neurodegenerative diseases.  

Stabilisation of OP91 in mutant SGTA resulted in the formation of punctate inclusions, as 

previously reported for WT SGTA (Wunderley et al., 2014). Notably the morphology of these 

inclusions varied between mutants, with the NNP mutant having large juxtanuclear inclusions, 

compared to the ‘ΔQ’ NNP mutant which appeared to form many small dispersed inclusions. The 

cause of these differences remains unexplained; however, it may arise from recruitment of 

different species to the inclusions or different rates of formation and coalescence of inclusions.  

The nature of the inclusions was also investigated further. It was hypothesised that these 

represent a phase separated spatial distinct quality control site, for example JUNQ or IPOD 

(Kaganovich et al., 2008). These inclusions were found to be reversible when OP91 expression 

was not induced, except for the C-terminal mutants (Figure 4.5), were OP91 persisted in single 

large inclusions. Similarly, when left for 48 hours only single large inclusions were present (Figure 

4.13) suggesting the smaller inclusions may coalesce or the larger inclusions are less soluble and 

less easily removed, perhaps representing IPOD. Treatment with hexanediol removed the 

inclusions, suggesting they are in fact liquid-liquid phase separated compartments.  Interestingly 

the inclusions reformed at different rates in the presence of WT, NNP or ‘ΔQ’ NNP mutants 

(Figure 4.14). As protein synthesis continues, this is probably a reflection of the formation of new 

inclusions rather than the reformation of inclusions containing pre-existing OP91. A live cell 

microscopy approach to follow the initial dissolution and subsequent reformation of inclusions, 

possibly in the presence of cycloheximide would allow a more thorough characterisation of this 

process. Similarly, in vitro manipulation of purified components of the inclusion may allow a 

better understanding of the requirements for phase separation, such as threshold concentrations 

of components and the presence or absence of post-translational modifications. 

FRAP analysis revealed a marked difference in the mobility of the inclusion, dependent on the 

SGTA mutant present (Figure 4.15). The increased immobile fraction of the mutants is also 

reflected in both their persistence and delayed degradation (Figures 3.5 and 3.6), suggesting that 
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a proportion of the inclusion is aggregated or inaccessible to the degradation machinery. The 

recovery rate was similar in both WT and ‘ΔQ’ NNP, and slightly faster in the NNP mutant. This 

may suggest the mutations do not perturb the movement of SGTA into these inclusions, however 

the limited recovery suggests SGTA does not freely transfer between the cytosol and inclusions 

once localised there.  Whilst insightful, this FRAP approach could be improved in various ways. 

Primarily including a fluorescent OP91 or similar MLP would allow better understanding of how 

clients are sorted and contained within these inclusions. Similarly, modification of the technique 

using a photoconvertible label such as Dendra2 would allow conversion of the material within 

the inclusion to red fluorescence, and thus allow monitoring of exchange between the inclusion 

and surrounding cytosol (Kaganovich et al., 2008). A final approach would be to assess the fitting 

of the FRAP curves generated experimentally against models generated by molecular modelling 

simulations. The degree of fit between the experimental data and the idealised models of 

different binding and diffusion modalities, would allow some interpretation of how SGTA 

molecules are moving within the region of interest (Sprague and McNally, 2005).  

Also, worth noting  from the FRAP experiments, is the observation that SGTA-GFP stabilised OP91 

to a greater extent than V5-SGTA (Figure 4.15), possibly suggesting that the GFP tag might 

perturb the function of the SGTA C-terminus, in a manner that mimic the C-terminal mutants. An 

interesting hypothesis is that GFP might interfere or inhibit the dimerisation of the C-terminus 

which was recently reported (Martínez-Lumbreras et al., 2018).  If this hypothesis is correct, these 

GFP constructs might represent key mutants which may help in the functional dissection of the 

SGTA C-terminus.  In future it would be a good idea to compare tagging both N- and C- termini of 

SGTA and also explore the use of various fluorophores to ensure function is not affected.  

