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Abstract 

Skeletal muscle is a dynamic tissue responsible for maintaining healthy functioning of the 

human body. Failure in maintaining skeletal muscle health can cause deleterious effects 

such as metabolic diseases. Ubiquitylation is a post-translational modification known to 

regulate most biological processes in eukaryotic cells through both degradative and non-

degradative mechanisms. Evidence suggests that ubiquitylation plays a fundamental role 

in protein degradation, controlling protein quality control in skeletal muscle. However, 

ubiquitylation currently remains a poorly established process with respect to its complexity. 

Exercise is a well-established physiological stimulus for improving skeletal muscle health 

and preventing, attenuating or offsetting impaired skeletal muscle function. Therefore, 

understanding how ubiquitylation is mediated by exercise will help to identify novel 

therapeutic strategies to improve skeletal muscle health. In this thesis, I will review some 

existing knowledge on exercise-mediated ubiquitylation in skeletal muscle. Previous work 

has indicated that exercise can promote protein degradation. As a result, the majority of 

research investigating exercise-mediated ubiquitylation has focused on ubiquitin-mediated 

protein degradation. These studies have commonly utilised targeted approaches by 

investigating individual proteins. Recent efforts have harnessed mass spectrometry-based 

proteomics for studying exercise-mediated ubiquitylation in skeletal muscle, providing an 

unbiased and more comprehensive investigation of this post-translational modification. 

However, the current proteomic methods to detect protein ubiquitylation in primary tissue 

sample, such as skeletal muscle, lacks sensitivity and so requires further improvements. 

Therefore, we will finally suggest improved methods for analysing exercise-mediated 

ubiquitylation in whole skeletal muscle proteome alongside providing some of the ongoing 

research I have conducted to validate their effectiveness.  
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1. Introduction 
 

1.1 Importance of skeletal muscle 
 

Skeletal muscle is an integral tissue within the human body and plays a crucial role not 

only in locomotion but also in metabolism. Skeletal muscle compromises ~40% of our body 

weight and is capable of generating force for movement, posture and breathing. Due to its 

large mass and high demands, skeletal muscle is also essential for energy metabolism 

through utilising, storing and supplying key nutrient substrates such a glucose and amino 

acids. Importantly, skeletal muscle is a dynamic tissue that undergoes constant 

remodelling in response to its demands. This plasticity enables skeletal muscle to adapt to 

various internal and external stimuli such as nutrient availability and exercise to cope or 

excel in a challenging environment. Due to the critical role of skeletal muscle for whole 

body functioning, it is not surprising that failure to maintain this tissue results in deleterious 

consequences. When skeletal muscle mass declines (sarcopenia) and its metabolic 

functions are impaired, this can result in diseases such as type 2 diabetes and heart 

diseases (Srikanthan and Karlamangla, 2011; Hong et al., 2017; Xia et al., 2020). Loss of 

skeletal muscle mass is associated with the reduction of longevity in individuals 

(Srikanthan and Karlamangla, 2014), which is also the case in diseased states such as 

cancer (Caan et al., 2018). Not only does impaired skeletal muscle negatively impact an 

individual’s quality of life, but also has economic burdens to healthcare systems with 

muscle wasting resulting in over £2.5 billion UK healthcare costs annually (Pinedo-

Villanueva et al., 2019). Altogether, this demonstrates the importance of this tissue 

throughout our lifespan, therefore maintaining healthy skeletal muscle is vita
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1.2 Role of post-translational modifications 
 

In order to maintain healthy skeletal muscle, post-translational modifications (PTMs) are 

an essential biological process. Their role is to modify intracellular proteins after they have 

been synthesised in order to alter their activity, location, interactions and abundance in the 

cell. As a result, PTMs regulate protein function and influence the majority of cellular 

processes, including cell cycle control (Cuijpers and Vertegaal, 2018), apoptosis 

(Zamaraev et al., 2017) and cell signalling (Deribe, Pawson and Dikic, 2010). PTMs are 

essential in all cells and tissues, providing them with an expansive and complex array of 

protein species (proteome) essential for tight regulation of cellular processes (Virág et al., 

2020). Within skeletal muscle, PTMs are known to regulate key processes such as muscle 

growth, through modifying signalling pathways required for muscle protein synthesis (von 

Walden et al., 2016) and muscle fibre development (Maggs et al., 2000). Moreover, 

aberrant PTMs can hinder skeletal muscle function, for instance age-related impaired 

motor function (Li et al., 2015) and sarcopenic phenotype (Wei et al., 2018). This illustrates 

the regulatory role of PTMs and the downstream implications this has in skeletal muscle, 

crucial for healthy functioning.   

Proteins can be modified by a complex array of PTMs, each of which contribute towards 

the expansion of the proteome. Analysis of PTMs has identified over 200 different types 

(de Hoog and Mann, 2004), with certain ones being more commonly researched such as 

phosphorylation, ubiquitylation, methylation, acetylation, hydroxylation, carbonylation and 

glycosylation. These modifications each have their own roles (Hu, Guo and Li, 2006; Karve 

and Cheema, 2011), however proteins can also be modified simultaneously by a 
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combination of different PTMs via crosstalk (Venne, Kollipara and Zahedi, 2014). In 

addition, proteins can be separately modified by various PTMs, owing to the reversible 

nature of certain PTMs such as phosphorylation and ubiquitylation (Prabakaran et al., 

2012). As a result of the complexity involved with PTMs, much remains to be understood 

with regard to their physiological relevance. Together, with the importance of PTM in 

skeletal muscle it is crucial that we expand our knowledge of PTMs, especially those that 

are ill-defined.  

1.3 Ubiquitylation  

1.3.1 Importance of ubiquitylation  
 

Ubiquitylation is less well defined than many other PTMs yet is recognised as an essential 

process within eukaryotic cells. This limited understanding is largely attributed to the 

versatile effects this PTM can exert on proteins, arising from its ability to create functionally 

distinct modifications on proteins, signalling for different biological processes within the 

cell. Accordingly, deciphering protein ubiquitylation has been a challenging task. 

Nevertheless, as a result of its versatility, ubiquitylation impacts most biological processes, 

including DNA regulation (Ghosh and Saha, 2012), cell cycle control (Skaar and Pagano, 

2009; Emanuele and Enrico, 2019) and protein turnover (Hershko and Ciechanover, 

1998). The latter is where ubiquitylation has been most famously recognised, illustrated by 

a Nobel prize award in 2004 (Lecker, Goldberg and Mitch, 2006) for discovering the role of 

ubiquitylation in degrading cellular proteins (Ciechanover, Hod and Hershko, 1978; 

Hershko et al., 1980; Hershko, Ciechanover and Rose, 1981). As a result of its widespread 

contribution in regulating an array of biological processes, it is not surprising that 

dysfunctional ubiquitylation is deleterious. Within humans, dysfunctional ubiquitylation 

leads to multiple diseases such as cancer, neurodegeneration and muscular disorders 
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(Kitada et al., 1998; Sandri et al., 2013; Rape, 2017). This demonstrates that ubiquitylation 

is a key determinant of healthy cell functioning, therefore investigating this PTM is 

important.    

1.3.2 Protein ubiquitylation process 
 

Ubiquitylation is a complex process that modifies proteins through covalent binding of a 

ubiquitin molecule (molecular weight of ~8.6 kDa). This system involves a ubiquitin 

activating (E1), conjugating (E2) and ligating (E3) enzyme that work in tandem to regulate 

this process. In the human genome, there are 2 E1s, over 38 E2s and more than 600 E3s 

(Ye and Rape, 2009). E1 enzymes use adenosine triphosphate (ATP) to activate ubiquitin, 

initiating the downstream pathway that proceeds. E2 enzymes interact with the ubiquitin 

bound to E1 and then with a specific E3 enzyme allowing the transfer of ubiquitin. E3 

enzymes (hereafter referred to as E3 ligases) bring the substrate and ubiquitin together 

enabling protein ubiquitylation to occur (Fig.1). Ubiquitin commonly tags its substrate via 

isopeptide bond formation in which the C-terminal carboxylate group of ubiquitin is bound 

to the lysine residue of its substrate. Ubiquitin tagging can occur in a variety of ways from 

a single ubiquitin molecule (monoubiquitylation), multiple single ubiquitin molecules 

(multiubiquitylation) or branches of ubiquitin molecules (polyubiquitylation) which result in 

varying chain types and lengths (Swatek and Komander, 2016). During ubiquitin chain 

formation, the C-terminus of ubiquitin forms covalent bonds with another ubiquitin 

molecule through either of its seven lysine residues (isopeptide) or N-terminus methionine 

(peptide). Therefore, polyubiquitylation is capable of forming eight diverse polyubiquitin 

chain types (K6, K11, K27, K29, K33, K48, K63 and M1). The binding of ubiquitin is a 

dynamic and transient process as the process of ubiquitylation can be reversed 

deubiquitylating enzymes (DUBs). DUBs cleave ubiquitin modifications from substrates or 
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even between ubiquitin molecules (Mevissen and Komander, 2017). Together, this 

illustrates the complexity of protein ubiquitylation and the numerous enzymes involved in 

this process.  

 

1.3.3 Fate of protein ubiquitylation  

1.3.3.1 Ubiquitin code  
 

Once a protein has been ubiquitylated, there are various cellular processes that this 

modification can signal for. This is because the different types of protein ubiquitylation 

signal for alternative biological outcomes (Akutsu, Dikic and Bremm, 2016; Swatek and 

Figure 1: Schematic representation of protein ubiquitylation. Step 1: E1 
forms a thioester bond with free ubiquitin using ATP. Step 2: The E1-bound 
ubiquitin is transferred over to an E2, which also interact using a thioester bond. 
Step 3: The E2-bound ubiquitin cooperates with an E3 in order to form covalent-
bound ubiquitin on the target substrate.  
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Komander, 2016). As a result, ubiquitylation functions on a coded system that informs the 

cell what appropriate action needs to be taken. Consequently, ubiquitylation must be 

tightly regulated to ensure the correct response is carried out. Importantly, the structural 

diversity of ubiquitin chains allows ubiquitin binding domains - which recognise and bind to 

ubiquitin, to distinguish them from one another (Sadowski et al., 2012). The most 

extensively researched ubiquitin chain types are K48 and K63 ubiquitin chains, well 

characterised in degradative and non-degradative roles respectively (Komander and Rape, 

2012; Swatek and Komander, 2016). Due to methodological limitations, current analysis of 

the other ‘atypical’ ubiquitin chain types is lacking. Recently, research has begun to 

decipher the complexity of the ubiquitin code through utilising more advanced approaches 

such as genetic analysis and proteomics, uncovering roles of certain atypical chain types 

(Huang and Zhang, 2020), for instance K11 chains have since been associated with cell 

cycle control (Gutierrez et al., 2018). Together, our understanding of protein ubiquitylation 

is continually expanding, providing us with a better idea of the ubiquitin code.  

1.3.3.2 Key Ubiquitin enzymes 
 

The fate of protein ubiquitylation is dependent on the specific ubiquitin enzymes 

harnessed. There are 3 sub-types of E3 ligase that are characterised by their domains: 

Really Interesting New Gene (RING), Homologous to E6AP C-terminus (HECT) and 

RING-in-between RING (RBR) (Morreale et al., 2016). Importantly, RING domains - which 

form the vast majority of E3 ligases, act as a scaffold protein bringing the ubiquitin bound 

E2 and substrate together to allow protein ubiquitylation and therefore have no catalytic 

activity (Metzger et al., 2014). Therefore, in this case E2 enzymes transfer the ubiquitin 

over to the substrate and subsequently determine the ubiquitin linkage type and thus the 

fate of protein ubiquitylation (van Wijk and Timmers, 2010). This concept has been 
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supported by studies demonstrating chain type variability depending on the E2 bound to 

the RING domain (Christensen, Brzovic and Klevit, 2007) and chain type specificity when 

utilising the same E2 (Petroski and Deshaies, 2005). Alternatively, if the E3 ligase 

harnessed is a HECT or RBR type, the transfer of ubiquitin onto the substrate is performed 

by these enzymes so they determine the fate of protein ubiquitylation. Nevertheless, 

regardless of the sub-type, E3 ligases select the substrate to be ubiquitylated, for instance 

E3 ligases target certain substrates for protein degradation (Hershko et al., 1986). 

Therefore, although they may not always determine the fate of protein ubiquitylation, E3 

ligases always determine which protein is being ubiquitylated despite the fact that less 

than 10% of all known E3 ligases have recognised substrates (Dikic et al., 2014). 

1.3.3.3 Ubiquitin-Proteasome System 
 

The most extensively researched outcome of ubiquitylation is protein degradation via the 

ubiquitin proteasome system (UPS). The UPS degrades ubiquitylated proteins in a highly 

targeted fashion, utilising an array of subunits that work in tandem to allow this complex 

ubiquitin-regulated machinery to function. This degradation mechanism consists of a 19S 

cap, consisting of a base and a lid, and 20S core (Fig.2), each with distinct roles. The 19S 

cap contains three major ubiquitin binding subunits in the base subcomplex: Rpn10 (S5), 

Rpn13 and Rpn1, crucial for the recognition of ubiquitylated proteins tagged for 

degradation (Deveraux et al., 1994; Husnjak et al., 2008; Shi et al., 2016). Recently these 

subunits have emerged as being a versatile binding platform with specific roles for certain 

ubiquitin chains (Martinez-Fonts et al., 2020). Once these 19S subunits bind to ubiquitin, 

the tagged protein must then be unfolded in an ATP-dependent manner before being 

degraded in the 20S core (Weber-Ban et al., 1999; Collins and Goldberg, 2017). It is the 

role of the 19S base subcomplex to unfold proteins through its ATPase subunits (Rpt1-6), 
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which require ATP hydrolysis (Liu et al., 2006). Importantly, ubiquitin is not degraded, but 

rather recycled through three DUBs: Rpn11, Usp14 and Uch37, which remove 

polyubiquitin chains from the substrate (Reyes-Turcu, Ventii and Wilkinson, 2009). Rpn11 

DUB is located in the 19S lid and is the most highly conserved subunit in this subcomplex 

(Yao and Cohen, 2002). Interestingly, this deubiquitylating process appears to directly 

regulate substrate translocation into the 20S core for degradation (Zhu et al., 2005). The 

20S core is the central catalytic part of the UPS which contains alpha and beta (β) 

subunits. The catalytic activity comes from three beta-subunits: β1, β2 and β5 which 

cleave peptide bonds, causing the protein to be degraded (Fig.2) (Tanaka, 2009). 

Although β1, β2 and β5 subunits confer the same capabilities, they have distinct 

mechanisms for degrading proteins which are peptidyl-glutamyl peptide-hydrolysing 

(PGPH), trypsin-like and chymotrypsin-like activity, respectively (Heinemeyer et al., 1997). 

The distinct β1, β2 and β5 subunits cleave peptide bonds at specific C-terminal amino 

acids, namely acidic, basic and hydrophobic residues, respectively (Nussbaum et al., 

1998; Tanaka, 2009). In summary, the UPS is composed of two main cores which contain 

multiple subunits with specific roles, all contributing towards the degradation of 

ubiquitylated proteins.  
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The UPS is a quality control mechanism crucial for to maintaining a healthy cell 

environment. Proteins are inherently unstable in comparison to other molecules such as 

DNA and thus require favourable conditions in order to sustain their structure. The lifespan 

of cellular proteins can vary; thus, proteins are often considered as either short or long-

lived. The majority of cellular proteins are long-lived and ~2% of them are degraded per 

hour in mammalian cells, compared to ~11% in short-lived proteins (Gronostajski, Pardee 

and Goldberg, 1985; Goldberg, 2003). Both short and long-lived proteins are thought to be 

degraded by the UPS in an ATP-dependent manner (Gronostajski, Pardee and Goldberg, 

1985). The decay of long-lived proteins is thought to be triggered by random events 

Figure 2: Schematic representation of UPS-mediated protein degradation. A 
protein substrate is tagged with a ubiquitin molecule multiple times, forming a 
polyubiquitin chain. The polyubiquitylated substrates are then recognised by UPS 
subunits on the 19S cap which contain ubiquitin binding domains. The ubiquitin 
molecule is removed by DUBs and the substrate is unfolded using a ring of ATPase 
subunits on the entrance of the 20S core. Once entered into the 20S core, the unfolded 
substrate is degraded into peptides using the catalytic β-subunits. 
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(Goldberg, 2003), perhaps causing them to lose functionality and so the UPS can target 

and remove them so they don’t hinder normal cell functioning. Some proteins never attain 

a functional structure and immediately become defective, thus known as short-lived 

proteins. Remarkably, they account for approximately 30% of newly synthesised proteins 

and the UPS is heavily attributed towards degrading these misfolded proteins (Schubert et 

al., 2000). Alongside this housekeeping role of removing damaged and misfolded proteins, 

the UPS is also essential for regulating various cellular processes. These processes 

include mediating transcription (Zimmermann et al., 2000; Muratani and Tansey, 2003), 

DNA repair (Falaschetti et al., 2011; Karpov et al., 2013) and cell cycle control (Emanuele 

and Enrico, 2019; Kito et al., 2020). These can be altered as a result of protein 

degradation via the UPS, demonstrating the downstream effects of this catalytic 

machinery. Transcription for instance, is critical for the correct regulation of gene 

expression through the controlled timing, location and abundance of transcription proteins. 

