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Abstract 
Proteomics is frequently utilized to identify proteins that are differentially expressed under 

perturbation or disease conditions and has been instrumental in uncovering the mechanisms 

of the cellular response to such stresses. However, the effects of perturbation on the 

proteome are often structural and thus will not be captured by measurements of protein 

abundance alone. Protein-protein interactions, post-translational modifications and small 

molecule binding are all events that result in protein conformational change and have 

important functional consequences. Further, perturbation-induced protein structural changes 

such as unfolding or aggregation can lead to loss of function or even toxic gain of function.  

Limited proteolysis mass spectrometry (LiP-MS) is an emerging structural proteomics 

technique capable of evaluating changes to protein conformation on an ‘-omics’ scale in 

complex biological samples. The LiP-MS pipeline employs a non-specific enzyme and 

restricted digestion time to ‘nick’ exposed regions of proteins in their native states. Cleavage 

sites are then identified by mass spectrometry and subsequent bioinformatic analysis.  

This thesis first focuses on optimizing and validating LiP-MS for use in primary human cells. 

The protocol was then utilized to investigate the cellular response to loss of proteostasis, 

induced through treating cells with heat shock and chaperone inhibitors. This experiment 

was able to identify hundreds of proteins with altered conformational states. These proteins 

were significantly enriched for known cellular responses to loss of proteostasis, implying a 

systematic remodelling of conformations and interactions within the proteostatic machinery 

in response to stress. Further, specific, peptide level conformational alterations in proteins 

with well-studied roles in the heat shock response were identified, such as those required for 

chaperone-client interactions.  

Moving forward, LiP-MS has the potential to provide fresh insight into the mechanisms of the 

cellular response to stress through identifying previously undescribed, functionally critical 

protein structural changes, the presence and consequences of which can then be further 

investigated using orthogonal biochemical techniques.  
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Chapter One: Introduction 
 

1.1 Overview 

Proteins are a crucial component of the cellular machinery, performing many vital roles 

including signaling and transport. The concentration, location and structure of proteins are all 

features that require dynamic regulation in order to meet the numerous functional demands 

of the cell. A state in which this need is met is referred to as protein homeostasis, or 

proteostasis. Proteostasis can be perturbed by cellular stresses, such as mechanical or 

thermal stress, leading to protein unfolding. Protein unfolding can result in loss of function 

and, in particular cases, toxic gain of function through the formation of protein aggregates. 

However, proteostasis is safeguarded by several mechanisms, known collectively as the 

proteostasis network [1]. For example, molecular chaperones assist in the de novo folding of 

newly synthesized proteins, as well as resolving misfolding events as part of the stress 

response [2]. Further, protein degradation pathways enable the removal and recycling of 

misfolded or excess protein, thus facilitating newly synthesized, native proteins in fulfilling 

their functions [3, 4].  

However, several studies have indicated a correlation between age and decline in 

proteostasis [1, 5-7]. Age-associated impairment of the proteostasis network, alongside an 

accumulation of oxidative damage, leads to a cell-wide overload of misfolded or impaired 

proteins. This results in an increased risk of protein aggregation, which is characteristic of 

several neurodegenerative pathologies such as Alzheimer’s and Parkinson’s Disease, for 

which age is considered the biggest risk factor [8]. Despite the ever-increasing prevalence of 

such diseases, therapeutic interventions remain overwhelmingly unsuccessful [9]. Therefore, 

there is a clear and pressing need for better understanding of the fundamental causes and 

consequences of the loss of proteostasis.  

Previous work in the Swift lab has begun to address this need, through assessment of the 

proteostasis network in cultured primary human mesenchymal stem cells (hMSCs) [10]. 

There is a specific requirement to better understand proteostasis in hMSCs as they are often 

used in regenerative medicine. One application of hMSCs is their transplantation to sites of 

damage, with bone marrow derived hMSCs delivered to the brain in animal models of 

neurodegenerative diseases [11-13].  Such procedures can cause inflammation, damage to 

tissue and potentially infection, all of which are known to perturb proteostasis [14]. 

Furthermore, therapeutic applications often require high numbers of hMSCs, meaning in 

vitro expansion is often required due to the small number attainable in vivo [15]. Therefore, 
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an improved understanding of the effect of cell culture and loss of proteostasis in hMSCs is 

beneficial towards the development of stem cell therapies [16].  