SGTA is known to have a role in ERAD (Payapilly and High, 2014), use of OpD, (an ERAD substrate) 

showed a different pattern of stabilisation across the mutants (Figure 4.16), suggesting some 

client specificity. All mutants showed an increase in stabilisation, suggesting that it may be caused 

by a different mechanism to OP91. This should be considered in the context of the ERAD pathway, 

where retro-translocation from the ER must first occur for SGTA to receive the client. 

Concurrently during retro-translocation the client protein (OpD) is also ubiquitinated, adding 

weight to the hypothesis that deubiquitination is the root cause of SGTA’s stabilising effect. 
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Similarly, punctate inclusions do not form in the TPR mutant, (probably due to the loss of Hsp70 

interaction required for retro-translocation) and only small ones are seen in the UBL, NNP, and 

‘ΔQ’ NNP (Figure 4.17). These differences suggest SGTA is able to recognise more than just TA 

substrates and may have client specific effects. Further investigations using a range of client 

proteins, particularly those relevant in disease would help shed light on both SGTA’s role in QC 

triage and its possible implications in disease states. 

Knockdown of SGTA  by siRNA interference would allow confirmation of its stabilising effects, 

however knockdown of SGTA whilst reducing OP91 levels (Figure 4.18 A) also resulted in a 

reduction in total protein (Figure 4.18 B), this is probably due to its role in regulating cell cycle 

and proliferation (Zhu et al., 2014), thus knockdown impedes these processes, resulting in lower 

cell numbers and therefore less protein. This makes accurate comparisons difficult, therefore, to 

overcome this the newly developed Trim-Away method (Clift et al., 2017) was attempted.  

Trim-Away has the advantage that it should only result in cytosolic depletion of SGTA and 

therefore not affect proliferation and affect protein levels.  Such a method will enable 

compartment-specific roles of SGTA in QC to be studied. To utilise this method, it was first 

optimised according to the published methodology utilising electroporation.  Using this method, 

it was not possible to optimise the delivery of GFP to the OP91 stable cell line, this led to death 

of the cells, under all conditions tested. 

This necessitated the development of a method which improves the workflow and also overcome 

the drawbacks of electroporation method noted here. A modified TRIM21 was designed which 

makes use of cell penetrating peptide tag (CPP) engineered onto TRIM21 to allow cell entry 

without the need for electroporation. CPP-tagged proteins have been used to deliver an array of 

proteins to cells, including large proteins such as IgG (Essafi et al., 2011; Caron et al., 2001; Gaston 

et al., 2019). 

A TAT and R8 tagged version of TRIM21 were successfully cloned (Figure 4.22), expressed (Figure 

4.23) and assessed for functionality (Figures 3.24 and 3.25). It appeared that the CPP-tagged 

constructs were able to still bind antibodies (Figure 4.24) as evidenced by the presence of the 

light and heavy chains. Further evidence for this is present in Figure 25 as the TAT/R8-TRIM21 AF 
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568 complex is visible and appears to internalise into cells to some extent. The amount of 

internalised TRIM21 antibody complex was much less than for electroporation (Figure 4.21), this 

may be improved by further optimisation of concentrations used, and possible addition of HEPES 

(Chen et al., 2019). Also starting with a larger amount of very pure protein might help in complex 

formation. Here the protein used was not very pure as there were several challenges 

encountered in purifying these fusions. The decision to take this forward was made in order to 

see if there was merit in further optimising this technique. Improvements in purification may be 

made through use of Fc beads in order to capture TRIM21 through its intrinsic activity or via an 

aptamer against the CPP tag such as the Argi system (Bartnicki et al., 2017).  Another option 

which started to be explored was the development of a plasmid-based TRIM21 system for 

expression in the mammalian cells. This would enable expression of TRIM21, without the need 

for purification steps which might negatively affect the function of TRIM21.This TRIM-Away 

method shows initial promise; however, it requires more optimisation to be a useful routine 