UPS-dependent protein degradation is important for removing transcriptional activators, 

preventing uncontrolled gene expression (Salghetti et al., 2001; Muratani and Tansey, 

2003), but also for removing transcription repressors providing a feed-forward mechanism 

to upregulate gene expression when required (Yun and Lee, 2003; Durairaj and Kaiser, 

2014). Remarkably, the UPS is thought to be involved in more than 75% of protein 

degradation in mammalian cells (Craiu et al., 1997), highlighting its pivotal role for both 

maintaining protein homeostasis alongside regulating a plethora of key cellular processes.  

1.3.3.4 UPS-independent protein ubiquitylation  
 

Ubiquitylation has alternative functions besides signalling for protein degradation. Such 

functions include protein trafficking, kinase signalling and endocytosis which are thought to 

be largely regulated through either monoubiquitylation and K63-linked polyubiquitin chains 
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(Terrell et al., 1998; Deng et al., 2000; Haglund and Dikic, 2005; Mukhopadhyay and 

Riezman, 2007; Erpapazoglou, Walker and Haguenauer-Tsapis, 2014). This non-

proteolytic regulation has been established for a while, for instance kinase signalling 

through IkB kinase is activated by ubiquitylation (Chen, Parent and Maniatis, 1996) which 

occurs through K63 chains independent of the UPS (Deng et al., 2000). K63 chains are 

widely documented not to interact with the UPS, unless being branched with other chains 

that are associated with the UPS such as K48 chains (Ohtake et al., 2018). Importantly, 

they are the second most abundant chain type after K48 chains in mammalian cells 

(Ohtake et al., 2016), suggesting an active role for UPS-independent protein ubiquitylation. 

Protein degradation via the UPS is primarily thought to require polyubiquitin chains 

(Thrower et al., 2000), thus monoubiquitylated proteins are not seen as a target of the 

UPS. Interestingly, research has demonstrated a role for monoubiquitylation in substrate 

recruitment for the UPS (Isasa et al., 2010), however their roles have mainly been linked to 

non-proteolytic functions such as endocytosis (Haglund, Di Fiore and Dikic, 2003). Further 

support of UPS-independent protein ubiquitylation comes from UPS inhibition in human 

non-muscle cell lines, resulting in negligible increases K63 ubiquitin chains (W. Kim et al., 

2011). Moreover, certain less well characterised ubiquitin chain types such as K6, K27, 

K33 have not been linked to the UPS, although their precise roles are still being 

investigated. It is therefore evident that ubiquitylation is not limited to protein degradation 

and in doing so has highlighted alternative roles of ubiquitylation.  

1.4 Ubiquitylation in skeletal muscle  

1.4.1 Role of protein ubiquitylation in skeletal muscle 
 

Within skeletal muscle, research investigating ubiquitylation has predominantly focused on 

its degradative role. As a highly metabolic tissue, skeletal muscle undergoes constant 
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protein turnover which is regulated in part by protein breakdown. Not only is protein 

degradation essential for removing unwanted proteins, but also for promoting amino acid 

recycling for the synthesis of new proteins which is crucial for muscle growth. The 

degradation of proteins within skeletal muscle is particularly important because this tissue 

is the largest protein reservoir of the body (Béchet et al., 2005; Argilés et al., 2016) and so 

maintaining protein homeostasis is crucial. Although there are different mechanisms that 

regulate protein breakdown including lysosomal, calcium-dependent calpains and the UPS 

(Lecker et al., 1999), the UPS is seen as one of the main catalysts for protein breakdown 

skeletal muscle, demonstrating a key role in myotube cells (Zhao et al., 2015). Together, 

this has contributed towards an emphasis on ubiquitin-mediated protein degradation 

research in skeletal muscle.  

1.4.2 Ubiquitin chain types in skeletal muscle 
 

Investigation into ubiquitin chain types in skeletal muscle has recently advanced, 

progressing our understanding of protein ubiquitylation in this tissue. Due to their well-

established role in protein degradation via the UPS (Wilkinson et al., 1995), K48-linked 

ubiquitin chains have been the more extensively studied ubiquitylation chain type in 

skeletal muscle (Ramirez-Martinez et al., 2017; VerPlank et al., 2019). Interestingly, 

although in most tissues K48 chains appear to be the most dominant ubiquitin chain type, 

a new study has demonstrated that in skeletal muscle K33 ubiquitin chains make up ~76% 

of total ubiquitin chains and K29 ubiquitin chains are also highly present when compared 

to liver and lung tissues (Heunis et al., 2020). Both of these ubiquitin chain types are linked 

with non-degradative roles such as protein trafficking (Yuan et al., 2014) and signal 

transduction (Fei et al., 2013). Importantly, when analysing which proteins these atypical 

chain types ubiquitylated in mouse skeletal muscle, mitochondrial proteins were 
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highlighted and so perhaps these ubiquitin chains types play a role in mitochondrial 

function and metabolism (Heunis et al., 2020). Together, these observations show that 

protein ubiquitylation in skeletal muscle extends much further than K48-linked chains, 

emphasising the need for further investigation into the roles of ubiquitin chain types in 

skeletal muscle.   

1.4.3 Ubiquitin E3 ligases in skeletal muscle 
 

Over the last few decades, there has been a surge of interest towards E3 ligases 

selectively expressed in skeletal muscle. The role of E3 ligases in skeletal muscle has 

gained substantial interest since their discovery as ‘atrogenes’ (atrophy-regulated genes) 

implicated with regulating skeletal muscle atrophy (wasting) (Gomes et al., 2001). Muscle 

RING-finger protein-1 (MuRF1) and muscle atrophy F-box (MAFbx) have been the main 

focus of skeletal muscle E3 ligase research since their identification in skeletal muscle 

atrophy models in rodents (Bodine et al., 2001) and later in humans (Chen et al., 2007; de 

Boer et al., 2007; Gustafsson et al., 2010). In addition to these, other E3 ligases have 

since been associated with skeletal muscle atrophy, including: muscle ubiquitin ligase of 

SCF complex in atrophy-1 (MUSA1) (Sartori et al., 2013), Specific of Muscle Atrophy and 

Regulated by Transcription (SMART) (Milan et al., 2015), Neural precursor cell expressed 

developmentally down-regulated protein 4 (Nedd4-1) (Nagpal et al., 2012) and F-box and 

leucine-rich protein 22 (Fbxl22) (Hughes et al., 2020). This signifies a significant function 

of E3 ligases in skeletal muscle mass regulation. However, it is worth noting that although 

the discovery of E3 ligases involved in skeletal muscle atrophy is increasing, how they 

operate to facilitate this process is mostly unknown. For instance, despite compelling 

evidence surrounding the expression of certain E3 ligases such as MuRF1 during skeletal 

muscle atrophy, combined with structural and contractile proteins they target (Witt et al., 
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2005; Cohen et al., 2009), their molecular interactions and signalling pathways remain 

largely unidentified.  

Although E3 ligases expressed in skeletal muscle play a well-established role in muscle 

atrophy, such enzymes are not limited to this process. One particular E3 ligases that has 

recently come into the spotlight is the HECT-type ligase, UBR5. This ligase has been 

heavily associated with K48 chain assembly for UPS-mediated protein degradation 

(Ohtake et al., 2018). Surprisingly, it has emerged that this E3 ligase may be involved in 

skeletal muscle hypertrophy and recovery from atrophy, displaying different mRNA 

expression patterns to MuRF1 and MAFbx in rodents (Seaborne et al., 2019). Further 

investigation has suggested that UBR5 mRNA expression is a positive regulator of skeletal 

muscle mass and is activated downstream of mechano-transduction signalling in mouse 

skeletal muscle, associated with hypertrophy and anabolism (Turner et al., 2020). 

Ubiquitylation has also been linked to the maintenance of skeletal muscle through protein 

stabilisation, rather than its degradation. The ubiquitylation of a Cullin-RING E3 ligase 

adaptor protein called KLHL41 regulates the stabilisation of Nebulin, a sarcomeric protein 

(Ramirez-Martinez et al., 2017). This process appears independent of protein degradation 

as nebulin stabilisation occurred without functional UPS or autophagy (lysosomal-based 

protein degradation) (Ramirez-Martinez et al., 2017). Certain E3 ligases expressed in 

skeletal muscle have established themselves in processes other than controlling skeletal 

muscle mass, including TRIM72 (Lee et al., 2010; Yi et al., 2013) and Parkin (Gouspillou 

et al., 2018) regulating myogenesis and mitochondrial function respectively. Notably, there 

are many other E3 ligases expressed in skeletal muscle and their roles within skeletal 

muscle remain to be clarified. Therefore, our current understanding of E3 ligases 

expressed in skeletal muscle is poor. However, what current research has managed to 
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demonstrate is that they are not confined to regulating skeletal muscle atrophy but seem to 

be important for regulating the maintenance, remodelling and growth of skeletal muscle. 

1.4.4 Current understanding of protein ubiquitylation in skeletal muscle 
 

Overall, the current literature on protein ubiquitylation in skeletal muscle is ill-defined. This 

is illustrated by the limited discovery of important regulators and their corresponding 

substrates, alongside the inadequate research conducted on ubiquitin chain types and 

more specifically those involved in UPS-independent processes within skeletal muscle. 

Nevertheless, what studies have managed to demonstrate is: a) compelling evidence that 

ubiquitylation plays an integral role in skeletal muscle b) UPS-mediated protein 

degradation is an important process in skeletal muscle and c) a brief insight into key 

ubiquitin chain types and E3 ligases expressed in skeletal muscle. Together, it is evident 

that the regulation of biological processes through appropriate ubiquitylation is essential 

for maintaining healthy skeletal muscle.  

1.5 Effect of exercise on skeletal muscle 

1.5.1 Importance of exercise on skeletal muscle function 

  
Exercise is a physiological stimulus that provides numerous benefits towards skeletal 

muscle. Resistance exercise predominantly regulates myofiber number, size and type, 

which subsequently improves muscle mass and strength (Gonyea, 1980; Macdougall et 

al., 1980; Tesch, 1988). On the other hand, endurance exercise improves energy 

production through increasing mitochondrial biogenesis, resulting in greater oxidative 

capacity in skeletal muscle (Booth et al., 2015). This classical view of exercise adaptation 

is still widely accepted, however the benefits of exercise towards skeletal muscle function 

is complex and so these exercise types are not confined to these adaptations. For 
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instance, acute resistance exercise has been shown to increase mitochondrial biogenesis 

(Wilkinson et al., 2008; Burd et al., 2012; Donges et al., 2012) and endurance exercise can 

increase skeletal muscle growth (Konopka and Harber, 2014). Accordingly, a lack of 

exercise can lead to impaired skeletal muscle function and subsequent deleterious 

consequences. Physical inactivity is a major risk factor in a host of metabolic diseases 

such as diabetes and obesity (Dowse et al., 1991; Manson et al., 1992; Pietiläinen et al., 

2008) which can develop as a consequence of impaired skeletal muscle functioning such 

as reduced glucose transport into the muscle (Stanford and Goodyear, 2014). Moreover, 

physical inactivity can cause muscle weakness and lead to physical disorders such as 

frailty and sarcopenia (Marzetti et al., 2017). Importantly, in patients with debilitating 

conditions exercise can improve the health of skeletal muscle, acting as a secondary 

prevention of several diseases. Metabolic syndrome is particularly prevalent in modern 

society, thought to occur in approximately 25% of the world’s population (Saklayen, 2018). 

Endurance exercise training in patients with metabolic syndrome improves mitochondrial 

biogenesis and expression of insulin and glucose receptors in skeletal muscle (Stuart et 

al., 2013). Together, these studies demonstrate that c 

1.5.2 Importance of exercise-regulated ubiquitylation in skeletal muscle   
 

The beneficial effects of exercise on skeletal muscle function are reliant on ubiquitylation 

to respond to the altered cellular conditions fashioned. During exercise, the cellular 

environment in skeletal muscle is drastically altered as a result of triggering a structural 

and metabolic remodelling. Resistance exercise elicits a dynamic shift in muscle protein 

balance, contributing towards increased muscle protein breakdown (MPB) in humans 

(Biolo et al., 1995; Phillips et al., 1997, 1999; Tipton, Hamilton and Gallagher, 2018). 

Although there is currently less evidence, there are studies suggesting MPB is also 
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increased following endurance exercise in humans (Carraro et al., 1990) and rodents 

(Dohm et al., 1980; Rennie and Kevin D. Tipton, 2000). This response is critical not only to 

respond to the immediate muscle protein damage created through mechanical, oxidative 

and heat stress for instance, but also for later remodelling and subsequent adaptation 

observed following exercise. The importance of the catabolic response to exercise 

alongside the role of ubiquitylation for eliciting the rapid degradation of damaged proteins, 

means the ubiquitin signalling response to exercise is crucial. One major function of the 

UPS is to degrade proteins that have undergone signal-dependent ubiquitylation in 

response to physiological processes, reinforcing the integral role of ubiquitylation in 

response to exercise. Importantly, the physiological states fashioned as a result of 

exercise training have been shown to alter key degradative markers of protein 

ubiquitylation, such as increased mRNA expression of MuRF1 and MAFbx in high 

oxidative fibres (Van Wessel et al., 2010) and increased UPS activity during skeletal 

muscle hypertrophy (Baehr, Tunzi and Bodine, 2014; Bell, Al-Khalaf and Megeney, 2016). 

With this in mind, it is imperative that we delineate the effects of exercise on protein 

ubiquitylation in skeletal muscle and explore what existing literature has found. This is 

necessary because exercise-regulated ubiquitylation is likely to have important 

implications for the development of therapeutic strategies designed to recapitulate the 

effects of exercise (exercise mimetics) to restore skeletal muscle health. Notably, due to 

the vast array of molecular signalling that follows exercise in skeletal muscle, coupled with 

the range of cellular processes that ubiquitylation controls, our understanding of exercise-

regulated ubiquitylation in skeletal muscle is still in its pioneering days. Therefore, 

advancing our current perception of exercise-regulated ubiquitylation is also essential.  
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2. Exercise-regulated ubiquitylation in skeletal muscle 

2.1 Key proteins investigated 
 

The complexity of ubiquitylation means studies investigating exercise-regulated 

ubiquitylation in skeletal muscle tend to focus on a few select markers. Interestingly, 

measuring the levels of protein ubiquitylation in response to exercise is often a poor 

assessment of exercise-regulated ubiquitylation. This is because studies measure this 

output to report changes in the rates of protein ubiquitylation, however their levels are also 

altered by UPS-mediated protein degradation. As a result, many studies measuring protein 

ubiquitylation have seen no changes (Cunha et al., 2012; Jamart et al., 2012; Moberg et 

al., 2017; Cui et al., 2019) or even reductions (H. J. Kim et al., 2011) in response to 

exercise. This can be misleading because it may appear that exercise does not increase 

the rates of protein ubiquitylation, when in fact these results could be due to a similar 

increase in UPS-mediated protein degradation. Instead, the importance of the UPS and 

the growing interest regarding E3 ligases expressed in skeletal muscle, has prompted their 

investigation in response to exercise. An important role of the UPS has been linked with 

skeletal muscle hypertrophy (Baehr, Tunzi and Bodine, 2014) and regeneration through 

myogenesis (Gardrat et al., 1997; Abu Hatoum et al., 1998; Bell, Al-Khalaf and Megeney, 

2016). This suggests the UPS may be important for muscle growth and repair in response 

to exercise. Accordingly, efforts have been made to examine changes in UPS expression 

(Willoughby, Rosene and Myers, 2003; Willoughby, Taylor and Taylor, 2003) and activity 

levels (Cunha et al., 2012; VerPlank et al., 2019) following exercise. Since the discovery of 

MuRF1 and MAFbx in muscle atrophy models, the mRNA expression levels of these E3 

ligases has been extensively researched in response to exercise (Yang, Jemiolo and 

Trappe, 2006; Louis et al., 2007; Nedergaard et al., 2007; Mascher et al., 2008; Stefanetti 
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et al., 2015). This is because they are thought to be involved in the protein breakdown 

pathway, so whilst exercise provides a level of protection against muscle atrophy, the 

immediate catabolic response could increase their expression. As a result, both the UPS 

and these muscle specific E3 ligases have contributed towards the majority of literature 

investigating exercise-regulated ubiquitylation in skeletal muscle.  

2.1.1 UPS response to exercise in skeletal muscle 
 

Recently, it has become evident that UPS activity is altered in response to exercise in 

skeletal muscle. In particular, eccentric exercise is commonly used when measuring the 

response of the UPS due to the heightened muscle damage induced by this exercise bout. 