In these previous experiments, loss of proteostasis was induced in donor-matched early and 

late passage hMSCs by heat shock at 42 C̊ and the response assessed using 

transcriptomics, proteomics and immunofluorescence imaging. Late passage hMSCs 

demonstrated high rates of senescence, which have many phenotypic similarities to aged 

cells [17, 18]. This analysis revealed strong similarities between the transcriptional stress 

response in early and late passage hMSCs. However, this was not reflected at the protein 

level, with late passage cells exhibiting a dampened protein stress response. This indicated 

that damage to the proteostasis network with senescence may be predominantly post-

transcriptional. Incorporation of these findings into a simple mathematical model of four key 

stress responders led to a prediction of a greater burden of misfolded protein in senescent 

cells. However, testing of this prediction requires an omics technique capable of assessing 

protein conformation. Furthermore, a significant lag between transcription and translation 

was also shown in all cells, suggesting that the role of protein in the early stress response 

cannot be captured by measures of protein abundance alone. Indeed, the other regulators of 

proteostasis such as protein relocation and post-translational remodelling of protein 

structure, such as protein-protein interactions and post-translational modifications, are 

potentially quicker to enact. Therefore, a structural proteomics technique is needed to gain a 

fuller understanding.  

Limited proteolysis mass spectrometry (LiP-MS) is an emerging structural proteomics 

technique with the potential to provide novel insight into native protein structure on a cell-

wide scale [19]. This is accomplished through utilizing a non-specific enzyme and reduced 

digestion time to achieve the “limited proteolysis” (LiP) of the native proteome. If these 

conditions are appropriately optimized, sites of limited proteolysis are dictated by the 

structure of a protein and comparison of this data over different biological conditions can be 

used to identify sites of protein conformational change.  

The aim of this thesis was to develop the LiP-MS protocol as a tool for providing structural 

insight into the hMSC stress response. This first required optimization of the protocol for use 

in hMSCs, with a focus on LiP enzyme concentration, digestion time and the method of cell 

lysis. It was subsequently established that LiP of hMSCs had been achieved, that this was 

identifiable through analysis of the LiP-MS peptide signal, and that LiP cleavage sites did 

appear to be dictated by protein structural features. The capacity of LiP-MS to detect 

changes to protein structure within complex cell lysates was then established, by perturbing 

the proteome with heat shock. Analysis of the signal generated by LiP-MS enabled the 
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identification of differences between the unperturbed and perturbed proteomes, and specific 

protein unfolding events were discussed. Finally, LiP-MS was applied to stressed and 

unstressed hMSCs, culminating in the identification of hundreds of proteins with potential 

stress-induced structural alterations. Moreover, gene ontology enrichment analysis of these 

structurally altered proteins found they were enriched for many known cellular stress 

response factors, such as “unfolded protein binding” and “proteasome activating activity”. 

Thus, when carefully considered, LiP-MS has the capacity to probe both the mechanisms of 

the proteostasis network and the consequences should these mechanisms fail.  

1.2 Division of thesis 

This thesis has been divided into six chapters:  

 Chapter 1 – Introduction 

An overview of protein homeostasis and the mechanisms responsible for its 

safeguarding is provided. The role of loss of protein homeostasis in human ageing 

and disease is discussed and the importance of a better understanding of the 

fundamental causes and consequences of this decline stated. Previous work 

investigating the loss of protein homeostasis in hMSCs is then detailed and how this 

work would be enhanced by a proteome-wide probe of protein structure highlighted. 

Following a brief overview of current methods in structural proteomics, limited 

proteolysis mass spectrometry (LiP-MS) is introduced as the technique that forms the 

focus of this thesis. The aims of this PhD project are also discussed.  

 Chapter 2 – Materials and Methods 

All reagents, solutions, equipment and software used in this study are disclosed. The 

methods used to obtain the results described in this thesis are explained in full.  

 Chapter 3 – Results: Optimization of the LiP-MS protocol 

Here optimization of the LiP-MS protocol for use in hMSCs is detailed, with a focus 

on LiP enzyme concentration, LiP digestion time and the method of cell lysis. A LiP-

MS experiment trialing several LiP enzyme concentrations acts as a proof of principle 

through demonstrating that LiP is identifiable in the MS peptide signal and that LiP 

cleavage sites correspond with the expected protein structural features.   

 Chapter 4 – Results: LiP-MS can act as a probe of protein structure in complex 

samples 

In this chapter the capacity of LiP-MS to detect changes to protein structure within 

complex cell lysates is established. This is tested through perturbing the proteome 

with heat shock and then investigating the effect of such perturbation on LiP-MS 

peptide signal. Evidence is provided that an increase in LiP activity correlates with 
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heat-induced protein unfolding, thus suggesting that LiP-MS can detect protein 

structural alterations. This is further evidenced through mapping LiP peptides to 

specific protein structures. Here, the complications arising from MS peptide analysis 

is discussed, alongside how these complications can be best mitigated.  

 Chapter 5 – Results: LiP-MS can provide structural insights into the cellular 

response to stress 

In this chapter, the efficacy of LiP-MS as a structural probe of the human cellular 

stress response is shown. Stress is induced through the application of heat shock 

and treatment with chaperone inhibitors and LiP-MS performed to identify 

perturbation-induced structural alterations. Hundreds of proteins with suspected 

perturbation-induced conformational changes are identified and gene ontology 

enrichment analysis is used to show that these proteins are enriched for many known 

cellular stress response pathways. Finally, LiP peptide mapping is used to highlight 

specific functional alterations in the early stress response.    