technique. The advantages of this method for studying protein quality control once fully 

optimised are rapid degradation of the target protein, allowing study of depletion effects without 

compensation from expression changes and redundancy in pathways. Compartment specific 

knockdown of cytosolic proteins, allowing the study of only the cytosolic role without 

interference form nuclear or ER associated roles and the ability to utilise rapid degradation during 

live cell microscopy approaches, thus being able to track the disruption of process and inclusion 

formation over time and possibly the restoration of these by subsequent introduction of 

expression from inducible expression systems such as T-REx. Trim-Away therefore presents an 

incredibly useful and versatile technique and has been shown to be effective in several reports 

(Zielinska et al., 2019; Mehlmann et al., 2019; Chen et al., 2019). However, it has been used on 

single cells by microinjection ensuring high delivery of the TRIM21 antibody complex. It often has 

been targeted to low copy, long lived proteins which are difficult to knockdown by siRNA 

interference. Along with the work in this study it therefore appears that considerable 

optimisation and modifications may need to be considered to increase its utility for working on 

whole cell populations and for targeting more abundant proteins. 
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5.1. Broader Implications of this study and future work 
This study has allowed for a broader understanding of SGTA’s function in protein QC and how it 

may act to regulate the switch between efficient degradation, sequestration or export of 

aberrant proteins.   Key findings relating to stabilisation of OP91 in the mutants, formation of 

inclusions and SGTA seeding will be discussed below in more detail. 

5.1.1 Mutant stabilisation and the role of DUBs  
This study found that the mutations in the C-terminus of SGTA led to stabilisation of OP91, but 

without an increase in the amount of SGTA associated with OP91. This might be rationalised in a 

number of ways which are all linked to a change in either the mobility or action of SGTA.  One 

possible explanation is that there might be an increase in the mobility and delivery of OP91 to 

BAG6 (as a large hexameric holdase BAG6 may recruit many clients) (Wang, et al., 20011) 

resulting in more OP91 in the SGTA-BAG6 complex. Another possible explanation is that there 

might be a change in the resident time of OP91 on SGTA, possibly due to a tighter binding of the 

substrate.  Therefore, it is important to study how SGTA bind clients. Without a structure of the 

C-terminus these mutants might be useful in determining the stoichiometry of binding of SGTA 

to its substrates. A combined approach using cyro-EM, SPR, in vitro binding, gel filtration, partial 

proteolysis, single molecule fluorescence and molecular dynamic simulation, might be useful in 

shedding light on this binding relationship.  

If, as suggested above, OP91 spends more time bound to SGTA due to a kinetic delay in passing 

the substrate to downstream factors (the proteasome for example), this might promote 

deubiquitination; once OP91 is ubiquitinated by RNF126, a longer resident time on SGTA, might 

give the associated DUBs more time to act on the substrate and deubiquitinate it. This is 

consistent with the observation that there is a delay in degradation of OP91 in the mutants and 

an accumulation of non- ubiquitinated OP91. USP14 was found to be important in this 

stabilisation of OP91 in the C-terminal mutants but not in the WT.  The observations here are 

consistent with what was reported for the effect of USP14 on the flexible, 88-residue N-terminal 

element of cyclin B1 (NCB1) which is enriched with nine lysine residues, all available for 

ubiquitination (B. H. Lee et al., 2016). Deubiquitinated NCB1 species accumulated in the presence 

of USP14, but NCB1 was rapidly degraded by proteasomes in the absence of USP14 (Lee et al., 
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2016).  Use of single-molecule (SM) TIRF microscopy method to capture deubiquitination events 

mediated by USP14 will be a useful technique in dissecting how USP14 regulates the degradation 

of OP91 (Lu et al., 2015). Modulation of the DUBs and studying the degradation of OP91 in real 

time will enable a clearer understanding of the role of the DUBs in regulating the quality control 

of MLPs and aggregated proteins in general. 