Initially, UPS-mediated protein degradation was thought to be solely regulated by protein 

ubiquitylation levels. Accordingly, early studies had primarily focused on ubiquitin 

conjugated proteins to examine changes in UPS-mediated protein degradation in human 

skeletal muscle following eccentric exercise, finding increases in their protein content 

(Thompson and Scordilis, 1994; Stupka et al., 2001). However, this provides limited 

information and so certain studies began directly measuring exercise-regulated changes in 

the UPS, initially focusing on their mRNA and protein expression levels which increased 

post-eccentric exercise in human skeletal muscle (Willoughby, Rosene and Myers, 2003; 

Willoughby, Taylor and Taylor, 2003). Later studies then began to measure UPS activity 

(β1, β2, and β5) and found that post-endurance exercise in mice, there was a significant 

rise in β5 subunit activity levels in skeletal muscle after a single bout and following 8 

weeks of training (Cunha et al., 2012). Interestingly, recent studies have begun uncovering 

the molecular mechanisms regulating UPS activity. Importantly, it has been shown that 

UPS activity can be increased through Cyclic adenosine monophosphate (cAMP) 

(Lokireddy, Kukushkin and Goldberg, 2015). cAMP is a signalling messenger than can be 
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activated by epinephrine (adrenaline), a hormone released with exercise (Kjaer et al., 

1986) and so this UPS-activating pathway has since been applied into the context of 

exercise (VerPlank et al., 2019). In the Lokireddy et al study, cAMP induced UPS activity 

via phosphorylation of the 19S subunit Rpn6, therefore this measurement was harnessed 

as a marker of UPS activation (VerPlank et al., 2019). They found that following the 

cessation of a single bout of endurance exercise, Rpn6 phosphorylation and β5 subunit 

activity increased and K48 ubiquitylated protein levels were reduced in human skeletal 

muscle (VerPlank et al., 2019). From this they concluded that exercised-induced 

epinephrine secretion, stimulated cAMP mediated increases in UPS activation, causing a 

reduction in ubiquitylated proteins targeted for degradation. However, raising UPS activity 

through cAMP activation only promotes the degradation of short-lived and not long-lived 

proteins (Lokireddy, Kukushkin and Goldberg, 2015). Therefore, this model cannot explain 

how the UPS degrades long-lived proteins following exercise. It must be noted that this is 

just one axis of exercise-induced UPS activation that has been examined, therefore it is 

reasonable to suggest that there is much more to be uncovered. Nevertheless, the recent 

identification of signalling molecules that orchestrate UPS activity, which are enhanced 

following exercise, provides valuable information as to how this ubiquitin-mediated 

degradation system is regulated in response to exercise.   

On the other hand, there is evidence to suggest that exercise does not always activate the 

UPS in skeletal muscle. The activity of the UPS is not maintained at a constant high level 

in skeletal muscle, suggesting that elevated UPS activity is not always beneficial and 

perhaps even detrimental to skeletal muscle. Interestingly, some studies have found that 

exercise bouts carried out in an energy deficit state do not increase UPS activity in human 

skeletal muscle. For instance, a prolonged low-intense field exercise program resulting in 
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an energy deficit state, led to no changes in the activity of any of the β-subunits in the UPS 

(Moberg et al., 2017). Furthermore, studies have also shown decreases in UPS activity 

following prolonged periods of endurance exercise, for instance after a 200km run there 

was a reduction in the β5 subunit activity (H. J. Kim et al., 2011). One explanation as to 

why UPS activity may not increase, or even decrease, is due to protein sparring in order to 

conserve skeletal muscle tissue following these energy demanding exercises. 

Interestingly, it appears that a null response in UPS activity is not limited to energy 

demanding exercises because a moderate intensity 45-minute run also caused no 

increase in β5 subunit activity (Carbone et al., 2014). However, due to the limited number 

of studies assessing UPS activity in response to exercise, it is hard to draw definitive 

conclusions. Moreover, it is important to consider that studies have found the activity of β-

subunits within the UPS do not always respond similarly to exercise. For instance, 

following an ultramarathon, β2 subunit activity increased whereas β1 and β5 subunits 

remained unchanged in human skeletal muscle (Jamart et al., 2012). Therefore, 

depending on the β-subunit being measured, their results may differ and subsequently 

influence their conclusions. Nonetheless, these studies draw attention to the fact that UPS 

activity does not always increase after exercise, most likely when performing endurance 

exercise in an energy deficit state. 

2.1.2 E3 ligase response to exercise in skeletal muscle: MuRF1 and MAFbx 
 

In response to exercise, certain factors appear to influence the mRNA and protein 

expression levels of MuRF1 and MAFbx in skeletal muscle. Although, their precise roles 

within skeletal muscle have yet to be resolved, MuRF1 and MAFbx have so far been solely 

associated with the selective removal of proteins through ubiquitylation signalling. 

Therefore, their expression levels may be expected to compliment the extent of MPB 
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triggered by exercise. Notably, after training skeletal muscle becomes adapted to cope 

with the exercise demands. Following resistance exercise training, this results in a 

diminished catabolic response (Phillips et al., 1999). Interestingly, resistance exercise 

training also appears to reduce MuRF1 and MAFbx mRNA expression levels in human 

skeletal muscle (Churchley et al., 2007; Mascher et al., 2008) and in rat skeletal muscle 

(Ribeiro et al., 2017). This supports the concept that MuRF1 and MAFbx are increased to 

respond to the catabolic demands of exercise. However, both MuRF1 mRNA and MAFbx 

mRNA/protein expression have shown significant increases following 8 weeks of 

resistance exercise training in human skeletal muscle (Léger et al., 2006), illustrating that 

exercise training does not necessarily negate their elevated response to resistance 

exercise. Interestingly, the response of MuRF1 in human skeletal muscle towards energy 

demanding exercises appears greater than towards muscle damaging exercises. For 

instance: endurance exercise training increased MuRF1 mRNA expression unlike with 

resistance exercise training (Stefanetti et al., 2015), performing strength exercise inhibited 

the increased MuRF1 mRNA expression induced shortly after endurance exercise 

(Lysenko et al., 2016) and concentric exercise increased MuRF1 mRNA expression 

following 3 hours of exercise cessation which did not occur following eccentric exercise 

(Nedergaard et al., 2007) - an exercise which requires less energy (Lastayo et al., 2000). 

Moreover, in rat skeletal muscle, MuRF1 protein expression increased more following 

high-intensity interval training (HIIT) than moderate-intensity continuous training (MICT) 

(Cui et al., 2019). This finding supports the concept that MuRF1 responds more profoundly 

to high energy demanding exercises. One possibility for the enhanced response from 

these exercises is that FoxO proteins known to regulate MuRF1 (Milan et al., 2015) also 

seem to follow this trend (Louis et al., 2007; Nedergaard et al., 2007; Stefanetti et al., 
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2015). Alongside this enhanced response, increased MuRF1 mRNA expression also 

appears more prolonged after endurance exercise, remaining elevated 24 hours post-

endurance exercise compared to 8 hours after resistance exercise in human skeletal 

muscle (Louis et al., 2007). However, not all studies align with these trends, for instance 

mRNA expression of both MuRF1 and MAFbx displayed no differences between 

concentric and eccentric exercise in rat skeletal muscle (Ato et al., 2017). Nevertheless, 

from the majority of literature it is reasonable to conclude that the expression of these E3 

ligases in skeletal muscle can be altered by exercise, but the outcome might be different 

depending on the conditions of the exercise performed.  

From the literature it appears that these E3 ligases (MuRF1 and MAFbx) have temporal 

roles post exercise. It may be expected that their response following exercise would be 

transient and acute, in order to rapidly turnover damaged proteins without reducing muscle 

mass. To capture their response over time, a time-course study which examined the 

effects of either resistance or endurance exercise on both MuRF1 and MAFbx mRNA 

expression was produced (Louis et al., 2007). They found that both types of exercise 

caused a significant increase in MuRF1 mRNA expression following 1 to 4 hours of 

exercise cessation, whereas this temporal response for MAFbx mRNA expression was 

only seen following endurance exercise (Louis et al., 2007). There are many studies that 

support the acute mRNA response of MuRF1 following either endurance exercise 

(Nedergaard et al., 2007; Stefanetti et al., 2015; Lysenko et al., 2016) or resistance 

exercise (Mascher et al., 2008). This acute response is also seen at the protein level 

(using a proteomic approach) in which MuRF1 protein increased 2h and 5h post 

endurance exercise (Parker et al., 2020). However, there is a lack of literature available to 

support these findings and so time-course studies examining the protein response of 
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MuRF1 and MAFbx following exercise are needed. Interestingly, a similar acute response 

is seen with the mRNA expression of inflammation markers e.g. TNF-α  and IL-6 which 

increased between 2 and 24 hours following exercise (Louis et al., 2007). Analogous to 

that of MuRF1 and MAFbx, IL-6 and TNF-α are involved in regulating muscle protein 

breakdown (Goodman, 1991, 1994; Tsujinaka et al., 1995) and chronic elevation of these 

cytokines appears to promote skeletal muscle wasting which is observed in diseased 

states such as cancer cachexia (Fong, Moldawer and Michael, 1989; Haddad et al., 2005; 

Carson and Baltgalvis, 2010). However, the acute increase of inflammatory cytokines, 

such as IL-6, can provide a number of functional responses towards skeletal muscle e.g., 

satellite cell proliferation (Cantini et al., 1995), beneficial for the regeneration of damaged 

myofibers following exercise.  Therefore, it is perhaps not unreasonable to postulate that 

similar to these inflammation cytokines, the transient and acute expression of MuRF1 and 

MAFbx following exercise is crucial in order to respond to exercise-induced stress and 

damage without causing skeletal muscle atrophy. 

 

It is important to note that MuRF1 and MAFbx mRNA expression do not appear concurrent 

in response to exercise. Following a single bout of resistance exercise, MuRF1 mRNA 

expression is largely upregulated in human skeletal muscle (Yang, Jemiolo and Trappe, 

2006; Louis et al., 2007; Mascher et al., 2008; Murton, Constantin and Greenhaff, 2008; 

Borgenvik, Apró and Blomstrand, 2012; Fry et al., 2013). On the other hand, despite some 

evidence of increased MAFbx mRNA expression (Deldicque et al., 2008) MAFbx has often 

been reported to remain unchanged (Mascher et al., 2008; Borgenvik, Apró and 

Blomstrand, 2012; Fry et al., 2013) or even downregulated (Yang, Jemiolo and Trappe, 

2006; Kostek et al., 2007) in human skeletal muscle following a single bout of resistant 
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exercise. Unlike with resistance exercise, both MuRF1 and MAFbx mRNA expression 

appear to increase in human skeletal muscle after a single bout of endurance exercise 

(Louis et al., 2007; Pasiakos et al., 2010; H. J. Kim et al., 2011; Stefanetti et al., 2015) and 

following endurance training (Stefanetti et al., 2015). However, unlike in human skeletal 

muscle, their response following endurance exercise training has shown to be divergent in 

mouse skeletal muscle (Cunha et al., 2012). Together, this illustrates that the mRNA 

expression levels of these E3 ligases can be dissimilar in human skeletal muscle following 

resistance exercise specifically. This observation hints towards a divergent regulation of 

these E3 ligases following resistance exercise. An interesting hypothesis emerging is that 

despite the acknowledgement that the Akt-FoxO signalling node can regulate their 

expression (Sandri et al., 2004; Milan et al., 2015) their response to resistance exercise in 

skeletal muscle may stem from different molecular pathways. In support, FoxO appears to 

be predominantly expressed in different muscle fibre types to MuRF1 and MAFbx (Van 

Wessel et al., 2010) and its mRNA expression has been shown to increase after the rise in 

MuRF1 and MAFbx in mouse skeletal muscle following hypertrophy (Baehr, Tunzi and 

Bodine, 2014). Examples of potential alternative mechanisms involved with exercise could 

be through mitogen-activated protein kinase (MAPK), known to regulate MAFbx in skeletal 

muscle (Li et al., 2005) and NF-kB which regulates MuRF1 (Cai et al., 2004). Another 

explanation for the differential regulation following resistance exercise is the substrates 

that MuRF1 and MAFbx target. Unlike MAFbx, MuRF1 has been reported to associate with 

structural and contractile proteins such as titin (Witt et al., 2005) and myosin heavy chain 

(Cohen et al., 2009) perhaps giving MuRF1 a mechanosensory regulation, a response that 

is highly relevant with respect to resistance exercise. However, this explanation is 

speculative because MuRF1 and MAFbx targets following exercise have yet to be 
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established and those attempting to investigate potential targets have displayed null 

results (Stefanetti et al., 2015). Currently more questions are being asked than answered 

regarding the expression of these E3 ligases following exercise. Nonetheless, these 

studies do demonstrate that MuRF1 and MAFbx can respond differently following 

resistance exercise at the transcriptional level in human skeletal muscle.  

 

2.1.3 Relationship between UPS and MuRF1/MAFbx in skeletal muscle 

following exercise  
 

Despite their association, it is unclear as to the relationship between UPS activity and the 

expression of MuRF1 and MAFbx in skeletal muscle following exercise. The association is 

not surprising due to their degradative nature, which has led to MuRF1 and MAFbx often 

being referred to as molecular markers of the UPS pathway (Stefanetti et al., 2015). Both 

MuRF1 mRNA expression and β5 subunit activity have reported increases immediately 

after an endurance exercise session and following training in mouse skeletal muscle 

(Cunha et al., 2012). However, in human skeletal muscle, an ultra-endurance exercise 

increased both MuRF1 and MAFbx mRNA expression, with no rise in β5 subunit activity 

(H. J. Kim et al., 2011). Similarly, it appears that in response to mechanical loading they 

may also be regulated independently. This has been illustrated in mouse skeletal muscle 

whereby functional overload causing muscle hypertrophy led to increased β5 subunit 

activity throughout the 14-day period, whereas MuRF1 and MAFbx mRNA expression 

returned to baseline by 3 days (Baehr, Tunzi and Bodine, 2014). Despite not being an 

exercise intervention per se, this model is often harnessed to replicate the effects 

resistance exercise has on skeletal muscle. Altogether, these studies suggest that a rise in 

UPS activity following exercise does not necessarily equate to a rise in MuRF1 and MAFbx 
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mRNA expression and vice versa in skeletal muscle. Accordingly, MuRF1 and MAFbx 

expression should not be used as markers for UPS activity nor protein degradation. To 

understand the role of MuRF1 and MAFbx in skeletal muscle following exercise, it is 

imperative that studies begin to investigate their substrates and the fate of these 

substrates in response to exercise.   

 

2.1.4 Limitations with exercise-regulated ubiquitylation analysis 
 

It is evident that the current literature has often failed to establish conclusive evidence of 

exercise-regulated ubiquitylation. A major reason for this is due to the methodological 

approaches used in the vast majority of these studies. Research investigating MuRF1 and 

MAFbx often only measure mRNA expression levels using PCR-based methods in order to 

analyse their response to exercise (Yang, Jemiolo and Trappe, 2006; Kostek et al., 2007; 

Mascher et al., 2008; Fry et al., 2013). Given that mRNA expression only correlates ~40% 

of protein expression (De Sousa Abreu et al., 2009; Vogel and Marcotte, 2012) their 

mRNA levels do not provide a good indication of protein expression. For instance, 

Stefanetti et al., 2015 found no changes in MuRF1 protein expression despite increases in 

mRNA expression following single bout and exercise training. As a result, mRNA 

expression has little physiological relevance and so current literature studying the effects 

of MuRF1 and MAFbx following exercise have failed to establish the impact of their 

response to exercise. For instance, increases in MuRF1 mRNA expression following 

resistance exercise were not accompanied by increases in MPB rates (Reitelseder et al., 

2014). Although measuring mRNA expression provides very limited information, 

measuring protein expression of these E3 ligases also has issues. MuRF1 has many 
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commercially available antibodies for detecting this protein, however they have 

demonstrated a lack of specificity in skeletal muscle lysate (Bodine, 2020). Therefore, 

studies using these antibodies to measure MuRF1 protein expression may in fact be 

detecting other proteins, producing invalid data. Furthermore, until this year, the 

methodology used to study exercise-regulated ubiquitylation only employed targeted 

approaches which look at specific proteins, in most cases MuRF1, MAFbx and UPS 

subunits. As a consequence, this has provided no further insight into the role of other 

proteins involved in exercise-regulated ubiquitylation for example other E3 ligases, which 

no doubt play an important role. Overall, it is apparent that there has been limited progress 

made in relation to exercise-regulated ubiquitylation. In order to advance our 

understanding, it is important to address these issues and utilise more effective methods 

going forward.  