 Chapter 6 – Conclusions and future work 

The main findings of this study are evaluated and how the aims of this thesis have 

been met is discussed.  Potential future directions for this work are also detailed. 

1.3 Protein Homeostasis 

1.3.1 Determinants of proteostasis 

Proteins are often referred to as the machinery of the cell, due to the crucial role they play in 

maintaining cellular and tissue function. They have a multitude of vital jobs including 

metabolism, signaling, transport and providing structure. Protein homeostasis, or 

proteostasis, is therefore a fundamental component of organismal health. Proteostasis refers 

to a state in which all proteins are present at the required concentrations, in the required 

location and in the required conformation at the required time, as shown in Figure 1.1. This 

is a highly dynamic need. 

The 3D structure of a protein is usually central in defining its functionality, hence correct 

protein folding is imperative for many aspects of cellular homeostasis. Early investigations 

into the dynamics of in vitro protein folding [20] concluded that native protein structure was 

entirely determined by the specific properties of its amino acid sequence. For example, 

hydrogen bonding between regions of the polypeptide backbone is responsible for forming 

common secondary structures such as ∝-helices and 𝛽-sheets. Further, as proteins exist in 

an aqueous environment, the hydrophobic properties of amino acid side chains lead to 

changes in tertiary structure, to keep said side chains on the interior of the protein [21].  
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Figure 1.1: The principal determinants of protein homeostasis. Protein homeostasis as a cellular and molecular process can 
be represented by the three broad categories. Firstly, the folding and structure of a protein is foremost in defining its cognate 
role. Therefore, the maintenance of proteins in their 3D native conformations is synonymous with maintaining the 
functionality of the proteome. Next, the capacity to recycle and replenish protein. Influences such as cell cycle stage or the 
extracellular environment mean the requirements of the cell are dynamic and the availability and abundance of certain 
proteins must be flexible enough to meet this need. Finally, cellular localization – proteins need to be successfully deployed 
to their sites of action, a feature which is also strongly influenced by the dynamic cellular environment.  

Whilst it is still accepted that small proteins are capable of folding unaided in vitro, due to the 

speed at which they bury hydrophobic side chains, larger proteins, if left unaided, can 

become stuck in partially folded intermediates [22]. Moreover, the environment in which 

proteins fold in vivo is extremely concentrated, known as macromolecular crowding [23], 

making it even more difficult for proteins to reach their desired conformation. One way in 

which this issue can be addressed is by chaperones, which are molecules in the cell 

responsible for assisting protein folding. Molecular chaperones achieve this in many ways, 

such as guiding the folding of newly synthesized chains, providing compartments in which 

proteins can fold away from the concentrated cytosol, and binding to exposed hydrophobic 

regions during folding to prevent aggregation [24]. 

A common explanation of protein folding pathways has been the ‘free energy surface’, along 

with the assumption that final protein conformation is determined by that which is most 

thermodynamically stable [20]. However, the number of possible conformations is high, 

resulting in a rugged energy surface and stochasticity in unaided protein folding [25]. These 
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ideas support the “New View” that molecular chaperones are usually required to assist 

proteins in traversing the energy landscape and prevent them from settling in folding 

intermediate states [26]. Further development in understanding protein folding arose from 

the identification of intrinsically disordered proteins (IDPs). Their presence implies that the 

structure of the proteome is more dynamic than initially thought [27], and predictions that up 

to 30% of the proteome is routinely without structure [28].  

Furthermore, much of the functional capacity of a protein is acquired post-translationally, 

largely through various types of molecular interactions. The individual characteristics of each 

polypeptide chain can result in higher-order protein structural modifications. For example, 

the association of monomers is highly functionally important, with an estimated 55% of 

proteins in eukaryotes existing as dimers or higher-order complexes [29]. Much of the vital 

cellular machinery consists of protein-protein interactions, the cytoskeleton providing one 

example of many. On the other hand, the capacity of proteins to associate with each other 

can have deleterious effects if these interactions are unwanted and/or non-native. The 

oligomerization of certain proteins is associated with neurodegenerative diseases, such as 

alpha-synuclein and Parkinson’s Disease, where unwanted aggregates and fibrils can form 

that are considered to be cytotoxic.  

Another category of functionally critical protein structural alterations are post-translational 

modifications (PTMs). For example, one of the most abundant and important PTMs is 

phosphorylation. Facilitated through protein kinases, a phosphate group is added, usually to 

serines, threonines or tyrosines, which enables interaction with other molecules, and/or can 

alter local structure and stability. Phosphorylation is a crucial component in the majority of 

cellular processes, with phosphorylation events in over two thirds of proteins encoded by the 

human genome [30]. Protein activity can also be influenced by metabolite binding. Allosteric 

binding of metabolites is important in the formation and function of many protein complexes 

[31]. Adenosine triphosphate (ATP) binding, for example, is central to the activity of many 

molecular chaperones [32], the function of which will be discussed in more detail below.  