5.1.2. SGTA and spatial quality control 
Another important observation worth discussing further is the formation of SGTA-induced 

cytosolic inclusions. The accumulation of these inclusions did not cause any noticeable growth 

defects, suggesting these inclusions may be cytoprotective. Therefore, these inclusions probably 

represent spatial quality control sites. In Saccharomyces cerevisiae, two distinct compartments 

for accumulating misfolded proteins have been reported (Kaganovich et al., 2008). Upon 

proteasomal inhibition protein aggregates sort into the juxtanuclear quality control 

compartment (JUNQ) which is a reversible sequestration site for soluble highly mobile, 

ubiquitinated substrates or the insoluble protein deposit which harbours terminally aggregated 

immobile proteins (IPOD). Similarly, in mammalian cells, misfolded proteins are actively 

sequestered into aggresomes or aggresome-like structures (ALIS), as a cytoprotective mechanism 

(Kaganovich et al., 2008) when the capacity of the degradation machinery is overwhelmed. 

However, the cellular machinery that mediates the sorting and sequestration of misfolded 

proteins into these compartments remains largely unknown. Increasing levels of exogenous SGTA 

led to an increase in the steady-state levels of OP91 and accumulation in cytosolic inclusions. 

These SGTA-dependent inclusions were found to contain endogenous BAG6, Hsp70, ubiquitin, 

proteasomes and stained positive for aggregates using the ProteoStat® dye, suggesting that these 

structures are aggresomes or ALIS (Wunderley et al., 2014). The effects of SGTA in promoting 

aggregation are reminiscent of Hsp42, an aggregase which promotes sequestration of 

aggregation-prone proteins, via its prion like domain (Specht et al., 2011; Miller et al., 2015; 

Grousl et al., 2018).  Using PLAAC, an algorithm which predicts prion like domains (Lancaster et 

al., 2014) this study found that the C-terminus of SGTA is predicted to have prion like properties.  

This has led to the proposal that SGTA is a chaperone that recognises and promotes the 

sequestration of a range of aggregation-prone proteins, as a mechanism of spatial quality control. 
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Such a hypothesis has not yet been explored as up to now SGTA-induced aggregation has largely 

been viewed negatively.  

Using microscopy at different time points, hexanediol and FRAP, it was also observed that the 

inclusions are dynamic and tend to coalesce over time. Protein coalescence into a single deposit 

is known to be a mechanism by which misfolded proteins accumulate into aggresomes in 

mammalian cells. Proteins reported to accumulate into aggresomes include, huntingtin, α-

synuclein, Cystic Fibrosis Transmembrane Conductance Regulator (CFTR) and ataxin-3 

(Saarikangas and Caudron, 2017).  However, the SGTA mutants used in this study showed a delay 

in forming the aggresomes and had more dispersed smaller inclusions, thus raising several 

questions about the formation of the inclusions. A recent study looking at the formation of 

inclusion bodies using mutant huntingtin, mHtt(72Q)-GFP as substrate found that cells typically 

form one large ovoid inclusion body, but in some cases, cells contained only visible small 

cytoplasmic particles while other cells contained both small particles and large inclusions (Aktar 

et al., 2019). This is similar to what was observed in this study using the ‘ΔQ’ NNP mutant where 

mostly peripheral inclusions were observed. One possible explanation for the apparent decline 

in number of large inclusion bodies with increase in small particles is that these small particles 

are normally removed from the cytoplasm through integration into an inclusion body. For 

mHtt(72Q)-GFP, time-lapsed microscopy showed that both the inclusion body and the small 

particles are highly dynamic: moving, and frequently changing direction. In addition, the small 

particles were shown to add to the inclusion body by using a collision and coalescence 

mechanism; it was suggested that the inclusion body picks up aggregated protein through 

random collision as both the inclusion bodies and the particles of aggregated protein diffuse 

through the cytosol (Aktar et al., 2019).  In this current study, autophagy seemed to have no 

effect on OP91, suggesting the SGTA induced inclusions are not phagocytosed and or degraded 

by autophagy. Upon stopping the induction of OP91, the aggregates are eventually cleared. These 

observations are consistent with the idea that the inclusions are cytoprotective non–membrane-

bound, phase-separated compartments from which OP91 is continuously being removed. 