2.2 Exercise-regulated Ubiquitylome 

2.2.1 Proteomic approach investigating exercise-regulated ubiquitylation 

  
Recently, our understanding of exercise-regulated ubiquitylation in skeletal muscle has 

expanded in a new profound manner, addressing some of the issues with previous 

research. This recent development involves a new methodological approach utilising mass 

spectrometry-based proteomics to analyse protein ubiquitylation. Proteomic analysis of 

protein ubiquitylation (hereafter referred to as the ubiquitylome) provides a global 

identification of ubiquitylated proteins and their modification sites. In doing so, this can 

reveal uncharacterised ubiquitylated proteins that otherwise would be masked when using 

targeted approaches. In addition, identifying their modification sites allows researchers to 

create site-specific mutations, so they become resistant to ubiquitylation, which allows 
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further analysis of this modification to reveal its importance. Furthermore, modification 

sites from ubiquitin chains can also be quantified, revealing the types of ubiquitylation 

occurring. As a result of this comprehensive profiling and unbiased analysis, investigating 

the ubiquitylome allows for a more in-depth examination of protein ubiquitylation. This 

approach has recently been implemented for the first time in the context of exercise 

(hereafter referred to as the exercise-regulated ubiquitylome) in human skeletal muscle 

(Parker et al., 2020). After performing an acute bout of high-intense endurance exercise, 

they analysed both the ubiquitylome and proteome of human skeletal muscle lysate 

(Parker et al., 2020). This study focused on the mechanisms regulating UPS activation and 

they concluded that NEDDylation – a PTM analogous to ubiquitylation, is a mediator for 

maintaining UPS-mediated protein degradation post-exercise through promoting E3 ligase 

activity and subsequent protein ubiquitylation following cAMP activation (Parker et al., 

2020). Alongside this finding, they also provided an array of data regarding exercise-

regulated protein ubiquitylation, identifying ~400 ubiquitylated peptides and exposing 

potential key regulators such as MuRF1 which increased 2-5 hours after exercise (Parker 

et al., 2020). Additionally, this study quantified each ubiquitin chain and discovered only 

K27 chains increased during exercise (Parker et al., 2020). This atypical chain is not 

associated with regulating protein degradation, thus prompting further investigation into the 

role of UPS-independent ubiquitylation in skeletal muscle during exercise. Altogether, this 

pioneering study has progressed our understanding of exercise-regulated ubiquitylation in 

addition to providing a platform for future research.  
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2.2.2 Shortfalls of current exercise-regulated ubiquitylome understanding 

  
Whilst this study has provided a more comprehensive overview of exercise-regulated 

protein ubiquitylation, there is still much more to elucidate. During their investigation, they 

utilised ubiquitylome analysis to investigate PTM crosstalk (Parker et al., 2020). Despite 

being an intriguing signalling response to exercise, the role of PTM crosstalk following 

exercise was poorly examined. For instance, over 40 proteins were regulated by both 

ubiquitylation and phosphorylation, yet no further work was carried out investigating the 

function of this PTM crosstalk (Parker et al., 2020). Additionally, although NEDDylation 

was examined further, they attempted to validate its role for increasing protein 

ubiquitylation levels using pharmacological activation in non-muscle cell lines (Parker et 

al., 2020) which has little physiological relevance when investigating the exercise response 

in human skeletal muscle. Consequently, further research examining this proposed model 

in more appropriate applications is required to solidify this concept. Our understanding of 

key ubiquitin ligase-substrate interactions that occur with exercise, crucial for determining 

the fate of ubiquitylation, has not advanced following this study. For instance, despite 

reporting increased MuRF1 protein levels post exercise, no further work was carried out 

examining the specific substrates targeted or the effects this had on biological functions 

within the muscle (Parker et al., 2020). In order to investigate these interactions, further 

analysis is required which harness appropriate techniques capable of analysing select 

proteins in more depth such as co-immunoprecipitation. Moreover, employing a more 

prolonged intense exercise could reveal a more profound ubiquitylation response. As 

previously mentioned, energy demanding exercises seems to increase the mRNA and 

protein expression of characterised muscle E3 ligases such as MuRF1 (Nedergaard et al., 

2007; Cui et al., 2019). Therefore, future experiments could look to examine the 
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ubiquitylome in response to different exercise conditions. Overall, whilst the first exercise-

regulated ubiquitylome study has revealed interesting findings, unsurprisingly there is 

much more to be discovered.  

2.2.3 Issues with current exercise-regulated ubiquitylome analysis 
 

Although exercise-regulated ubiquitylome analysis is undoubtably a vast improvement on 

the techniques previously available, this approach does not come without its issues. The 

low stoichiometry of protein ubiquitylation, partly due to the transient and potential 

degradative nature of this PTM, means ubiquitylome analysis often requires large sample 

input and extensive analysis in order to achieve sufficient detection of ubiquitylated 

proteins (Hansen et al., 2020; Udeshi et al., 2020). An obvious problem occurs when the 

amount of sample available is limited, often the case in primary tissue samples such as 

skeletal muscle. Therefore, large-scale ubiquitylome profiling is often limited to cell studies 

which can generate larger amounts of lysate needed for proteomic analysis. In order to 

circumvent this issue, mass spectrometry-based proteomics needs to be able to process 

small amounts of sample for large-scale analysis of the ubiquitylome. Subsequently, there 

is a need to improve the sensitivity of ubiquitylome analysis, crucial for deeper analysis of 

exercise-regulated ubiquitylation in skeletal muscle. 
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3. Improved Ubiquitylome analysis 
 

Recently, the capability for mass spectrometry-based proteomics to detect ubiquitylated 

proteins has increased. This is due to advanced methodology that has been employed for 

improved ubiquitylome analysis. Using mass spectrometry to analyse the ubiquitylome is 

complex and requires multiple steps. Firstly, the ubiquitylated proteins need to be enriched 

so that they can be detected by mass spectrometry. Without prior enrichment, detection of 

ubiquitylated proteins is challenging due to their low stoichiometry. As a result, two 

different enrichment processes are frequently employed for ubiquitylated substrates before 

ubiquitylome analysis, both at the protein and peptide level, named tandem ubiquitin-

binding entity (TUBE)-based pull-down and diglycine (diGLY) antibody-based 

immunoprecipitation respectively. Taking advantage of these enrichment techniques, 

studies have developed novel methods to improve the sensitivity of ubiquitylome analysis, 

named trypsin-resistant tandem ubiquitin binding entity (TR-TUBE) (Yoshida et al., 2015) 

and UbiFast (Udeshi et al., 2020) respectively. Once enriched, ubiquitylated peptides are 

analysed by mass spectrometry which is an imperfect approach limited by the ability to 

detect the entire set of ubiquitylated peptides. To maximise the capture of ubiquitylated 

peptides detected by mass spectrometry, studies have recently moved away from data-

dependent acquisition (DDA) and have begun harnessing a more sensitive workflow, 

named data-independent acquisition (DIA) (Hansen et al., 2020; Steger et al., 2020). 

Therefore, in this section we will provide more detail on these methodological 

advancements and explain how they have developed upon more commonly used 

techniques for ubiquitylome analysis.  
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3.1 Tandem ubiquitin-binding entity-based pull-down  
 

A common approach utilised to enrich ubiquitylated proteins prior to ubiquitylome analysis 

is TUBE-based pull-down. TUBE is a ubiquitin trap which take advantage of ubiquitin 

binding domains present on proteins that bind to ubiquitin such as ubiquitin enzymes, 

DUBs and UPS subunits (Hicke, Schubert and Hill, 2005; Hjerpe et al., 2009). Ubiquitin 

binding domains have a low affinity for ubiquitin due to their non-covalent binding resulting 

in transient interactions, critical for the rapid and reversible cellular responses that occur. 

However, the tetra-ubiquitin structure of TUBE means that unlike the endogenous ubiquitin 

binding domains, they have a much higher affinity for ubiquitin, in particular with 

polyubiquitin chains (Hjerpe et al., 2009). As a result of this high affinity, TUBE has been 

employed for enriching ubiquitylated proteins whereby TUBE-bound beads undergo a pull-

down method which separates ubiquitylated proteins bound to TUBE from unbound non-

ubiquitylated proteins (Fig.3). Notably, TUBE displays protective capabilities towards 

ubiquitylated proteins from DUBs and the UPS, preserving ubiquitylated proteins during 

this enrichment process (Hjerpe et al., 2009) (Fig.3). Although inhibitors are commonly 

used to prevent DUBs and the UPS from working during pull-down to minimise loss of 

ubiquitylated proteins, TUBE has shown to prevent de-ubiquitylation to a higher extent 

than certain inhibitors (Hjerpe et al., 2009). Moreover, although the heightened affinity 

towards polyubiquitylated chains means that monoubiquitylated protein enrichment is 

relatively weak, it does mean that unbound ubiquitin is also enriched less. This is useful 

when using TUBE-based pull-down in skeletal muscle lysate, because like in other major 

tissues, skeletal muscle contains mainly unconjugated ubiquitin (Heunis et al., 2020). 

Altogether, this results in a greater abundance of ubiquitylated proteins in comparison to 

total protein content, essential for their detection via proteomics. TUBE-based pull-down 
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also has a function for identifying specific protein ubiquitylation by western blot. 

Importantly, this can be used as confirmation that a certain protein identified by 

ubiquitylome analysis is in fact ubiquitylated. Accordingly, TUBE-based pull-down has 

become a useful approach for enriching ubiquitylated proteins when performing 

ubiquitylome analysis. 

Figure 3: Schematic representation displaying the function of TUBE. This protein ubiquitylation 
enrichment strategy uses TUBE protein which consists of tandem ubiquitin associated (UBA) 
domain repeats from the protein Ubiquilin-1. These UBA repeats allow TUBE to bind to 
ubiquitylated proteins with high affinity. In order to enrich the TUBE-bound ubiquitylated proteins by 
pull-down, TUBE contains a tag which covalently binds to beads containing a tag ligand. Once 
mixed together, they form a complex with one another and can be isolated by pull-down using 
centrifugation to isolate ubiquitylated proteins. Following pull-down, the enriched sample of 
ubiquitylated proteins can be analysed by western blot or used for proteomic analysis. 
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3.2 Trypsin resistant tandem ubiquitin-binding entity 
 

Building upon the ability of TUBE for enriching ubiquitylated proteins, this ubiquitin binding 

entity has been modified to make it more suitable for ubiquitylome analysis. The amino 

acid sequence of TUBE has been mutated so that arginine (Arg) residues were replaced 

by alanine (Ala), meaning TUBE becomes resistant to trypsin digestion, termed trypsin 

resistant TUBE (TR-TUBE) (Yoshida et al., 2015). Before any mass spectrometry-based 

proteomic analysis can be performed, proteins need to be converted into peptides using a 

protease like trypsin. Subsequently, during proteolysis, TUBE itself is not digested. This 

prevents noise signals from TUBE-derived peptides that would otherwise be present 

during mass spectrometry analysis. In doing so, this maximises the detection of 

ubiquitylated substrates and thus increases the sensitivity of ubiquitylome analysis. The 

use of TR-TUBE also removes the need for in-gel trypsin digestion whereby ubiquitylated 

proteins are subject to separation via gel electrophoresis, removed and digested prior to 

mass spectrometry. This is beneficial because in-gel digestion has been shown to produce 

additional contaminants to the sample which effects the accuracy of mass spectrometry 

analysis (Duncan et al., 2003; Swart et al., 2018). Moreover, TR-TUBE has shown to 

provide a level of protection towards bound ubiquitin during proteolysis, reducing ubiquitin-

derived peptides and thus enhancing the proportion of peptides derived from ubiquitylated 

substrates (Yoshida et al., 2015). Although this will subsequently reduce the identification 

of ubiquitin chain types, ubiquitin chain-derived peptides have shown to be the most 

abundant ubiquitylated peptides in human cell lines (Hansen et al., 2020). Thus, reducing 

their abundance will still allow for ubiquitin chain type identification, whilst maximising the 

identification of ubiquitylated substrates. Yoshida et al used TR-TUBE directly in cells 

where the ubiquitylated proteins were captured, then enriched in vitro using 
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immunoprecipitation (antibody-based pull-down) before mass spectrometry. They found 

that harnessing TR-TUBE to capture ubiquitylated proteins in cell before being enriched at 

the peptide level, improved the ratio of ubiquitylated peptides to total peptides captured by 

mass spectrometry compared to when only enriched at the peptide level (Yoshida et al., 

2015). Although the application of TR-TUBE for enriching ubiquitylated proteins in skeletal 

muscle lysate has not been published, TUBE-based pull-down has been effective at 

enriching ubiquitylated proteins in skeletal muscle lysate (Ryder et al., 2015). Therefore, it 

is highly conceivable that TR-TUBE-based pull-down will also be successful for in vitro use 

in this tissue. As such, this presents an opportunity to implement TR-TUBE-based pull-

down to improve our understanding of the exercise-regulated ubiquitylome in skeletal 

muscle. 

3.2.1 Applying TR-TUBE approach in vitro 
 

Before conducting any exercise-regulated ubiquitylome experiments that employ this 

technique to enrich ubiquitylated proteins in skeletal muscle lysate, it is imperative that it 

has been validated for use in vitro capture of ubiquitylated proteins. Consequently, we 

sought about determining whether the TR-TUBE enrichment approach could be adapted 

from in cell capture of ubiquitylated proteins, to acting as bait during in vitro pull-down in 

skeletal muscle lysate. Before testing its capabilities for enriching ubiquitylated proteins 

from skeletal muscle lysate, it is first important to compare the effectiveness of TR-TUBE-

based pull-down alongside the conventional TUBE-based pull-down technique in vitro. 

Without this comparison, future work harnessing TR-TUBE cannot confidently know 

whether they are utilising the most effective ubiquitylated protein enrichment method 

available. Therefore, in order to examine both the relative effectiveness of TR-TUBE in 
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vitro and its capability within skeletal muscle tissue lysate, we conducted two separate 

experiments.  

3.2.1.1 TR-TUBE in C2C12 cell lysate 
 

To investigate the relative effectiveness of TR-TUBE in vitro, we designed an experiment 

utilising TR-TUBE as a bait protein for ubiquitin pull-down from C2C12 muscle cell lysate. 

Within this experiment, we also compared TR-TUBE with two other TUBE-based proteins 

acting as positive and negative controls to provide the most conclusive evidence of its 

ability for enriching ubiquitylated proteins in vitro. TUBE was employed as a positive 

control because this bait protein has been well-established as an effective method for pull-

down of ubiquitylated proteins in cell lysate (Hjerpe et al., 2009). As the negative control, 

we harnessed a deficient TR-TUBE – mutation at leucine residue causing defective 

ubiquitin binding (Yoshida et al., 2015). By employing these control samples, we can 

confirm whether or not our experiment ran correctly, verifying whether the results seen 

from TR-TUBE-based pull-down are valid. After conducting the procedures necessary to 

examine the ubiquitin enrichment capabilities of these TUBE-based proteins, it was 

evident that TR-TUBE was equally as effective at enriching ubiquitylated protein as TUBE 

(Fig.4). The abundance of ubiquitylated proteins present after pull-down represents the 

capability of these TUBE-based proteins to isolate these proteins from cell lysate. It 

appears that TR-TUBE-based pull-down is equally capable at isolating ubiquitylated 

proteins as conventional TUBE-based pull-down (Fig.4). To confirm these isolated 

ubiquitylated proteins have been enriched from skeletal muscle lysate, we employed a 

total lysate sample in which no enrichment procedure was used. The abundance of 

ubiquitylated proteins after TR-TUBE-based pull-down was greater than total lysate 

(Fig.4), confirming the enrichment of ubiquitylated proteins. In order to analyse the 
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proportion of ubiquitylated proteins enriched, a flow-through analysis was conducted 

containing all the proteins not bound to these TUBE-based proteins. From this, it is 

apparent that TR-TUBE is just as effective as TUBE for enriching the majority of 

ubiquitylated proteins because few remained in the flow-through of both (Fig.4). As 

expected, deficient TR-TUBE was incapable of enriching ubiquitylated proteins because 

more ubiquitylated proteins were present in total lysate and a substantial amount remained 

in the flow-through (Fig.4). This data also demonstrates that TR-TUBE is effective at 

enriching ubiquitylated proteins rather than free unbound ubiquitin (~8.5Kd) which seem to 

appear in the flow-through lanes (Fig.4). Minimising the presence of unbound ubiquitin is 

useful for ubiquitylome analysis because this will increase the proportion of ubiquitylated 

proteins relative to total protein, enhancing their identification by mass spectrometry. 

Overall, this figure provides evidence that TR-TUBE can effectively pull-down ubiquitylated 

proteins in vitro, similar to that of TUBE. 
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3.2.1.2 TR-TUBE in skeletal muscle lysate  
 

Before utilising TR-TUBE for proteomic analysis of the exercise-regulated ubiquitylome in 

skeletal muscle, the next experiment aimed to confirm its ability for enriching ubiquitylated 

proteins present in skeletal muscle tissue. Here we conducted an experiment utilising 

human mixed skeletal muscle tissue samples to analyse the effectiveness of TR-TUBE for 

ubiquitin pull-down in this lysate. In this study we also aimed to evaluate the capacity of 

TR-TUBE for enriching ubiquitylated proteins, by loading different amounts of protein 

Figure 4: TR-TUBE in vitro pull-down effectively enriches ubiquitylated proteins in 

C2C12 myotubes. C2C12 myoblasts were differentiated into myotubes and lysed. Cell 

lysates were incubated with ubiquitin-binding resins containing 50µg of various ubiquillin1 

UBA domain tetramer (UBAUBQLN1) proteins: his-halo-TUBE, halo-TR-TUBE or halo-TR-

TUBE deficient. Following pull-down, captured proteins were eluted and subject to SDS-

PAGE and western blotting alongside flow-through and total lysate control samples.  

Ubiquitylated proteins were detected with an antibody specific to total ubiquitin (Anti-

Ubiquitin #646302). N.B. Dotted lines show where lanes have been merged together. 
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lysate. Subsequently, this provides an insight into the ratio of TR-TUBE bait to skeletal 

muscle protein lysate required before saturation. In doing so, TR-TUBE enrichment can be 

optimised because too much TR-TUBE may cause unspecific binding of non-ubiquitylated 

proteins, whereas too little would lead to incomplete enrichment of ubiquitylated proteins. 