An important feature of the aforementioned post-translational protein structural alterations 

and additions is their transience. Phosphorylation is reversible and protein complexes are 

often capable of formation and dissociation on short time scales. The rapid and reversible 

nature of metabolite-protein binding has, historically, made identifying interactions 

challenging [33]. However, it is exactly this transience that enables the dynamic needs of the 

cell to be met, and proteostasis to be maintained.   

Protein subcellular localization is also a key factor in protein function and so proteostasis. 

Different organelles provide specialized environments both chemically and in terms of 
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interaction partners. Some proteins are unique to certain cellular compartments, but many 

change location to regulate different activities [34]. For example, many transcription factors 

move between the nucleus and cytoplasm based on the requirement for gene transcription 

and therefore DNA binding [35].  

1.3.2 The proteostasis network 

Proteostasis can be perturbed by cellular stress. For example, mechanical, thermal, or 

oxidative stressors can result in protein unfolding and hence loss of function, toxic gain of 

function, and protein aggregation. However, several cellular safety mechanisms are 

triggered in response to such stressors in order to reduce protein unfolding and restore 

proteostasis. These mechanisms are known collectively as the Proteostasis Network (PN) 

and comprise of some 2000 component proteins  [1].  

An important factor in the cellular response to stress is the global halting of translation 

initiation, in tandem with the increased translation of PN components [36]. Protein synthesis 

is an energetically expensive process and so reduction in general translation frees up energy 

for the PN machinery and reduces the overall folding burden from newly synthesized 

proteins that are not essential in the stress response.  

Disruption to protein synthesis during stress is regulated by eukaryotic translation initiation 

factor 2α (eIF2α), through phosphorylation at serine 51 [37]. When bound to GTP, eIF2α 

transports initiator transfer RNA (tRNA) to ribosomes. Together, initiator tRNA and active 

eIF2α is known as the tertiary complex (TC), which is also implicated in AUG start codon 

recognition. Phosphorylation of eIF2α at serine 51 prevents GDP/GTP exchange, thus 

reducing active TCs and, consequently, limiting translation global initiation [38], whilst still 

allowing for the translation of specific, stress response mRNAs such as activating 

transcription factor ATF4 [39]. The transcription factor most associated with cellular 

response to heat stress is HSF1 which will be discussed further [40].    

Phosphorylation of eIF2α in response to stress is regulated by protein kinases and the 

precise kinase responsible is dependent on the type of stress. For example, heme‐regulated 

inhibitor kinase (HRI) is activated by heat shock and oxidative stress, general control non-

repressible‐2 (GCN2) is the kinase activated in response to UV irradiation and amino acid 

starvation, protein kinase RNA (PKR) responds to double-stranded RNAs and PKR‐like ER 

kinase (PERK) activates upon ER stress or protein unfolding [36].  

Furthermore, the reduction in translation initiation is further facilitated by the formation of 

phase separated condensates such as processing bodies (P-bodies) and stress granules 

(SG). mRNA that has ceased translating can be stored in these condensates and either 
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released upon the appeasement of stress or de-capped and degraded [41]. Stress granules 

are more typically associated with storing mRNA and RNA-binding or translation-initiation 

proteins, whereas P-bodies as the name suggests contain the mRNA degradation machinery 

in addition to translationally repressed mRNAs  [42]. However, there is evidence of 

interaction between the two condensates, with many shared proteins and mRNAs [43]. This 

is an active area of current research which continues to uncover novel ways in which cells 

seek to regulate function via post-transcriptional control of RNA at the translational level, by 

sequestration and binding of RNAs by proteins into granules of various different types. In 

addition, as noted above, selected RNAs may also be protected from this general 

suppression of translation, so genes actively involved in a stress response such as those in 

the PN continue to be expressed and proteins synthesized. This can be via binding by RNA-

binding proteins, which are over-represented in many granule types and indeed translation 

does appear to continue in some of these condensates [43, 44].  

Molecular chaperones 

Molecular chaperones represent a crucial component of the PN, with greater than 300 

chaperones and co-chaperones thought to be responsible for both assisting in the folding of 

newly synthesized proteins and refolding proteins that have become conformationally 

compromised in response to stress [45]. These molecular chaperones, collectively referred 

to as the chaperome, assist in the folding of over 60% of all cellular protein [2]. As noted 

above, molecular chaperones are often necessary to guide certain proteins across the 

folding energy landscape, to prevent settling in local energy minima. Chaperones are also 

responsible for preventing proteins settling into highly stable aggregates, often the global 

energy minima of intermolecular interactions [26]. In this way chaperones are often classified 

as “foldases”, “holdases”, or “disaggregases”, based on whether they primarily assist in 

folding protein, preventing aggregation, or reversing aggregation, respectively. The 

chaperome is also often subdivided by ATP-dependence and cellular location. Information 

for the main chaperone families is provided below and listed in Table 1.1. 