Characterising the components in inclusions will resolve if ATG8 (a key autophagy marker, among 

other factors) is present in the inclusions induced in SGTA mutants. Further studies will 
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investigate whether OP91 is degraded within the inclusion or outside it. The SGTA generated in 

this study are therefore valuable tools for studying the fate of aggregation prone proteins 

deposited in inclusions as a first step in elucidating the role of SGTA in spatial quality control. 

In mammalian cells, the aggregated proteins are specifically delivered to inclusion bodies/ 

aggresomes by dynein-dependent retrograde transport on microtubules (Egan et al., 2015). The 

formation of these aggresomes is governed by liquid–liquid phase separation (LLPS) processes 

and is tightly regulated to prevent pathogenic aggregation. A detailed study of how stress 

granules (SG) form is providing a potential paradigm for understanding how microtubules 

regulate aggresome formation. SG are phase separated compartments formed by active 

transport by the retrograde dynein motor which promote SG assembly. The antagonistic action 

of the anterograde motor kinesin mediates SG dissolution; hence a tug of war between these two 

motors determine SG formation.  An increased efficiency in dynein motor action or cargo would 

favour SG formation (Perez-Pepe et al., 2018). If this process is similar to how aggresomes form, 

then it is possible to promote aggregate formation or dispersion by targeting these transport 

processes. SGTA is known to interact with the tumour suppressor REIC/Dkk-3 in dynein mediated 

androgen receptor transport, therefore, one would speculate that the interaction of SGTA with 

the REIC/Dkk-3 and Tctex-1 dynein light chain complex (Ochiai et al., 2016) might be altered in 

the mutants.   

5.1.3. Seeding of SGTA 
The findings of SGTA seeding warrants much further investigation as this may present a possible 

mechanism for transmission of aggregates between cells. Understanding whether SGTA is able 

to transport aberrant proteins as was observed for the ‘ΔQ’ NNP and if it still functions to stabilise 

MLPs in receiving cells is a crucial next step. More importantly if this could be verified in vivo, 

inhibition of this process may present a possible therapy to impede the spread of aggregates in 

disease.  In this study uptake of OP91 was only seen in ‘∆Q’ NNP mutant, maybe due to rapid 

turnover of OP91 in receiving cells.  Removing the predicted PrD domain abolished the seeding 

effect of SGTA, suggesting a key role of the disordered region in promoting seeding. Future work 

should focus on elucidating the mechanisms that promote the spreading of SGTA from cell to 

cell. Potential seeding mechanisms include exosomes, endocytosis and use of transporters. 
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As an important step towards characterising this observed seeding further, it will be necessary 

to investigate seeding using a stable cell line expressing SGTA at physiological levels to further 

rule out any possible side effects of transient expression. 

5.1.4. Model of SGTA action 
This study has allowed for a broader understanding of SGTA’s function in protein QC and how it 

may act to regulate the switch between efficient degradation, sequestration or export of 

aberrant proteins (Figure 5.1.) 

 

Figure 5.1. Proposed model of the SGTA quality control cycle. 

SGTA is known to recognise exposed hydrophobicity in MLP and recruit them to a BAG6 complex (1). 

The complex consists of SGTA, BAG6, UBL4A, RNF126 and a putative DUB yet to be identified. The 

MLP recruited to this complex undergoes a triage reaction whereby RNF126 ubiquitinates it (2). This 

reaction continues resulting in the MLP being poly-ubiquitinated (3), at this point it may be targeted 

for proteasomal degradation (4).  If the MLP is not degraded SGTA alongside a DUB may act to 

deubiquitinate the client (5), the deubiquitinated MLP may then enter several pathways (6). Either 
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membrane insertion by TRC40 (7), or speculatively it may be sequestered into an inclusion (8) or 

exported out of the cell (9). Clients that are not efficiently triaged may be retained in the cycle until 

they are targeted to an exit pathway.  