Through conducting this experiment, we were able to confirm the ability of TR-TUBE-

based pull-down for enriching ubiquitylated proteins in skeletal muscle lysate and begin to 

determine an optimal ratio between TR-TUBE bait and skeletal muscle protein lysate to 

refine this enrichment process (Fig.5). Firstly, we can see that TR-TUBE-based pull-down 

can isolate ubiquitylated proteins from skeletal muscle lysate (Fig.5). Importantly, these 

isolated proteins are enriched from the muscle lysate demonstrated by a higher 

abundance of ubiquitylated proteins in comparison to total lysate (Fig.5). It is apparent that 

TR-TUBE-based pull-down can thoroughly enrich ubiquitylated proteins as negligible 

ubiquitylated proteins remain in the flow-through lanes (Fig.5). Remarkably, it appears as 

though even 8mg of protein does not saturate 50ug of TR-TUBE protein (Fig.5), indicating 

its high capacity for enriching ubiquitylated proteins. As a result, future experiments can 

increase the amount of total protein lysate present during TR-TUBE-based pull-down in 

order to determine its saturation ratio, needed to optimise this enrichment process. Again, 

this data also demonstrates that TR-TUBE is effective at enriching ubiquitylated proteins 

and not ubiquitin that isn’t bound to a substrate, illustrated by the flow-through lanes 

whereby unbound ubiquitin (~8.6Kd) and ubiquitin dimers (17kD) appear present. Overall, 

this figure provides evidence that TR-TUBE-based pull-down in vitro is an effective method 

for enriching ubiquitylated proteins in skeletal muscle lysate. Therefore, it will be 

interesting to apply this technique prior to mass spectrometry to analyse the exercise-

regulated ubiquitylome in human skeletal muscle.   
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3.3 diglycine antibody-based immunoprecipitation 
 

In order to enrich ubiquitylated peptides prior to proteomic analysis, studies often take 

advantage of a unique motif present on ubiquitylated proteins after proteolysis. Trypsin 

cuts at both lysine (Lys) and arginine (Arg) residues and because of the amino acid 

sequence of ubiquitin, this leaves a diglycine (diGLY) remnant on its C-terminal (Fig.6) 

(Goldknopf and Busch, 1977). Proteins that have been ubiquitylated are bound to the C-

Figure 5: TR-TUBE pull-down effectively enriches ubiquitylated proteins in 

skeletal muscle tissue. Mixed human skeletal muscle lysates of various protein 

concentrations (1.5mg, 5mg and 8mg) were incubated with ubiquitin-binding resins 

containing 50µg halo-TR-TUBE protein. Following pull-down, captured proteins were 

eluted and subject to SDS-PAGE and western blotting alongside flow-through and total 

lysate control samples.  Ubiquitylated proteins were detected with an antibody specific 

to total ubiquitin (Anti-Ubiquitin #646302). 
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terminal of ubiquitin, therefore they will contain this diGLY remnant on the lysine that has 

been ubiquitylated. Importantly, this ubiquitylated lysine will not be cleaved due to the 

presence of the side chain ubiquitin modification. The diGLY remnant is a unique motif 

with a monoisotopic mass of 114.04Da, which can be recognised using mass 

spectrometry. Accordingly, ubiquitin-remnant-containing peptides can be identified based 

on this unique mass change, revealing proteins that have been ubiquitylated. Importantly, 

an antibody that binds to this diGLY remnant on lysine residues of ubiquitylated peptides 

has been generated (Xu, Paige and Jaffrey, 2010). Consequently, diGLY antibodies (K-ε-

GG) have been employed for immunoprecipitation, to enrich ubiquitylated peptides prior to 

mass spectrometry (Fig.6). Importantly this process has shown to enrich ubiquitylated 

peptides with a near 100% yield (Xu, Paige and Jaffrey, 2010). Remarkably, over 70% of 

ubiquitylated proteins that this antibody-based peptide enrichment technique identified 

were previously unknown at the time (Xu, Paige and Jaffrey, 2010). As a result, diGLY 

antibody-based immunoprecipitation has since been commonly employed to enrich 

ubiquitylated peptides in ubiquitylome studies prior to mass spectrometry-based 

proteomics. 



43 
 

  

3.4 UbiFast  
 

Recently, a novel diGLY-antibody based method for ubiquitylome profiling has been 

developed which enhances the sensitivity of ubiquitylation site identification. The 

development of this more sensitive approach, known as UbiFast, came from taking 

advantage of an antibody-bound epitope method used in mass spectrometry. The binding 

of the antibody towards the substrate protected the antibody binding site (epitope) from 

Figure 6: Schematic representation of diGLY-based enrichment of ubiquitylated 
proteins. This enrichment strategy takes advantage of the diGLY remnant present on 
ubiquitylated peptides following trypsin digestion, cleaving ubiquitin at Arg74 present on 
the C-terminus. A monoclonal antibody designed to bind to this exposed diGLY remnant 
present on the Lys residue of ubiquitylated peptides is used for immunoprecipitation. 
Following this procedure, ubiquitylated peptides are enriched and proteomic analysis can 
be performed by which diGLY peptides are identified based on their unique monoisotopic 
mass (114Da). 
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proteolysis, which could then be detected using mass spectrometry (Suckau et al., 1990). 

Encouraged by the protective capacity of antibodies towards their epitope, UbiFast applies 

a diGLY antibody-bound approach to protect the exposed diGLY remnant on ubiquitylated 

peptides from labelling prior to mass spectrometry (Udeshi et al., 2020). Labelling 

ubiquitylated peptides through isobaric chemical tags such as tandem mass tag (TMT) is 

commonly used to enable their precise quantification during mass spectrometry. TMT 

labels are amine-reactive and so can bind to the primary amine present on diGLY 

remnants (Xu, Paige and Jaffrey, 2010; Udeshi et al., 2020). By utilising antibody-bound 

labelling, TMT labels cannot access the diGLY remnant and instead bind to amine groups 

present on the N-termini or on other lysine residues. Therefore, after the ubiquitylated 

peptides are eluted from the antibody, the diGLY remnant remains exposed for 

identification during mass spectrometry. As a result, when comparing this approach to the 

original in-solution labelling method, UbiFast protocol resulted in the detection of a greater 

level of both total ubiquitylated peptides and their relative abundance (Udeshi et al., 2020). 

Remarkably, UbiFast identified over 13,000 diGLY peptides from only 500μg of peptides 

per sample derived from human tumour tissue (Udeshi et al., 2020). Moreover, relative to 

previous SILAC labelling methods (Udeshi et al., 2013), UbiFast requires 6-12 times less 

peptide input (Udeshi et al., 2020). Therefore, this approach is suitable for small amounts 

of primary tissue sample, crucial for human skeletal muscle ubiquitylome analysis where 

sample availability is often limited. Accordingly, through improving sample preparation 

before conducting mass spectrometry analysis on ubiquitylated peptides, this approach 

may enhance our understanding of the exercise-regulated ubiquitylome in skeletal muscle. 
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3.5 Data-independent acquisition  
 

Increased ubiquitylome sensitivity of diGLY enriched proteins has also emerged from a 

unique method of analysing ubiquitylated proteins during mass spectrometry. Until lately, 

ubiquitylome analysis has employed data-dependent acquisition (DDA) which detects 

ubiquitylated proteins through intensity-based selection, which limits the sensitivity of mass 

spectrometry. Alternatively, data-independent acquisition (DIA) identifies peptides 

simultaneously within a pre-defined mass-to-charge window (Venable et al., 2004). 

Figure 7: Schematic representation of UbiFast approach compared to conventional 
in-solution labelling method. UbiFast approach employs an antibody labelling method 
whereby the diGLY enriched ubiquitylated peptides are subject to TMT labelling whilst still 
bound to the diGLY antibody. Unlike the in-solution labelling method, TMT labels cannot 
bind to the diGLY remnant, reducing the level of TMT contaminant side-products blocking 
the diGLY site. The UbiFast approach subsequently increases the sensitivity of mass 
spectrometry-based proteomic methods for identifying ubiquitylated peptides.  

 



46 
 

Subsequently, DIA-based approach leads to improved peptide quantification accuracy 

during mass spectrometry analysis alongside reducing the number of peptides missed 

over a large dynamic range. Therefore, this approach was recently employed for 

ubiquitylome analysis in the hope that it may detect more ubiquitylated proteins which are 

otherwise missed in the conventional DDA method (Hansen et al., 2020; Steger et al., 

2020). When applying an optimised DIA approach to identify enriched diGLY peptides from 

human non-muscle cell lines, they identified over 30,000 diGLY peptides in a single shot 

measurement from as little as few hundred µg of peptides (Hansen et al., 2020; Steger et 

al., 2020). Remarkably, this is double the amount identified from a single shot in the 

UbiFast approach (Udeshi et al., 2020). It must be noted that in order to detect 

ubiquitylated proteins using this DIA method, a comprehensive peptide spectral library was 

required, serving as a template for the identification of ubiquitylated peptides. This 

approach works most effectively when peptide spectral libraries are obtained from project-

specific samples (Hansen et al., 2020), which may not be feasible when analysing lysate 

from limited human skeletal muscle tissue. Whether non-project specific spectral libraries 

can be used for the DIA-based approach to improve exercise-regulated ubiquitylome 

profiling in skeletal muscle, remains to be seen. On the other hand, library-free DIA 

approaches would be an effective alternative for analysing exercise-regulated ubiquitylome 

in skeletal muscle, but these are yet to be developed. Nonetheless, applying this DIA 

method when analysing the exercise-regulated ubiquitylome in skeletal muscle may still 

identify previously uncharacterised ubiquitylated proteins due to its high sensitivity.  
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4. Conclusion 
 

In summary, our current understanding of exercise-regulated ubiquitylation in skeletal 

muscle remains in its infancy. Here we have outlined literature that has shaped our 

understanding of exercise-regulated ubiquitylation in skeletal muscle, highlighted recent 

progressions made in the field and finally, suggested future directions that studies can take 

for further exploration. Importantly, despite previous research providing very limited 

information, they have helped to lay down the foundations with respect to exercise-

regulated ubiquitylation in skeletal muscle. For now, it seems as though UPS regulation 

plays a fundamental role, with research beginning to identify key mediators involved in 

regulating its activity following exercise. Although little is known about MuRF1 and MAFbx 

protein expression in skeletal muscle following exercise, it seems as though they can act 

independently not only of one another, but also of the UPS. Therefore, this has stressed 

the importance of elucidating their roles alongside their substrate targets in skeletal muscle 

following exercise. The emergence of the exercise-regulated ubiquitylome has exploited 

key pathways and proteins involved, thus presenting a multitude of avenues to be 

explored. Moving forward, applying the recently developed methods that facilitate more 

accurate and precise measurements of ubiquitylome analysis, in the context of exercise, 

will help to expand our knowledge of exercise-regulated ubiquitylation in skeletal muscle. 

Therefore, by revealing the potential for these newly developed methods, the hope is that 

future investigations will employ them to identify novel ubiquitin-mediated signalling 

pathways that regulate skeletal muscle metabolism and function following exercise.  
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5. Methods 
 

Mutagenesis 

To construct a bacterial vector for TR-TUBE, we used site-directed mutagenesis (Liu and 

Naismith, 2008) to mutate all arginine residues to Alanine on each of the 4 ubiquitin 

binding domains of TUBE in the pET28a His-Halo-TUBE vector. To construct a ubiquitin-

binding–deficient TR-TUBE mutant, two conserved Leucine residues of the TR-TUBE 

construct, were replaced with Alanine in four positions simultaneously (Yoshida et al., 

2015). 

Protein purification 

Plasmids (pET28a His-Halo-TUBE, pET28a His-Halo-TR-TUBE and pET28a His-Halo-TR-

TUBE deficient) were transformed into BL21 E.Coli. A colony of each was selected and 

grown into LB media, expanding to 2000 mL at 37°C. The cells were grown to OD 600 of 

0.6 before adding 250 µM ITPG and left to express overnight at 18°C. Cultures were 

pelleted and resuspended in lysis buffer (50mM Tris-HCL pH 8.0, 150mM NaCL, 50mM 

Imidazole, 0.5mM TCEP, 1mM PMSF) and then lysed using Emulsiflex C3 Cell Disruptor 

(Avestin Europe, Mannheim, Germany). Recombinant proteins were purified by the use of 

HIS-Trap (GE Healthcare) as per the manufacturer’s instructions. The concentration was 

measured by nanodrop and the purified protein was then stored at -80°C. 

Cell Culture 

Mouse skeletal muscle C2C12 myoblast cells were obtained from the American Type 

Culture Collection (ATCC, Manassas, VA, USA). Cells were seeded and cultured in DMEM 
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containing GlutaMAX, 25 mM glucose and 1 mM sodium pyruvate, supplemented with 

10% (v/v) foetal bovine serum (GE Healthcare, Buckinghamshire, UK) and 1% (v/v) 

Penicillin-Streptomycin (10,000 Units/mL-ug/mL). Myoblasts were differentiated (for 4-6 

days) into myotubes at 90% confluency in DMEM containing GlutaMAX, 25 mM glucose 

and 1 mM sodium pyruvate, supplemented with 2% horse serum (Sigma-Aldrich, 

Cambridgeshire, UK) and 1% (v/v) Penicillin-Streptomycin (10,000 Units/mL-ug/mL). 

Cultures were maintained in a humidified incubator at 37°C with an atmosphere of 5% 

CO2 and 95% air.  

Cell lysis  

Cells were lysed in ice-cold sucrose lysis buffer containing: 250 mM sucrose, 50 mM Tris-

base (pH 7.5), 50 mM sodium fluoride, 10 mM sodium β-glycerolphosphate, 5 mM sodium 

pyrophosphate, 1 mM EDTA, 1 mM EGTA, 1 mM benzamidine, 1 mM sodium 

orthovanodate, 1 x complete Mini EDTA-free protease inhibitor cocktail, 1% Triton X-100 

and 100 mM 2-chloroacetamide. Lysates were centrifuged at 4°C for 15 min (13,000 rpm) 

and the supernatant was collected for protein measurement. Protein concentration was 

determined by Bradford protein assay (ThermoScientific) using BSA as standards.  

Muscle homogenisation  

40-200mg mixed human muscle samples were ground to powder before being 

homogenised in 12.5ul/mg of ice-cold sucrose lysis buffer (see ‘Cell lysis’), using a 

polytron homogenizer to obtain a homogenous solution. Lysates were centrifuged at 4°C 

for 15 min (13,000 rpm) and the supernatant was collected for protein measurement. 

Protein concentration was determined by Bradford protein assay (ThermoScientific) using 

BSA as standards. 
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Ubiquitin pull-down 

The ubiquillin1 UBA domain tetramer (UBAUBQLN1) proteins: his-halo-TUBE, his-halo-

TR-TUBE or his-halo-TR-TUBE deficient were expressed in E. coli BL21 cells and purified 

(see ‘Protein Purification’). In each ubiquitin pull-down experiment, 45μl of HaloLink resin 

(Promega, Hampshire, UK) was used (containing ~10μl of Halo beads) per sample 

number. The total volume of resin was pre-washed with PBS and resuspended in 750μl of 

binding buffer: 50 mM Tris-HCl pH 7.5, 150 mM NaCl, 0.05% NP-40, 1 mM dithiothreitol 

(DTT). The solution was incubated with 50μg of the selected TUBE protein per 10μl of 

Halo beads overnight at 4 °C. Conjugated HaloLink resin and TUBE protein was washed in 

binding buffer and resuspended into sucrose lysis buffer (see ‘Cell lysis’). TUBE proteins 

bound with conjugated HaloLink resin were incubated with 300-8000μg of protein from 

lysed cell or homogenised human muscle samples overnight at 4°C. After 3 washes in 

sucrose lysis buffer (plus 150 mM NaCl), the enriched ubiquitin and poly-ubiquitin chains 

were eluted with 1x NuPAGE LDS sample buffer (ThermoFisher Scientific, Leicestershire, 

UK). Samples were left to denature overnight at room temperature in 1.5% 2-

mercaptoethanol.  

Western Blot 

10% of lysate after pull-down was loaded into 4-12% BIS-Tris gels prior to SDS-PAGE. 

Gels were run in 1x MOPS buffer for approximately 80 minutes at 150V. Proteins were 

transferred onto PVDF membranes (GE Healthcare Life Sciences; 10600021) for 1h at 

100V. Each membrane was blocked in 5% Milk diluted in Tris-buffered saline Tween-20 

(TBS-T): 150 mM NaCl, 20 mM Tris-base 7.5 pH, 0.1% Tween-20 for 1 h and then washed 

in TBS-T (3x10 min) before being incubated overnight at 4°C with a ubiquitin antibody 
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(1:2000 #P4D1; Biolegend, London UK). Membranes were washed in TBS-T (3x10 min) 

prior to incubation in horseradish peroxidase-conjugated mouse secondary antibodies 

(1:10 000) at room temperature for 1h. Membranes were then washed in TBS-T (3x10 

min) prior to antibody detection using enhanced chemiluminescence horseradish 

peroxidase substrate detection kit (Millipore, Hertfordshire, UK). Imaging was undertaken 

using a G:Box Chemi-XR5 (Syngene, Cambridgeshire, UK). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



52 
 

List of References 

Abu Hatoum, O. et al. (1998) ‘Degradation of Myogenic Transcription Factor MyoD by the 

Ubiquitin Pathway In Vivo and In Vitro: Regulation by Specific DNA Binding’, Molecular 

and Cellular Biology, 18(10), pp. 5670–5677. doi: 10.1128/mcb.18.10.5670. 