Table 1.1: A summary of major molecular chaperone families and their characteristics. Molecular chaperones and co-
chaperones can be broadly distrubuted into 5 main chaperone families – HSP70, HSP90, the chaperonins, small HSPs and 
HSP100. Listed here is the cellular location in which this family is active as well as the main functions they have been observed 
performing. Foldases are responsible for assisting in the folding of clients proteins. Holdases prevent protein aggregation by 
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binding to exposed hydrophobic regions on their clients. Disaggregases are capable of reversing or removing protein 
aggregation.  

 

HSP70 

Heat shock protein 70 (HSP70) proteins are highly conserved, ubiquitous, and associated 

with several mechanisms of proteostasis such as protein import, assembly, refolding and 

disaggregation [46]. The structure of HSP70 is characterized by a C-terminal substrate-

binding domain (SBD) capable of recognizing and binding extended hydrophobic protein 

regions that would normally be folded away from solvent. This process is mediated by ATP 

binding at the N-terminal nucleotide-binding domain. Delivery of client proteins to the ATP-

bound, open confirmation of HSP70 is facilitated by co-chaperones from the HSP40 family. 

This process initiates hydrolysis of the bound ATP, resulting in a closed HSP70-substrate 

complex. The substrate is released following NEF-triggered ADP/ATP exchange. In this way 

the HSP70 family prevents exposed hydrophobic residues from forming undesirable inter-

molecular interactions and facilitates the folding of proteins to their native structure [47].  

HSP90 

HSP90 chaperones are also highly conserved and ubiquitously expressed, with many 

hundreds of client proteins. In mammalian cells, members of the HSP90 family have different 

localizations; HSP90α and HSP90β are specific to the cytosol, 94 kDa glucose-regulated 

protein (GRP94) the ER, and tumor necrosis factor receptor-associated protein 1 (TRAP-1) 

the mitochondria [48, 49]. The general structure of HSP90 chaperones consists of a N-

terminal domain responsible for ATP binding, a middle domain involved in ATP hydrolysis 

and substrate binding, and a C-terminal domain associated with dimerization which is 
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essential for HSP90 function. In eukaryotes, the N-terminal and middle domains are 

connected by a charged linker region. Client protein folding by HSP90 is a complex process 

involving interactions with several other chaperones and co-chaperones. For example, 

clients bound by the HSP70/HSP40 machinery can be additionally bound by HSP90 when 

facilitated by co-chaperones, such as Hop (STI1).  

Chaperonins 

The term chaperonins refers to a family of 60 kDa heat shock proteins and can be divided 

into two main classes. HSP60 is a type 1 chaperonin specific to the mitochondria in 

eukaryotes. It is active when held in a complex with its co-chaperone, HSP10. Two large 

rings, each consisting of seven HSP60 molecules are held back to back to form a barrel-like 

structure. HSP10 molecules then bind to the open ends of this “barrel”, enclosing client 

proteins inside the structure and so enabling their folding in a reduced macromolecular 

concentration [50]. 

Conversely, type 2 chaperonins are localized to the cytoplasm of eukaryotic cells and do not 

require co-chaperones. For example, the CCT/TriC complex consists of eight subunits that 

associate to form a football-like structure with an in-built “lid” in the apical domain, capable of 

closing to encapsulate substrates following ATP binding [51]. Major CCT/TriC clients include 

the cytoskeletal proteins actin and tubulin, with some evidence of transient reactions with 

approximately 10% of newly synthesized proteins [52]. The transference of client proteins to 

CCT/TriC is facilitated by upstream chaperones such as the HSP70 family and the prefoldins 

[53].  

Small HSPs 

The small heat shock proteins (smHSP) describe a class of ATP-independent chaperones 

typically 12-43 kDa in size. There are currently ten identified in mammalian cells, each 

sharing an α-crystallin domain between more versatile N/C-terminal domains. These 

chaperones typically recognize and bind to exposed hydrophobic residues of misfolded 

proteins, thus preventing aggregation. These client proteins are subsequently refolded or 

degraded by other families of chaperones or co-chaperones [54]. The smHSPs are often 

referred to as holdases as they are not thought to actively refold or disaggregate their 

clients, but instead to stabilize their conformation until the foldase, disaggregase or 

degradation machinery becomes available [55]. 

HSP100 

The HSP100 family are molecular chaperones capable of disassociating protein aggregates 

and are thus referred to as disaggregases. Working in conjunction with HSP70, substrates 
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are threaded through the central pore of the HSP100 hexamer, a process mediated by ATP 

binding and hydrolysis, leading to unfolding [56]. HSP100 has been found in bacteria, plants 

and yeast, but not in humans. Disaggregase activity in humans is thought to be primarily 

controlled by interactions between HSP70, HSP40 and HSP110 [57], however the 

mechanism of action is still the source of much debate [58].   