The results from this study have added an extra layer to the model of SGTA function, by 

considering its role is sequestration of MLPs (Figure 5.1, 8) and their possible export out of the 

cell (Figure 5.1, 9). Future work will focus on these to find out how they fit into the wider roles of 

SGTA in quality control. 

5.2. Biological Relevance 

The SGTA mutants generated in this study, though not naturally occurring have enabled the first 

steps towards a mechanistic understanding of the function of SGTA in protein quality control. 

Overexpression of SGTA was used to study the function the effects of SGTA and the mutants. The 

effects of overexpression might be mimicked by changes in the level of SGTA, for example under 

stress conditions.  Changes in SGTA levels are not without precedence in disease cases. For 

example, it was found that SGTA was among 69 sub-expressed proteins in the cortex of brain 

from patients diagnosed with Alzheimer's disease, using a bottom-up proteomics approach 

(Minjarez et al., 2016). Moreover, Sgt2 levels were increased in response to the presence of the 

prion protein, Sup35, suggesting that Sgt2 (and SGTA) might regulate prion propagation (Kiktev 

et al., 2012) and possibly serve as a more sensitive detector of amyloid presence as changes in 

expression of these protein in response to prion(s) occurred without induction of HSPs.  

Recently, more evidence linking SGTA with neurodegenerative diseases is emerging. SGTA and 

its yeast homolog, Sgt2, were recruited into polyglutamine aggregates characteristic of 

Huntington’s disease (Wang et al., 2007; Wear et al., 2015). In addition, SGTA, together with 

ATN1, CRKL and TLE3 were found to be co-expressed with the disease marker Granulin (GRN), in 

frontal and temporal cortex. SGTA also interacts with both tau and GRN proteins, thus pointing 

towards a key role of SGTA in neurodegeneration. It was proposed SGTA and other interacting 

partners could serve as novel risk factors for frontotemporal dementia (Ferrari et al., 2016).  

Inhibition of chaperones such as Hsp90 (and Hsp70) has been targeted as a therapeutic approach 

for the degradation of aggregated client proteins in vivo (Dickey et al., 2007). Inhibition of Hsp90, 



Functional characterisation of the role of the Small Glutamine Rich Tetratricopeptide Repeat Containing Protein Alpha (SGTA) in protein quality 
control – 5. Discussion 

85 
 

causes rapid degradation of tau (Dickey et al., 2007). However, these inhibitors are non-selective 

and highly toxic (Renouf et al., 2016). Both Hsp70 and Hsp90, engage a diverse array of 

cochaperones, which enable selectivity in recognition of client proteins. Hence, a more promising 

approach currently being explored is to target the regulation of co-chaperones levels to enable 

selective degradation of aggregates.  Altering the levels of SGTA was shown to receptor levels on 

the cell surface, and consequently neurite growth, development (Vuong et al., 2019) and 

apoptosis (Chen et al., 2014), which can alter the fate of aggregation prone proteins and 

potentially contribute to disease onset or severity (Shelton et al., 2017).  Once the role of SGTA 

in protein quality control is clearly understood, it might be possible to develop a more successful 

treatment strategy aimed toward regulating SGTA levels as a more selective approach for both 

Hsp90 and Hsp70 modulation. Another option will be to target those DUBs which show clear 

effects on SGTA clients in disease cases. Once their action has been clarified, modulation of the 

SGTA-associated DUBs offers another avenue to develop therapy. DUBs are attractive targets for 

small-molecule drug discovery, as they contain a well-defined active site, and a catalytic cysteine 

to target (Harrigan et al., 2018). 

5.3. Conclusions 

This study has generated mutants which enabled the dissection of the C-terminus of SGTA in 

protein quality control. It was found that C-terminal mutants promote stabilisation and 

accumulation of an MLP in highly dynamic inclusions. There was a marked delay in degradation 

of OP91 and this was accompanied by reduced ubiquitination, which may be mediated by USP14. 