Akutsu, M., Dikic, I. and Bremm, A. (2016) ‘Ubiquitin chain diversity at a glance’, Journal of 

Cell Science, 129(5), pp. 875–880. doi: 10.1242/jcs.183954. 

Argilés, J. M. et al. (2016) ‘Skeletal Muscle Regulates Metabolism via Interorgan 

Crosstalk : Roles in Health and Disease’, Journal of the American Medical Directors 

Association. doi: 10.1016/j.jamda.2016.04.019. 

Ato, S. et al. (2017) ‘The effect of different acute muscle contraction regimens on the 

expression of muscle proteolytic signaling proteins and genes’, Physiological Reports, 

5(15), pp. 1–13. doi: 10.14814/phy2.13364. 

Baehr, L. M., Tunzi, M. and Bodine, S. C. (2014) ‘Muscle hypertrophy is associated with 

increases in proteasome activity that is independent of MuRF1 and MAFbx expression’, 

Frontiers in Physiology, 5 FEB(February), pp. 1–9. doi: 10.3389/fphys.2014.00069. 

Béchet, D. et al. (2005) ‘Regulation of skeletal muscle proteolysis by amino acids’, Journal 

of Renal Nutrition, 15(1), pp. 18–22. doi: 10.1053/j.jrn.2004.09.005. 

Bell, R. A. V., Al-Khalaf, M. and Megeney, L. A. (2016) ‘The beneficial role of proteolysis in 

skeletal muscle growth and stress adaptation’, Skeletal Muscle, 6(1), pp. 1–13. doi: 

10.1186/s13395-016-0086-6. 

Biolo, G. et al. (1995) ‘Increased rates of muscle protein turnover and amino acid transport 

after resistance exercise in humans’, American Journal of Physiology - Endocrinology and 



53 
 

Metabolism, 268(3 31-3), pp. 514–520. doi: 10.1152/ajpendo.1995.268.3.e514. 

Bodine, S. C. et al. (2001) Identification of Ubiquitin Ligases Required for Skeletal Muscle 

Atrophy, New Series. Available at: https://www-jstor-

org.ezproxye.bham.ac.uk/stable/pdf/3085298.pdf?refreqid=excelsior%3Aaf00ba1aeb2f31b

ef1633084dffca959 (Accessed: 1 April 2019). 

Bodine, S. C. (2020) ‘Skeletal Muscle Atrophy: Multiple Pathways Leading to a Common 

Outcome’, 21(1), pp. 1–9. 

de Boer, M. D. et al. (2007) ‘The temporal responses of protein synthesis, gene expression 

and cell signalling in human quadriceps muscle and patellar tendon to disuse’, Journal of 

Physiology, 585(1), pp. 241–251. doi: 10.1113/jphysiol.2007.142828. 

Booth, F. et al. (2015) Endurance Exercise and the Regulation of Skeletal Muscle 

Metabolism. 1st edn, Molecular and Cellular Regulation of Adaptation to Exercise. 1st edn. 

Elsevier Inc. doi: 10.1016/bs.pmbts.2015.07.016. 

Borgenvik, M., Apró, W. and Blomstrand, E. (2012) ‘Intake of branched-chain amino acids 

influences the levels of MAFbx mRNA and MuRF-1 total protein in resting and exercising 

human muscle’, American Journal of Physiology - Endocrinology and Metabolism, 302(5), 

pp. 510–521. doi: 10.1152/ajpendo.00353.2011. 

Burd, N. A. et al. (2012) ‘Muscle time under tension during resistance exercise stimulates 

differential muscle protein sub-fractional synthetic responses in men’, Journal of 

Physiology, 590(2), pp. 351–362. doi: 10.1113/jphysiol.2011.221200. 

Caan, B. J. et al. (2018) ‘Association of muscle and adiposity measured by computed 

tomography with survival in patients with nonmetastatic breast cancer’, JAMA Oncology, 



54 
 

4(6), pp. 798–804. doi: 10.1001/jamaoncol.2018.0137. 

Cai, D. et al. (2004) ‘IKKβ/NF-κB activation causes severe muscle wasting in mice’, Cell, 

119(2), pp. 285–298. doi: 10.1016/j.cell.2004.09.027. 

Cantini, M. et al. (1995) ‘Human Satellite Cell-Proliferation in Vitro Is Regulated by 

Autocrine Secretion of IL-6 Stimulated by a Soluble Factor(s) Released by Activated 

Monocytes’, Biochemical and Biophysical Research Communications, pp. 49–53. doi: 

10.1006/bbrc.1995.2590. 

Carbone, J. W. et al. (2014) ‘Effects of short-term energy deficit on muscle protein 

breakdown and intramuscular proteolysis in normal-weight young adults’, Applied 

Physiology, Nutrition and Metabolism, 39(8), pp. 960–968. doi: 10.1139/apnm-2013-0433. 

Carraro, F. et al. (1990) ‘Effect of exercise and recovery on muscle protein synthesis in 

human subjects’, American Journal of Physiology - Endocrinology and Metabolism, 259(4 

22-4), pp. 470–476. doi: 10.1152/ajpendo.1990.259.4.e470. 

Carson, J. A. and Baltgalvis, K. A. (2010) ‘Interleukin 6 as a key regulator of muscle mass 

during cachexia’, Exercise and Sport Sciences Reviews, 38(4), pp. 168–176. doi: 

10.1097/JES.0b013e3181f44f11. 

Chen, Y. W. et al. (2007) ‘Transcriptional pathways associated with skeletal muscle disuse 

atrophy in humans’, Physiological Genomics, 31(3), pp. 510–520. doi: 

10.1152/physiolgenomics.00115.2006. 

Chen, Z. J., Parent, L. and Maniatis, T. (1996) ‘Site-specific phosphorylation of IκBα by a 

novel ubiquitination- dependent protein kinase activity’, Cell, 84(6), pp. 853–862. doi: 

10.1016/S0092-8674(00)81064-8. 



55 
 

Christensen, D. E., Brzovic, P. S. and Klevit, R. E. (2007) ‘E2 – BRCA1 RING interactions 

dictate synthesis of mono- or specific polyubiquitin chain linkages’, 14(10), pp. 941–948. 

doi: 10.1038/nsmb1295. 

Churchley, E. G. et al. (2007) ‘Influence of preexercise muscle glycogen content on 

transcriptional activity of metabolic and myogenic genes in well-trained humans’, Journal 

of Applied Physiology, 102(4), pp. 1604–1611. doi: 10.1152/japplphysiol.01260.2006. 

Ciechanover, A., Hod, Y. and Hershko, A. (1978) ‘A heat-stable polypeptide component of 

an ATP-dependent proteolytic system from reticulocytes’, Biochemical and biophysical 

research communications, 425(3), pp. 565–570. doi: 10.1016/j.bbrc.2012.08.025. 

Cohen, S. et al. (2009) ‘During muscle atrophy, thick, but not thin, filament components 

are degraded by MuRF1-dependent ubiquitylation’, Journal of Cell Biology, 185(6), pp. 

1083–1095. doi: 10.1083/jcb.200901052. 

Collins, G. A. and Goldberg, A. L. (2017) ‘The Logic of the 26S Proteasome’, Cell, 169(5), 

pp. 792–806. doi: 10.1016/j.cell.2017.04.023. 

Craiu, A. et al. (1997) ‘Lactacystin and clasto-lactacystin β-lactone modify multiple 

proteasome β-subunits and inhibit intracellular protein degradation and major 

histocompatibility complex class I antigen presentation’, Journal of Biological Chemistry, 

272(20), pp. 13437–13445. doi: 10.1074/jbc.272.20.13437. 

Cui, X. et al. (2019) ‘High-intensity interval training changes the expression of muscle 

RING-finger protein-1 and muscle atrophy F-box proteins and proteins involved in the 

mechanistic target of rapamycin pathway and autophagy in rat skeletal muscle’, (January), 

pp. 1505–1517. doi: 10.1113/EP087601. 



56 
 

Cuijpers, S. A. G. and Vertegaal, A. C. O. (2018) ‘Guiding Mitotic Progression by Crosstalk 

between Post- translational Modification’, Trends in Biochemical Sciences, xx, pp. 1–18. 

doi: 10.1016/j.tibs.2018.02.004. 

Cunha, T. F. et al. (2012) ‘Aerobic exercise training upregulates skeletal muscle calpain 

and ubiquitin-proteasome systems in healthy mice’, Journal of Applied Physiology, 

112(11), pp. 1839–1846. doi: 10.1152/japplphysiol.00346.2011. 

Deldicque, L. et al. (2008) ‘Effects of resistance exercise with and without creatine 

supplementation on gene expression and cell signaling in human skeletal muscle’, Journal 

of Applied Physiology, 104(2), pp. 371–378. doi: 10.1152/japplphysiol.00873.2007. 

Deng, L. et al. (2000) ‘Activation of the Iκb kinase complex by TRAF6 requires a dimeric 

ubiquitin-conjugating enzyme complex and a unique polyubiquitin chain’, Cell, 103(2), pp. 

351–361. doi: 10.1016/S0092-8674(00)00126-4. 

Deribe, Y. L., Pawson, T. and Dikic, I. (2010) ‘Post-translational modifications in signal 

integration’, Nature Structural and Molecular Biology, 17(6), pp. 666–672. doi: 

10.1038/nsmb.1842. 

Deveraux, Q. et al. (1994) ‘A 26 S protease subunit that binds ubiquitin conjugates’, 

Journal of Biological Chemistry, 269(10), pp. 7059–7061. 

Dikic, I. et al. (2014) ‘The seven wonders of ubiquitin: a multi-interview’, 15(1), pp. 7–11. 

Dohm, G. et al. (1980) ‘Effect of Exercise on Synthesis and Degradation of Muscle 

Protein’, The Biochemical journal, 188(1), pp. 255–262. 

Donges, C. E. et al. (2012) ‘Concurrent resistance and aerobic exercise stimulates both 

myofibrillar and mitochondrial protein synthesis in sedentary middle-aged men’, Journal of 



57 
 

Applied Physiology, 112(12), pp. 1992–2001. doi: 10.1152/japplphysiol.00166.2012. 

Dowse, G. K. et al. (1991) ‘Abdominal Obesity and Physical Tolerance in Indian, Creole, 

NIDDM and Impaired Glucose Inactivity as Risk Factors for and Chinese Mauritians’, 

14(4), pp. 271–282. 

Duncan, M. et al. (2003) ‘Identification of contaminants in proteomics mass spectrometry 

data’, Proceedings of the 2003 IEEE Bioinformatics Conference, CSB 2003, pp. 409–410. 

doi: 10.1109/CSB.2003.1227348. 

Durairaj, G. and Kaiser, P. (2014) ‘The 26S proteasome and initiation of gene 

transcription’, Biomolecules, 4(3), pp. 827–847. doi: 10.3390/biom4030827. 

Emanuele, M. and Enrico, T. (2019) ‘Ubiquitin Signaling in Regulation of the Start of the 

Cell Cycle’, Ubiquitin Proteasome System - Current Insights into Mechanism Cellular 

Regulation and Disease. doi: 10.5772/intechopen.82874. 

Erpapazoglou, Z., Walker, O. and Haguenauer-Tsapis, R. (2014) ‘Versatile Roles of K63-

Linked Ubiquitin Chains in Trafficking’, Cells, 3(4), pp. 1027–1088. doi: 

10.3390/cells3041027. 

Falaschetti, C. et al. (2011) ‘The Ubiquitin-Proteasome System and DNA Repair’, DNA 

Repair - On the Pathways to Fixing DNA Damage and Errors. doi: 10.5772/24431. 

Fei, C. et al. (2013) ‘Smurf1-Mediated Lys29-Linked Nonproteolytic Polyubiquitination of 

Axin Negatively Regulates Wnt/ -Catenin Signaling’, Molecular and Cellular Biology, 

33(20), pp. 4095–4105. doi: 10.1128/mcb.00418-13. 

Fong, Y., Moldawer, L. and Michael, M. (1989) ‘Cachectin / TNF redistribution or IL- 

induces cachexia with redistribution of body proteins’, American journal of physiology, 256, 



58 
 

pp. R659-65. 

Fry, C. S. et al. (2013) ‘Skeletal muscle autophagy and protein breakdown following 

resistance exercise are similar in younger and older adults’, Journals of Gerontology - 

Series A Biological Sciences and Medical Sciences, 68(5), pp. 599–607. doi: 

10.1093/gerona/gls209. 

Gardrat, F. et al. (1997) ‘Proteasome and myogenesis’, Molecular Biology Reports, 24(1–

2), pp. 77–81. doi: 10.1023/a:1006877214153. 

Ghosh, S. and Saha, T. (2012) ‘Central Role of Ubiquitination in Genome Maintenance: 

DNA Replication and Damage Repair’, ISRN Molecular Biology, 2012, pp. 1–9. doi: 

10.5402/2012/146748. 

Goldberg, A. L. (2003) ‘Protein degradation and protection against misfolded or damaged 

proteins’, Nature, 426(6968), pp. 895–899. doi: 10.1038/nature02263. 

Goldknopf, I. L. and Busch, H. (1977) ‘Isopeptide linkage between nonhistone and histone 

2A polypeptides of chromosomal conjugate protein A24’, Proceedings of the National 

Academy of Sciences of the United States of America, 74(3), pp. 864–868. doi: 

10.1073/pnas.74.3.864. 

Gomes, M. D. et al. (2001) ‘Atrogin-1, a muscle-specific F-box protein highly expressed 

during muscle atrophy’, Structure, pp. 1–6. 

Gonyea, J. (1980) ‘Role of exercise in inducing increases in skeletal muscle fiber number’. 

Goodman, M. N. (1991) ‘Tumor necrosis factor induces skeletal muscle protein breakdown 

in rats’, American Journal of Physiology - Endocrinology and Metabolism, 260(5 23-5), pp. 

727–730. doi: 10.1152/ajpendo.1991.260.5.e727. 



59 
 

Goodman, M. N. (1994) ‘Interleukin-6 Induces Skeletal Muscle Protein Breakdown in 

Rats’, Proceedings of the Society for Experimental Biology and Medicine, 205(2), pp. 182–

185. doi: 10.3181/00379727-205-43695. 

Gouspillou, G. et al. (2018) ‘Protective role of Parkin in skeletal muscle contractile and 

mitochondrial function’, Journal of Physiology, 596(13), pp. 2565–2579. doi: 

10.1113/JP275604. 

Gronostajski, R. M., Pardee, A. B. and Goldberg, A. L. (1985) ‘The ATP dependence of the 

degradation of short- and long-lived proteins in growing fibroblasts’, Journal of Biological 

Chemistry, 260(6), pp. 3344–3349. 

Gustafsson, T. et al. (2010) ‘Effects of 3 days unloading on molecular regulators of muscle 

size in humans’, Journal of Applied Physiology, 109(3), pp. 721–727. doi: 

10.1152/japplphysiol.00110.2009. 

Gutierrez, F. M. et al. (2018) ‘Genetic analysis reveals functions of atypical polyubiquitin 

chains’, pp. 1–24. 

Haddad, F. et al. (2005) ‘IL-6-induced skeletal muscle atrophy’, Journal of Applied 

Physiology, 98(3), pp. 911–917. doi: 10.1152/japplphysiol.01026.2004. 

Haglund, K. and Dikic, I. (2005) ‘Ubiquitylation and cell signaling’, EMBO Journal, 24(19), 

pp. 3353–3359. doi: 10.1038/sj.emboj.7600808. 

Haglund, K., Di Fiore, P. P. and Dikic, I. (2003) ‘Distinct monoubiquitin signals in receptor 

endocytosis’, Trends in Biochemical Sciences, pp. 598–604. doi: 

10.1016/j.tibs.2003.09.005. 

Hansen, F. M. et al. (2020) ‘Data-independent acquisition method for ubiquitinome 



60 
 

analysis reveals regulation of circadian biology’, bioRxiv. 

Heinemeyer, W. et al. (1997) ‘The active sites of the eukaryotic 20 S proteasome and their 

involvement in subunit precursor processing’, Journal of Biological Chemistry, 272(40), pp. 

25200–25209. doi: 10.1074/jbc.272.40.25200. 

Hershko, A. et al. (1980) ‘Proposed role of ATP in protein breakdown: conjugation of 

protein with multiple chains of the polypeptide of ATP-dependent proteolysis.’, 

Proceedings of the National Academy of Sciences of the United States of America, 77(4), 

pp. 1783–1786. doi: 10.1073/pnas.77.4.1783. 

Hershko, A. et al. (1986) ‘The Protein Substrate Binding Site of the Ubiquitin-Protein 

Ligase System*’, 261(26), pp. 11992–11999. 

Hershko, A. and Ciechanover, A. (1998) ‘The ubiquitin system’, Nature, 458(7237), p. 421. 

doi: 10.1038/458421a. 