Chaperone activity, both constitutively and in response to stress, is regulated both 

transcriptionally and post-translationally. At the transcriptional level, transcripts encoding 

chaperone proteins are upregulated in response to stress, in order to match the increased 

workload due to stress-induced protein unfolding. This change is effected by heat shock 

transcription factors, the most well-studied of which is heat shock transcription factor 1 

(HSF1) which is often referred to as the master regulator of the chaperome [59]. The 

mechanism by which HSF1 is activated is somewhat debated, but a favoured explanation is 

the chaperone titration model [60, 61]. In homeostasis, HSF1 is bound to an abundant 

molecular chaperone, HSP70. HSP70 is itself a crucial component of the stress response 

and, under stress conditions, is titrated away from HSF1 to aid in protein refolding. Free 

HSF1 then trimerises and is translocated to DNA to induce transcription of various 

chaperones, including HSP70. Upon elimination of misfolded protein, HSP70 is then free to 

rebind HSF1 and thus a negative feedback loop is formed.  

Protein degradation 

An alternative way in which the threat posed by misfolded proteins can be mediated is 

through degradation, either via the proteasomal or autophagic protein degradation 

pathways.  

The Ubiquitin-26S Proteasome System (UPS) is capable of degrading proteins in an ATP-

dependent manner. Misfolded proteins are marked for degradation with a protein ligand 

ubiquitin, which causes them to be recognized by the 26S proteasome where they are 

digested into peptides within the proteolytic core. The marking of misfolded proteins with 

ubiquitin is mediated by three associated enzymes; E1 and E2 are responsible for activating 

and conjugating ubiquitin, and E3 is the ubiquitin-protein ligase responsible for identifying 

specific substrates and facilitating the binding of activated ubiquitin via a substrate lysine 

residue [3], forming an isopeptide bond, as shown by the schematic in Figure 1.2. An 

example of a ubiquitin E3 ligase is CHIP (carboxyl-terminus of HSP70-interacting protein), 

which is also a molecular chaperone. CHIP, in combination with BAG1, is thought to interact 

with HSP70 and mark protein clients that are not re-foldable for degradation via this system. 

CHIP is also capable of ubiquitinating HSP70 itself, but demonstrates a preference for its 
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clients. CHIP may therefore act as a regulator of HSP70 activity, by instigating the 

degradation of excess HSP70 upon the appeasement of stress [62].  

 

Figure 1.2:  Ubiquitin (U) is activated by enzyme E1 through creating a thio-ester bond in an ATP dependent manner. 
Activated, E1 bound ubiquitin is then transferred to a ubiquitin conjugating enzyme (E2). E2 facilitates the binding of the C-
terminal of ubiquitin to the substrate protein, initially via a lysine residue. E3 is the ubiquitin-protein ligase crucial for 
catalyzing this reaction, and for further binding of ubiquitin to itself, creating a chain rooted in the substrate. E3 is responsible 
for the substrate specificity of the UPS. Ubiquitinated substrates are then recognized by the 19S-20S-19S (26S) proteasome 
where the substrate is unfolded and digested into peptides and ubiquitin is recycled. 

Alternatively, proteins can be removed via the autophagic protein degradation pathway that 

relies on the delivery of proteins to lysosomes – membrane-enclosed organelles with acidic 

interiors. Lysosomes contain a variety of hydrolytic enzymes, including proteases and 

nucleases, that are able to digest macromolecules. The digested substance is then 

transferred from the lysosome to the cytosol, facilitated by transport proteins within the 

organelle’s membrane. The three main mechanisms of autophagy are macroautophagy, 

microautophagy and chaperone-mediated autophagy, distinguishable by the manner in 
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which proteins are delivered to the lysosome and summarized briefly by the schematic in 

Figure 1.3.  

 

Figure 1.3: Main autophagic degradation pathways. During macroautophagy, vesicles fuse together to enclose 
macromolecules in a double-membraned compartment called an autophagosome. The autophagosome then fuses with the 
lysosome, where its contents are digested. Microautophagy is characterised by direct engulfment of cytosolic material by the 
lysosome, via invagination of the lysosomal membrane. Chaperone mediated autophagy is a selective form of autophagy and 
involves molecular chaperones recognising specific protein motifs to identify substrates. The chaperone-substrate complex is 
transported to a receptor on the lysosomal membrane (LAMP2A), where the substrate is unfolded and delivered into the 
lysosome, with the help of co-chaperones.  

Macroautophagy pertains to the transport of damaged proteins via double membraned, 

intracellular compartments called autophagosomes, formed by the fusion of vesicles when 

signaled by protein kinases. Unlike the UPS, macroautophagy is capable of removing large 

structures, such as protein aggregates and organelles. Autophagosomes then fuse with 

lysosomes, where their contents are digested and recycled. In contrast, microautophagy 

does not require autophagosomes and instead involves the engulfing of cytosolic material by 

the lysosome itself, via invagination of the lysosomal membrane. Finally, chaperone-

mediated autophagy refers to the transport of protein to the lysosome via chaperones. 