Future work should focus on further characterisation of these inclusions and studying the 

interplay between ubiquitination and inclusion formation via modulation of SGTA associated 

DUBs and studying changes in the fate of substrates.  In addition, these mutants should be used 

to study effects of SGTA using substrates implicated in neurodegeneration (some of which have 

been discussed in this work) and islet amyloid precursor protein which aggregates in type II 

diabetes (Mukherjee et al., 2015). Also, SGTA was shown to spread from cell to cell, although the 

mechanism of the spread is poorly understood and will need to be thoroughly investigated. 

Finally, a TRIM-Away methodology was attempted, although this approach did not lead to 

depletion of proteins, a key step towards development of this methodology has been achieved. 
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Future work should focus on utilising and optimisation of the two strategies of Trim-Away 

developed and attempted in this study. Overall, this study has produced mutants which will 

enable detailed functional dissection of SGTA to be carried out in the future. 
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Supplementary Figure S1. ‘ΔQ’ NNP mutation was confirmed by sequencing 

Plasmids were sequenced using BGH reverse primer downstream of the SGTA stop codon. 

Alignment shows introduction of mutations into the protein sequence. Chromatogram shows 

corresponding changes in DNA sequence. 
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Supplementary Figure S2. N-Term Opsin antibodies are specific for OP91 

HeLa Flp-In T-REx OP91/+Tet cells were transfected with WT SGTA and OP91 

expression was induced for 24 hours by addition of tetracycline as indicated, before 

harvesting the samples in RIPA buffer for analysis. A small amount of OP91 was 

present in the uninduced lanes (1 and 3) due to leaky expression. 

Immunoprecipitation with N-Term Opsin antibodies was specific for OP91 as SGTA 

did not IP in the absence of OP91 (3). 
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Supplementary Figure S3. SGTA1-214 is expressed stably in Hela Flp-in T-REx 

OP91/+Tet cells 

HeLa Flp-In T-REx OP91/+Tet cells were transfected with empty plasmid, WT SGTA 

or SGTA 1-214 and OP91 expression was induced for 24 hours by addition of 

tetracycline before harvesting the samples in RIPA buffer for analysis. A small amount 

of OP91 was detected in the control, however both WT SGTA and SGTA 1-214 were 

found to stabilise OP91. 
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Supplementary Figure S4. SGTA and OP91 expression do not affect viability 

HeLa Flp-In T-REx OP91/+Tet cells were transfected with WT SGTA or mutant SGTA and 

OP91 was induced for 24 or 48 hours as indicated. Viability was assessed using MTT assay. Little 

difference was found with the induction of OP91 at 24 or 48 hours. 
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Supplementary Figure S5. SGTA transfer is not an artefact of transfection  

HeLa Flp-In T-REx  OP91/+Tet cells were transfected with WT SGTA and OP91 was induced for 

24 hours, Control cells were not transfected or induced. Media was taken from HeLa T-REx cells 

and either left untreated (WT and Control media), treated with benzonase or passed through a 0.2 

µm filter before being added to HeLa M cells. The HeLa M cells were incubated for 24 hours with 

the media and subsequently examined using confocal immunofluorescence microscopy. Cells 

incubated with WT media were found to contain SGTA whereas those incubated with control 

media did not. Treatment with benzonase or filtration did not affect the transfer and uptake of 

SGTA.  
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Supplementary Figure S6. R8-TRIM21 construct was verified by sequencing. 

The sequence of the R8-TRIM21 insert was confirmed by sanger sequencing of plasmids. The 6x 

His tag and R8 tag are indicated. 
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Supplementary Figure S7. TAT-TRIM21 construct was verified by sequencing 

The sequence of the TAT-TRIM21 insert was confirmed by sanger sequencing of plasmids. The 

6x His tag and TAT tag are indicated. 

 