Hershko, A., Ciechanover, A. and Rose, I. A. (1981) ‘Identification of the active amino acid 

residue of the polypeptide of ATP-dependent protein breakdown.’, Journal of Biological 

Chemistry, 256(4), pp. 1525–1528. 

Heunis, T. et al. (2020) ‘Targeted Proteomic Analysis Reveals Enrichment of Atypical 

Ubiquitin Chains in Contractile Tissues’. 

Hicke, L., Schubert, H. L. and Hill, C. P. (2005) ‘Ubiquitin-binding domains’, Nature 

Reviews Molecular Cell Biology, 6(8), pp. 610–621. doi: 10.1038/nrm1701. 

Hjerpe, R. et al. (2009) ‘Efficient protection and isolation of ubiquitylated proteins using 

tandem ubiquitin-binding entities’, EMBO Reports, 10(11), pp. 1250–1258. doi: 

10.1038/embor.2009.192. 



61 
 

Hong, S. et al. (2017) ‘Relative muscle mass and the risk of incident type 2 diabetes: A 

cohort study’, PLoS ONE, 12(11), pp. 1–13. doi: 10.1371/journal.pone.0188650. 

de Hoog, C. L. . and Mann, M. (2004) ‘PROTEOMICS Carmen’, Annual Review of 

Genomics and Human Genetics, 5, pp. 267–293. doi: 

10.1146/annurev.genom.4.070802.110305. 

Hu, J., Guo, Y. and Li, Y. (2006) ‘Research progress in protein post-translational 

modification’, Chinese Science Bulletin, 51(6), pp. 633–645. doi: 10.1007/s11434-006-

0633-3. 

Huang, Q. and Zhang, X. (2020) ‘Emerging Roles and Research Tools of Atypical 

Ubiquitination’, 1900100, pp. 1–9. doi: 10.1002/pmic.201900100. 

Hughes, D. C. et al. (2020) ‘Identification and Characterization of Fbxl22, a novel skeletal 

muscle atrophy-promoting E3 ubiquitin ligase’, p. Preprint. 

Husnjak, K. et al. (2008) ‘Proteasome subunit Rpn13 is a novel ubiquitin receptor’, Nature, 

453(7194), pp. 481–488. doi: 10.1038/nature06926. 

Isasa, M. et al. (2010) ‘Article Monoubiquitination of RPN10 Regulates Substrate 

Recruitment to the Proteasome’, pp. 733–745. doi: 10.1016/j.molcel.2010.05.001. 

Jamart, C. et al. (2012) ‘Modulation of autophagy and ubiquitin-proteasome pathways 

during ultra-endurance running’, Journal of Applied Physiology, 112(9), pp. 1529–1537. 

doi: 10.1152/japplphysiol.00952.2011. 

Karpov, D. S. et al. (2013) ‘Proteasome inhibition enhances resistance to DNA damage via 

upregulation of Rpn4-dependent DNA repair genes’, FEBS Letters, 587(18), pp. 3108–

3114. doi: 10.1016/j.febslet.2013.08.007. 



62 
 

Karve, T. M. and Cheema, A. K. (2011) ‘Small Changes Huge Impact: The Role of Protein 

Posttranslational Modifications in Cellular Homeostasis and Disease’, Journal of Amino 

Acids, 2011, pp. 1–13. doi: 10.4061/2011/207691. 

Kim, H. J. et al. (2011) ‘Endoplasmic reticulum stress markers and ubiquitin-proteasome 

pathway activity in response to a 200-km run’, Medicine and Science in Sports and 

Exercise, 43(1), pp. 18–25. doi: 10.1249/MSS.0b013e3181e4c5d1. 

Kim, W. et al. (2011) ‘Resource Systematic and Quantitative Assessment of the Ubiquitin-

Modified Proteome’, Molecular Cell, 44(2), pp. 325–340. doi: 

10.1016/j.molcel.2011.08.025. 

Kitada, T. et al. (1998) ‘Mutations in the parkin gene cause autosomal recessive juvenile 

parkinsonism’, Nature, 392(6676), pp. 605–608. doi: 10.1038/33416. 

Kito, Y. et al. (2020) ‘Cell cycle–dependent localization of the proteasome to chromatin’, 

Scientific Reports, 10(1), pp. 1–17. doi: 10.1038/s41598-020-62697-2. 

Kjaer, M. et al. (1986) ‘Increased epinephrine response and inaccurate glucoregulation in 

exercising athletes’, Journal of Applied Physiology, 61(5), pp. 1693–1700. doi: 

10.1152/jappl.1986.61.5.1693. 

Komander, D. and Rape, M. (2012) ‘The Ubiquitin Code’, Annual Review of Biochemistry, 

81(1), pp. 203–229. doi: 10.1146/annurev-biochem-060310-170328. 

Konopka, A. R. and Harber, M. P. (2014) ‘Skeletal Muscle Hypertrophy After Aerobic 

Exercise Training’, 46989, pp. 53–61. 

Kostek, M. C. et al. (2007) ‘Gene expression responses over 24 h to lengthening and 

shortening contractions in human muscle: Major changes in CSRP3, MUSTN1, SIX1, and 



63 
 

FBXO32’, Physiological Genomics, 31(1), pp. 42–52. doi: 

10.1152/physiolgenomics.00151.2006. 

Lastayo, P. C. et al. (2000) ‘Eccentric ergometry: Increases in locomotor muscle size and 

strength at low training intensities’, American Journal of Physiology - Regulatory 

Integrative and Comparative Physiology, 278(5 47-5), pp. 1282–1288. doi: 

10.1152/ajpregu.2000.278.5.r1282. 

Lecker, S. H. et al. (1999) ‘Muscle Protein Breakdown and the Critical Role of the 

Ubiquitin-Proteasome Pathway in Normal and Disease States’, The Journal of Nutrition, 

129(1), pp. 227S-237S. doi: 10.1093/jn/129.1.227s. 

Lecker, S. H., Goldberg, A. L. and Mitch, W. E. (2006) ‘Protein degradation by the 

ubiquitin-proteasome pathway in normal and disease states’, Journal of the American 

Society of Nephrology, 17(7), pp. 1807–1819. doi: 10.1681/ASN.2006010083. 

Lee, C. S. et al. (2010) ‘TRIM72 negatively regulates myogenesis via targeting insulin 

receptor substrate-1’, Cell Death and Differentiation, 17(8), pp. 1254–1265. doi: 

10.1038/cdd.2010.1. 

Léger, B. et al. (2006) ‘Akt signalling through GSK-3β, mTOR and Foxo1 is involved in 

human skeletal muscle hypertrophy and atrophy’, Journal of Physiology, 576(3), pp. 923–

933. doi: 10.1113/jphysiol.2006.116715. 

Li, M. et al. (2015) ‘Aberrant post-translational modifications compromise human myosin 

motor function in old age’, Aging Cell, 14(2), pp. 228–235. doi: 10.1111/acel.12307. 

Li, Y.-P. et al. (2005) ‘TNF‐α acts via p38 MAPK to stimulate expression of the ubiquitin 

ligase atrogin1/MAFbx in skeletal muscle’, The FASEB Journal, 19(3), pp. 362–370. doi: 



64 
 

10.1096/fj.04-2364com. 

Liu, C. W. et al. (2006) ‘ATP Binding and ATP Hydrolysis Play Distinct Roles in the 

Function of 26S Proteasome’, Molecular Cell, 24(1), pp. 39–50. doi: 

10.1016/j.molcel.2006.08.025. 

Liu, H. and Naismith, J. H. (2008) ‘An efficient one-step site-directed deletion, insertion, 

single and multiple-site plasmid mutagenesis protocol.’, BMC biotechnology, 8, p. 91. doi: 

10.1186/1472-6750-8-91. 

Lokireddy, S., Kukushkin, N. V. and Goldberg, A. L. (2015) ‘cAMP-induced 

phosphorylation of 26S proteasomes on Rpn6/PSMD11 enhances their activity and the 

degradation of misfolded proteins’, Proceedings of the National Academy of Sciences of 

the United States of America, 112(52), pp. E7176–E7185. doi: 10.1073/pnas.1522332112. 

Louis, E. et al. (2007) ‘Time course of proteolytic, cytokine, and myostatin gene expression 

after acute exercise in human skeletal muscle’, Journal of Applied Physiology, 103(5), pp. 

1744–1751. doi: 10.1152/japplphysiol.00679.2007. 

Lysenko, E. A. et al. (2016) ‘Effect of combined aerobic and strength exercises on the 

regulation of mitochondrial biogenesis and protein synthesis and degradation in human 

skeletal muscle’, Human Physiology, 42(6), pp. 634–644. doi: 

10.1134/S0362119716060104. 

Macdougall, J. D. et al. (1980) ‘Effects of Strength Training and Immobilization on Human 

Muscle Fibres’, Applied Physiology, 34, pp. 25–34. 

Maggs, A. M. et al. (2000) ‘Evidence for differential post-translational modifications of slow 

myosin heavy chain during murine skeletal muscle development’, Journal of Muscle 



65 
 

Research and Cell Motility, 21(2), pp. 101–113. doi: 10.1023/A:1005639229497. 

Manson, J. A. E. et al. (1992) ‘A Prospective Study of Exercise and Incidence of Diabetes 

Among US Male Physicians’, American Journal of Medicine, 109(7), pp. 538–542. doi: 

10.1016/S0002-9343(00)00568-4. 

Martinez-Fonts, K. et al. (2020) ‘The proteasome 19S cap and its ubiquitin receptors 

provide a versatile recognition platform for substrates’, Nature Communications, 11(1). doi: 

10.1038/s41467-019-13906-8. 

Marzetti, E. et al. (2017) ‘Physical activity and exercise as countermeasures to physical 

frailty and sarcopenia’, Aging Clinical and Experimental Research, 29(1), pp. 35–42. doi: 

10.1007/s40520-016-0705-4. 

Mascher, H. et al. (2008) ‘Repeated resistance exercise training induces different changes 

in mRNA expression of MAFbx and MuRF-1 in human skeletal muscle’, American Journal 

of Physiology - Endocrinology and Metabolism, 294(1), pp. 43–51. doi: 

10.1152/ajpendo.00504.2007. 

Metzger, M. B. et al. (2014) ‘RING-type E3 ligases: Master manipulators of E2 ubiquitin-

conjugating enzymes and ubiquitination’, BBA - Molecular Cell Research, 1843(1), pp. 47–

60. doi: 10.1016/j.bbamcr.2013.05.026. 

Mevissen, T. E. T. and Komander, D. (2017) ‘Mechanisms of deubiquitinase specificity and 

regulation’, Annual Review of Biochemistry, 86(May), pp. 159–192. doi: 10.1146/annurev-

biochem-061516-044916. 

Milan, G. et al. (2015) ‘Regulation of autophagy and the ubiquitin-proteasome system by 

the FoxO transcriptional network during muscle atrophy’, Nature Communications, 6. doi: 



66 
 

10.1038/ncomms7670. 

Moberg, M. et al. (2017) ‘Increased autophagy signaling but not proteasome activity in 

human skeletal muscle after prolonged low-intensity exercise with negative energy 

balance’, Physiological Reports, 5(23), pp. 1–17. doi: 10.14814/phy2.13518. 

Morreale, F. E. et al. (2016) ‘SnapShot : Types of Ubiquitin Ligases SnapShot : Types of 

Ubiquitin Ligases’, Cell, 165(1), pp. 248-248.e1. doi: 10.1016/j.cell.2016.03.003. 

Mukhopadhyay, D. and Riezman, H. (2007) ‘Proteasome-independent functions of 

ubiquitin in endocytosis and signaling’, Science, 315(5809), pp. 201–205. doi: 

10.1126/science.1127085. 

Muratani, M. and Tansey, W. P. (2003) ‘How the ubiquitin-proteasome system controls 

transcription’, Nature Reviews Molecular Cell Biology, 4(3), pp. 192–201. doi: 

10.1038/nrm1049. 

Murton, A. J., Constantin, D. and Greenhaff, P. L. (2008) ‘The involvement of the ubiquitin 

proteasome system in human skeletal muscle remodelling and atrophy’, Biochimica et 

Biophysica Acta - Molecular Basis of Disease, 1782(12), pp. 730–743. doi: 

10.1016/j.bbadis.2008.10.011. 

Nagpal, P. et al. (2012) ‘The Ubiquitin Ligase Nedd4-1 Participates in Denervation-Induced 

Skeletal Muscle Atrophy in Mice’, PLoS ONE, 7(10), pp. 1–11. doi: 

10.1371/journal.pone.0046427. 

Nedergaard, A. et al. (2007) ‘Expression patterns of atrogenic and ubiquitin proteasome 

component genes with exercise: Effect of different loading patterns and repeated exercise 

bouts’, Journal of Applied Physiology, 103(5), pp. 1513–1522. doi: 



67 
 

10.1152/japplphysiol.01445.2006. 

Nussbaum, A. K. et al. (1998) ‘Cleavage motifs of the yeast 20S proteasome β subunits 

deduced from digests of enolase’, Proceedings of the National Academy of Sciences of 

the United States of America, 95(21), pp. 12504–12509. doi: 10.1073/pnas.95.21.12504. 

Ohtake, F. et al. (2016) ‘The K48-K63 Branched Ubiquitin Chain Regulates NF-κB 

Signaling’, Molecular Cell, 64(2), pp. 251–266. doi: 10.1016/j.molcel.2016.09.014. 

Ohtake, F. et al. (2018) ‘K63 ubiquitylation triggers proteasomal degradation by seeding 

branched ubiquitin chains’, Proceedings of the National Academy of Sciences of the 

United States of America, 115(7), pp. E1401–E1408. doi: 10.1073/pnas.1716673115. 

Parker, B. et al. (2020) ‘Quantification of exercise-regulated ubiquitin signaling in human 

skeletal muscle identifies protein modification cross talk via NEDDylation’, (February), pp. 

1–11. doi: 10.1096/fj.202000075R. 

Pasiakos, S. M. et al. (2010) ‘Molecular responses to moderate endurance exercise in 

skeletal muscle’, International Journal of Sport Nutrition and Exercise Metabolism, 20(4), 

pp. 282–290. doi: 10.1123/ijsnem.20.4.282. 

Petroski, M. D. and Deshaies, R. J. (2005) ‘Mechanism of Lysine 48-Linked Ubiquitin- 

Chain Synthesis by the Cullin-RING Ubiquitin-Ligase Complex SCF-Cdc34’, pp. 1107–

1120. doi: 10.1016/j.cell.2005.09.033. 

Phillips, S. M. et al. (1997) ‘Mixed muscle protein synthesis and breakdown after 

resistance exercise in humans’, American Journal of Physiology - Endocrinology and 

Metabolism, 273(1 36-1). doi: 10.1152/ajpendo.1997.273.1.e99. 

Phillips, S. M. et al. (1999) ‘Resistance training reduces the acute exercise-induced 



68 
 

increase in muscle protein turnover’, American Journal of Physiology - Endocrinology and 

Metabolism, 276(1 39-1). doi: 10.1152/ajpendo.1999.276.1.e118. 

Pietiläinen, K. H. et al. (2008) ‘Physical inactivity and obesity: A vicious circle’, Obesity, 

16(2), pp. 409–414. doi: 10.1038/oby.2007.72. 

Pinedo-Villanueva, R. et al. (2019) ‘Health Care Costs Associated With Muscle Weakness: 

A UK Population-Based Estimate’, Calcified Tissue International, 104(2), pp. 137–144. doi: 

10.1007/s00223-018-0478-1. 

Prabakaran, S. et al. (2012) ‘Post-translational modification: Nature’s escape from genetic 

imprisonment and the basis for dynamic information encoding’, Wiley Interdisciplinary 

Reviews: Systems Biology and Medicine, 4(6), pp. 565–583. doi: 10.1002/wsbm.1185. 

Ramirez-Martinez, A. et al. (2017) ‘KLHL41 stabilizes skeletal muscle sarcomeres by 

nonproteolytic ubiquitination’, eLife, 6, pp. 1–24. doi: 10.7554/eLife.26439. 

Rape, M. (2017) ‘Ubiquitylation at the crossroads of development and disease’, Nature 

Publishing Group. doi: 10.1038/nrm.2017.83. 

Reitelseder, S. et al. (2014) ‘Positive muscle protein net balance and differential regulation 

of atrogene expression after resistance exercise and milk protein supplementation’, 

European Journal of Nutrition, 53(1), pp. 321–333. doi: 10.1007/s00394-013-0530-x. 

Rennie, M. J. and Kevin D. Tipton (2000) ‘PROTEIN AND AMINO ACID METABOLISM 

DURING AND AFTER EXERCISE AND THE EFFECTS OF NUTRITION’, Annual Review 

of Nutrition, 20(3), pp. 723–724. 

Reyes-Turcu, F. E., Ventii, K. H. and Wilkinson, K. D. (2009) ‘Regulation and Cellular 

Roles of Ubiquitin-Specific Deubiquitinating Enzymes’, Annual Review of Biochemistry, 



69 
 

78(1), pp. 363–397. doi: 10.1146/annurev.biochem.78.082307.091526. 

Ribeiro, M. B. T. et al. (2017) ‘Resistance training regulates gene expression of molecules 

associated with intramyocellular lipids, glucose signaling and fiber size in old rats’, 

Scientific Reports, 7(1), pp. 1–13. doi: 10.1038/s41598-017-09343-6. 