Molecular chaperone heat shock cognate protein 71 kDa (HSC70) recognises and binds to a 

particular pentapeptide motif on the substrate protein, as part of a chaperone complex with 

co-chaperones. This complex then interacts with a lysosomal membrane receptor, 

lysosomal-associated membrane protein 2A (LAMP2A), where the substrate unfolds and is 

delivered into the lysosome [4, 63].  
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1.4 Consequences of loss of proteostasis 

Critically, a breakdown or dysfunction in proteostasis can lead to cellular damage, and 

several studies have revealed a correlation between age and decline in proteostasis [1, 5-7]. 

With age, factors such as decreased proteasomal and chaperone activity, alongside an 

accumulation of oxidative damage, lead to a system-wide overload of misfolded or impaired 

proteins. Not only can compromised protein structure lead to a loss of function, but exposed 

hydrophobic residues increase the risk of proteins forming unwanted attachments, leading to 

potentially toxic aggregates. Protein aggregation is characteristic of several 

neurodegenerative diseases, such as Alzheimer’s (AD), Parkinson’s (PD), and Huntington’s 

Disease (HD) [64, 65], for all of which age is considered the most significant risk factor [8]. 

Understanding and tackling these diseases is more important than ever as the ageing 

population has increased their prevalence. For example, there are currently thought to be 

approximately 44 million cases of AD worldwide, with the potential to reach over 100 million 

by 2050 [9]. Meanwhile, drug development for this disease is progressing poorly, with 99.6% 

of clinical trials failing [9]. The causes of this dismal success rate are the source of much 

debate [66, 67], but what is abundantly clear is the need to better understand the 

fundamental causes and consequences of the loss of proteostasis.  

Many investigations into the decline of proteostasis with age have implicated an impaired 

molecular chaperone response [68-70]. For example, production of HSP70, the most 

abundant chaperone of the heat shock response, is attenuated in aged rats compared to 

their young counterparts [71, 72]. Similarly, studies have shown an improved HSP70 

response in human centenarians when compared to other aged humans [73]. In addition to 

this, perturbations of HSF1, the transcription factor often considered the master regulator of 

the heat shock response, in Caenorhabditis elegans (C.elegans) have provided further 

evidence for the link between the heat shock response and healthy ageing. Namely, 

decreasing active HSF1 was shown to accelerate ageing phenotypes, whereas 

overexpression of HSF1 led to increased lifespan [74]. 

More generally, studies of human brain ageing revealed that 32% of the chaperome is 

repressed with age [74]. This result was again echoed in C.elegans by the discovery of 

many functionally critical chaperones with an age-associated decrease in expression [45].  

Given this clear connection between decreased chaperone activity and decline in 

proteostasis, many clinical studies of protein folding diseases have explored molecular 

chaperone augmentation as a possible treatment. Therapeutic interventions studied so far 

include the development of “pharmacological chaperones”, or the use of RNA to alter ageing 

signaling pathways [75]. For example, mutating the molecular chaperone domain Bri2 
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BRICHOS in ex vivo mouse brain tissue was shown to alleviate amyloid formation [76]. 

Furthermore, decreasing insulin growth factor-1-like signaling in C.elegans led to reduced 

aggregation in an Alzheimer’s disease model [77].  

Despite this, many questions remain. For example, is the inadequacy of the molecular 

chaperone network in age a consequence of the decreased expression of key chaperones, 

or due to the sequestering of available chaperones by an increasingly damaged proteome 

[78]? Is there an equal burden on all molecular chaperone families, or is this placed more 

heavily on a few “key” chaperones? 

There is also some evidence of an age-associated attenuation of the protein degradation 

machinery. Reduced or impaired proteasome activity has been linked to ageing, such as the 

decrease in active 26S proteasomes with age in Drosophila melanogaster [79]. This has also 

been shown in human fibroblasts, with reduced proteasome activity shown to be a feature of 

senescence [80]. Moreover, fibroblasts subjected to protease inhibitors began to display 

senescent phenotypes [81]. Finally, a correlation between increased proteasomal activity 

and longevity has been shown in studies of the exceptionally long-lived naked mole rate [82, 

83] as well as the fibroblasts of healthy centenarians [84].  

Impaired autophagy has been implicated as a cause of proteostatic damage in several 

tissues [85, 86].  In vivo evidence implicates a decrease in the abundance of proteins critical 

to successful autophagy, with a reduction in active LAMP2A shown to be detrimental to 

chaperone-mediated autophagy in rats [87]. This is supported by evidence that 

overexpression of critical autophagic proteins can ameliorate ageing. Increasing autophagy 

protein 5 (Atg5) levels in mice, a protein crucial for the formation of autophagosomes, led to 

both extended lifespan and reversal of ageing phenotypes [88]. This is reflected in human 

studies, as a main regulator of autophagy was found to be overexpressed in healthy 

centenarians [89], implicating autophagy as a factor in human longevity. 