Ryder, D. J. et al. (2015) ‘Identification of the Acetylation and Ubiquitin-Modified Proteome 

during the Progression of Skeletal Muscle Atrophy’, pp. 1–24. doi: 

10.1371/journal.pone.0136247. 

Sadowski, M. et al. (2012) ‘Protein monoubiquitination and polyubiquitination generate 

structural diversity to control distinct biological processes’, IUBMB Life, 64(2), pp. 136–

142. doi: 10.1002/iub.589. 

Saklayen, M. G. (2018) ‘The Global Epidemic of the Metabolic Syndrome’, 9, pp. 1–8. 

Salghetti, S. E. et al. (2001) ‘Regulation of transcriptional activation domain function by 

ubiquitin’, Science, 293(5535), pp. 1651–1653. doi: 10.1126/science.1062079. 

Sandri, M. et al. (2004) ‘Foxo transcription atrophy 2004 Sandri’, Cell, 117, pp. 399–412. 

doi: 10.3109/10715762.2014.904507. 

Sandri, M. et al. (2013) ‘Misregulation of autophagy and protein degradation systems in 

myopathies and muscular dystrophies’, Journal of Cell Science, 126(23), pp. 5325–5333. 

doi: 10.1242/jcs.114041. 

Sartori, R. et al. (2013) ‘BMP signaling controls muscle mass’, Nature Genetics, 45(11), 

pp. 1309–1321. doi: 10.1038/ng.2772. 

Schubert, U. et al. (2000) ‘Rapid degradation of a large fraction of newly synthesized 

proteins by proteasomes’, Nature, 404(6779), pp. 770–774. doi: 10.1038/35008096. 



70 
 

Seaborne, R. A. et al. (2019) ‘UBR5 is a novel E3 ubiquitin ligase involved in skeletal 

muscle hypertrophy and recovery from atrophy’, Journal of Physiology, 597(14), pp. 3727–

3749. doi: 10.1113/JP278073. 

Shi, Yuan et al. (2016) ‘Rpn1 provides adjacent receptor sites for substrate binding and 

deubiquitination by the proteasome’, Science, 351(6275). doi: 10.1126/science.aad9421. 

Skaar, J. R. and Pagano, M. (2009) ‘Control of cell growth by the SCF and APC/C 

ubiquitin ligases’, Current Opinion in Cell Biology, 21(6), pp. 816–824. doi: 

10.1016/j.ceb.2009.08.004. 

De Sousa Abreu, R. et al. (2009) ‘Global signatures of protein and mRNA expression 

levels’, Molecular BioSystems, 5(12), pp. 1512–1526. doi: 10.1039/b908315d. 

Srikanthan, P. and Karlamangla, A. S. (2011) ‘Relative muscle mass is inversely 

associated with insulin resistance and prediabetes. Findings from the Third National 

Health and Nutrition Examination Survey’, Journal of Clinical Endocrinology and 

Metabolism, 96(9), pp. 2898–2903. doi: 10.1210/jc.2011-0435. 

Srikanthan, P. and Karlamangla, A. S. (2014) ‘Muscle mass index as a predictor of 

longevity in older adults’, American Journal of Medicine, 127(6), pp. 547–553. doi: 

10.1016/j.amjmed.2014.02.007. 

Stanford, K. I. and Goodyear, L. J. (2014) ‘Exercise and type 2 diabetes: Molecular 

mechanisms regulating glucose uptake in skeletal muscle’, Advances in Physiology 

Education, 38(4), pp. 308–314. doi: 10.1152/advan.00080.2014. 

Stefanetti, R. J. et al. (2015) ‘Regulation of ubiquitin proteasome pathway molecular 

markers in response to endurance and resistance exercise and training’, Pflugers Archiv 



71 
 

European Journal of Physiology, 467(7), pp. 1523–1537. doi: 10.1007/s00424-014-1587-y. 

Steger, M. et al. (2020) ‘Deep ubiquitination site profiling by single-shot data-independent 

acquisition mass spectrometry’, bioRxiv, p. 2020.07.23.218651. doi: 

10.1101/2020.07.23.218651. 

Stuart, C. A. et al. (2013) ‘Insulin Responsiveness in Metabolic’, pp. 2021–2029. doi: 

10.1249/MSS.0b013e31829a6ce8. 

Stupka, N. et al. (2001) ‘Cellular adaptation to repeated eccentric exercise-induced muscle 

damage’, Journal of Applied Physiology, 91(4), pp. 1669–1678. doi: 

10.1152/jappl.2001.91.4.1669. 

Suckau, D. et al. (1990) ‘Molecular epitope identification by limited proteolysis of an 

immobilized antigen-antibody complex and mass spectrometric peptide mapping’, 

Proceedings of the National Academy of Sciences of the United States of America, 87(24), 

pp. 9848–9852. doi: 10.1073/pnas.87.24.9848. 

Swart, C. et al. (2018) ‘Hit-Gel: Streamlining in-gel protein digestion for high-throughput 

proteomics experiments’, Scientific Reports, 8(1), pp. 1–8. doi: 10.1038/s41598-018-

26639-3. 

Swatek, K. N. and Komander, D. (2016) ‘Ubiquitin modifications’, Cell Research, pp. 399–

422. doi: 10.1038/cr.2016.39. 

Tanaka, K. (2009) ‘The proteasome: Overview of structure and functions’, Proceedings of 

the Japan Academy Series B: Physical and Biological Sciences, 85(1), pp. 12–36. doi: 

10.2183/pjab.85.12. 

Terrell, J. et al. (1998) ‘A function for monoubiquitination in the internalization of a G 



72 
 

protein-coupled receptor’, Molecular Cell, 1(2), pp. 193–202. doi: 10.1016/S1097-

2765(00)80020-9. 

Tesch, P. (1988) ‘Skeletal muscle adaptations consequent to long-term resistance 

exercise’. 

Thompson, H. S. and Scordilis, S. P. (1994) ‘Ubiquitin changes in human biceps muscle 

following exercise-induced damage’, Biochemical and Biophysical Research 

Communications, pp. 1193–1198. doi: 10.1006/bbrc.1994.2589. 

Thrower, J. S. et al. (2000) ‘Recognition of the polyubiquitin proteolytic signal’, EMBO 

Journal, 19(1), pp. 94–102. doi: 10.1093/emboj/19.1.94. 

Tipton, K. D., Hamilton, D. L. and Gallagher, I. J. (2018) ‘Assessing the Role of Muscle 

Protein Breakdown in Response to Nutrition and Exercise in Humans’, Sports Medicine, 

48, pp. 53–64. doi: 10.1007/s40279-017-0845-5. 

Tsujinaka, T. et al. (1995) ‘Muscle undergoes atrophy in association with increase of 

lysosomal cathepsin activity in interleukin-6 transgenic mouse’, Biochemical and 

Biophysical Research Communications, pp. 168–174. doi: 10.1006/bbrc.1995.1168. 

Turner, D. C. et al. (2020) ‘Knockdown of the E3 Ubiquitin ligase UBR5 and its role in 

skeletal muscle anabolism’. 

Udeshi, N. D. et al. (2013) ‘Large-scale identification of ubiquitination sites by mass 

spectrometry’, Nature Protocols, 8(10), pp. 1950–1960. doi: 10.1038/nprot.2013.120. 

Udeshi, N. D. et al. (2020) ‘Rapid and deep-scale ubiquitylation profiling for biology and 

translational research’, Nature Communications. doi: 10.1038/s41467-019-14175-1. 

Venable, J. D. et al. (2004) ‘Automated approach for quantitative analysis of complex 



73 
 

peptide mixtures from tandem mass spectra’, 1(1), pp. 1–7. doi: 10.1038/NMETH705. 

Venne, A. S., Kollipara, L. and Zahedi, R. P. (2014) ‘The next level of complexity: 

Crosstalk of posttranslational modifications’, Proteomics, 14(4–5), pp. 513–524. doi: 

10.1002/pmic.201300344. 

VerPlank, J. J. S. et al. (2019) ‘26S Proteasomes are rapidly activated by diverse 

hormones and physiological states that raise cAMP and cause Rpn6 phosphorylation’, 

Proceedings of the National Academy of Sciences of the United States of America, 

116(10), pp. 4228–4237. doi: 10.1073/pnas.1809254116. 

Virág, D. et al. (2020) ‘Current Trends in the Analysis of Post-translational Modifications’, 

Chromatographia, 83(1), pp. 1–10. doi: 10.1007/s10337-019-03796-9. 

Vogel, C. and Marcotte, E. M. (2012) ‘Insights into the regulation of protein abundance 

from proteomic and transcriptomic analyses’, Nature Reviews Genetics, 13(4), pp. 227–

232. doi: 10.1038/nrg3185. 

von Walden, F. et al. (2016) ‘mTOR signaling regulates myotube hypertrophy by 

modulating protein synthesis, rDNA transcription, and chromatin remodeling’, American 

Journal of Physiology - Cell Physiology, 311(4), pp. C663–C672. doi: 

10.1152/ajpcell.00144.2016. 

Weber-Ban, E. U. et al. (1999) ‘Global unfolding of a substrate protein by the HSP100 

chaperone ClpA’, Nature, 401(6748), pp. 90–93. doi: 10.1038/43481. 

Wei, L. et al. (2018) ‘Novel sarcopenia-related alterations in sarcomeric protein post-

translational modifications (PTMs) in skeletal muscles identified by top-down proteomics’, 

Molecular and Cellular Proteomics, 17(1), pp. 134–145. doi: 10.1074/mcp.RA117.000124. 



74 
 

Van Wessel, T. et al. (2010) ‘The muscle fiber type-fiber size paradox: Hypertrophy or 

oxidative metabolism?’, European Journal of Applied Physiology, 110(4), pp. 665–694. doi: 

10.1007/s00421-010-1545-0. 

van Wijk, S. J. L. and Timmers, H. T. M. (2010) ‘The family of ubiquitin-conjugating 

enzymes (E2s): deciding between life and death of proteins’, The FASEB Journal, 24(4), 

pp. 981–993. doi: 10.1096/fj.09-136259. 

Wilkinson, K. D. et al. (1995) ‘Metabolism of the Polyubiquitin Degradation Signal: 

Structure, Mechanism, and Role of Isopeptidase T’, Biochemistry, 34(44), pp. 14535–

14546. doi: 10.1021/bi00044a032. 

Wilkinson, S. B. et al. (2008) ‘Differential effects of resistance and endurance exercise in 

the fed state on signalling molecule phosphorylation and protein synthesis in human 

muscle’, Journal of Physiology, 586(15), pp. 3701–3717. doi: 

10.1113/jphysiol.2008.153916. 

Willoughby, D. S., Rosene, J. and Myers, J. (2003) ‘HSP-72 and ubiquitin expression and 

caspase-3 activity after a single boutof eccentric exercise’, Journal of Exercise Physiology 

Online, 6(2), pp. 96–104. 

Willoughby, D. S., Taylor, M. and Taylor, L. (2003) ‘Glucocorticoid Receptor and Ubiquitin 

Expression after Repeated Eccentric Exercise’, Medicine and Science in Sports and 

Exercise, 35(12), pp. 2023–2031. doi: 10.1249/01.MSS.0000099100.83796.77. 

Witt, S. H. et al. (2005) ‘MURF-1 and MURF-2 Target a Specific Subset of Myofibrillar 

Proteins Redundantly: Towards Under-standing MURF-dependent Muscle Ubiquitination’. 

doi: 10.1016/j.jmb.2005.05.021. 



75 
 

Xia, M. F. et al. (2020) ‘Sarcopenia, sarcopenic overweight/obesity and risk of 

cardiovascular disease and cardiac arrhythmia: A cross-sectional study’, Clinical Nutrition, 

(xxxx), pp. 1–10. doi: 10.1016/j.clnu.2020.06.003. 

Xu, G., Paige, J. S. and Jaffrey, S. R. (2010) ‘Global analysis of lysine ubiquitination by 

ubiquitin remnant immunoaffinity profiling’, Nature Biotechnology, 28(8), pp. 868–873. doi: 

10.1038/nbt.1654. 

Yang, Y., Jemiolo, B. and Trappe, S. (2006) ‘Proteolytic mRNA expression in response to 

acute resistance exercise in human single skeletal muscle fibers’, Journal of Applied 

Physiology, 101(5), pp. 1442–1450. doi: 10.1152/japplphysiol.00438.2006. 

Yao, T. and Cohen, R. E. (2002) ‘A cryptic protease couples deubiquitination and 

degradation by the proteasome.’, Nature, 419(September), pp. 406–407. doi: 

10.1038/nature00962. 

Ye, Y. and Rape, M. (2009) ‘Building ubiquitin chains: E2 enzymes at work’, Nature 

Reviews Molecular Cell Biology, 10(11), pp. 755–764. doi: 10.1038/nrm2780. 

Yi, J. S. et al. (2013) ‘MG53-induced IRS-1 ubiquitination negatively regulates skeletal 

myogenesis and insulin signalling’, Nature Communications, 4. doi: 10.1038/ncomms3354. 

Yoshida, Y. et al. (2015) ‘A comprehensive method for detecting ubiquitinated substrates 

using TR-TUBE’, 112(15). doi: 10.1073/pnas.1422313112. 

Yuan, W. et al. (2014) ‘Article K33-Linked Polyubiquitination of Coronin 7 Regulates 

Protein Trafficking’, Molecular Cell, 54(4), pp. 586–600. doi: 10.1016/j.molcel.2014.03.035. 

Yun, J. and Lee, W.-H. (2003) ‘Degradation of Transcription Repressor ZBRK1 through the 

Ubiquitin-Proteasome Pathway Relieves Repression of Gadd45a upon DNA Damage’, 



76 
 

Molecular and Cellular Biology, 23(20), pp. 7305–7314. doi: 10.1128/mcb.23.20.7305-

7314.2003. 

Zamaraev, A. V et al. (2017) ‘Post-translational Modification of Caspases: The Other Side 

of Apoptosis Regulation’, Trends in Cell Biology, xx, pp. 1–18. doi: 

10.1016/j.tcb.2017.01.003. 

Zhao, J. et al. (2015) ‘MTOR inhibition activates overall protein degradation by the 

ubiquitin proteasome system as well as by autophagy’, Proceedings of the National 

Academy of Sciences of the United States of America, 112(52), pp. 15790–15797. doi: 

10.1073/pnas.1521919112. 

Zhu, Q. et al. (2005) ‘Deubiquitination by proteasome is coordinated with substrate 

translocation for proteolysis in vivo’, Experimental Cell Research, 307(2), pp. 436–451. 

doi: 10.1016/j.yexcr.2005.03.031. 

Zimmermann, J. et al. (2000) ‘Proteasome inhibitor induced gene expression profiles 

reveal overexpression of transcriptional regulators ATF3, GADD153 and MAD1’, 

Oncogene, 19(25), pp. 2913–2920. doi: 10.1038/sj.onc.1203606. 

 

 


	1. Introduction
	1.1 Importance of skeletal muscle
	1.2 Role of post-translational modifications
	1.3 Ubiquitylation
	1.3.1 Importance of ubiquitylation
	1.3.2 Protein ubiquitylation process
	1.3.3 Fate of protein ubiquitylation
	1.3.3.1 Ubiquitin code
	1.3.3.2 Key Ubiquitin enzymes
	1.3.3.3 Ubiquitin-Proteasome System
	1.3.3.4 UPS-independent protein ubiquitylation
	1.4 Ubiquitylation in skeletal muscle
	1.4.1 Role of protein ubiquitylation in skeletal muscle
	1.4.2 Ubiquitin chain types in skeletal muscle
	1.4.3 Ubiquitin E3 ligases in skeletal muscle
	1.4.4 Current understanding of protein ubiquitylation in skeletal muscle
	1.5 Effect of exercise on skeletal muscle
	1.5.1 Importance of exercise on skeletal muscle function
	1.5.2 Importance of exercise-regulated ubiquitylation in skeletal muscle
	2. Exercise-regulated ubiquitylation in skeletal muscle
	2.1 Key proteins investigated
	2.1.1 UPS response to exercise in skeletal muscle
	2.1.2 E3 ligase response to exercise in skeletal muscle: MuRF1 and MAFbx
	2.1.3 Relationship between UPS and MuRF1/MAFbx in skeletal muscle following exercise
	2.1.4 Limitations with exercise-regulated ubiquitylation analysis
	2.2 Exercise-regulated Ubiquitylome
	2.2.1 Proteomic approach investigating exercise-regulated ubiquitylation
	2.2.2 Shortfalls of current exercise-regulated ubiquitylome understanding
	2.2.3 Issues with current exercise-regulated ubiquitylome analysis
	3. Improved Ubiquitylome analysis
	3.1 Tandem ubiquitin-binding entity-based pull-down
	3.2 Trypsin resistant tandem ubiquitin-binding entity
	3.2.1 Applying TR-TUBE approach in vitro
	3.2.1.1 TR-TUBE in C2C12 cell lysate
	3.2.1.2 TR-TUBE in skeletal muscle lysate
	3.3 diglycine antibody-based immunoprecipitation
	3.4 UbiFast
	3.5 Data-independent acquisition
	4. Conclusion
	5. Methods