As with molecular chaperones, the link between the decline in protein degradation pathways 

and ageing has been exploited in clinical studies of age-associated disease. This is 

demonstrated by the reduction of aggregates in in vitro models of AD [90] and HD [91] as a 

result of the therapeutic enhancement of the proteasomal machinery.  

However, much remains unclear regarding the exact relationship between the mechanisms 

of protein degradation and decline in proteostasis with age. For instance, AD associated 

aggregates have been shown to cause proteasomal damage [92], whereas proteasomal 

damage has been shown to cause HD aggregates [93]. 
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1.5 Previous work 

Previous work in the Swift lab has begun to investigate the proteostasis network in primary 

human mesenchymal stem cells (hMSCs), with a particular focus on how the response to 

loss of proteostasis may be altered in senescent cells.  

1.5.1 Human mesenchymal stem cells 

In this thesis and previous work, hMSCs harvested from bone marrow have been used as an 

experimental system. Primary human cells have the advantage of biological relevance but 

are also very well suited to studying the effect of external perturbations such as mechanical 

stress, heat shock, or drug treatment.  Furthermore, serial passaging of hMSCs in vitro 

induces a state of replicative senescence, arrested division, highly relevant to ageing since 

aged tissues have a much higher incidence of this cell type.  

 

Figure 1.4: Human mesenchymal stem cells from bone marrow donors are placed in cell culture. The cells are then serially 
passaged until they reach senescence. The high passage, predominantly senescent cells then represent the aged phenotype, 
and the low passage cells the young phenotype.  

Replicative senescence describes an irreversible interruption of the cell cycle in response to 

telomere attrition. This is known as the Hayflick limit, and reflects the continuous shortening 

of telomeres with each DNA replication, until replication is no longer possible. Once the 

Hayflick limit has been reached, a DNA damage response is triggered, which in turn triggers 

senescence. This is thought to be an anti-cancer mechanism, as it prevents the propagation 

of damaged cells throughout tissues, as senescent cells are subsequently recognised and 

cleared by the immune system.  

Senescent cells are further characterised by many morphological and molecular changes. 

With senescence, hMSCs become larger and rounder, have decreased lamin B expression 
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and increased β-galactosidase activity. They are further characterised by the senescence 

associated secretory phenotype (SASP), a pro-inflammatory response that facilitates the 

recruitment of immune cells [94]. Functionally, senescent cells have been shown to have 

decreased proteasomal [80, 95] and mitochondrial [96-98] activity, as well as an increase in 

oxidative protein damage [5].  

Senescent cells are disproportionally represented in aged tissues [17, 18], perhaps due to 

insufficient clearing as a result of the age-associated deterioration of the immune response 

[99]. Therefore, understanding senescence is part of understanding ageing, as senescence 

itself is considered to be one of the nine key hallmarks of ageing [99]. Moreover, senescent 

cells have many phenotypic similarities to aged cells. Many of the characteristics discussed 

above such as reduced protein degradation capacity, increased protein and mitochondrial 

impairment and accumulation of DNA damage are all also classically associated with cellular 

ageing.    

Replicative senescence can be induced in hMSCs via repeated passaging in vitro. As shown 

in Figure 1.4, cells are isolated from human bone marrow donors and placed in cell culture. 

The low passage cells then represent the “young” phenotype and the high passage, 

senescent cells the “aged” phenotype. These can then be compared to identify age-

associated discrepancies in proteostasis. A further advantage of this method is the capacity 

to compare donor-matched cells.  

As with any model system, cell culture is not without issue, the most common criticism being 

its inability to replicate the in vivo extracellular environment. Altered mechanical cues, 

proliferative capacity and lack of inter-cellular interactions undoubtedly have adverse effects 

on cell behavior [100]. However, in vitro studies can act as a starting point and are well 

suited to studying the effect of external perturbations. Furthermore, the applications, both 

potential and realized, of cultured hMSCs in regenerative medicine mean gaining a more 

detailed understanding of the effects of cell culture and stress on this cell type could be 

fundamental in advancing clinical studies, since stem cells would be the primary source of 

material. 

Indeed, stem cell based therapies are a rapidly expanding field, capable of treating a wealth 

of human diseases and injuries [101]. Therapeutic applications of hMSCs uncovered so far 

range from cartilage tissue engineering [102-104] to tackling age-associated pathologies 

such as neurodegenerative diseases. Neurodegenerative diseases are often characterized 

by loss of neurons, such as the reduction of dopaminergic neurons in the substantia nigra of 

PD patients. Stem cell transplantations are currently being developed to alleviate this loss. 

For example, in 2011, Danielyan et al., successfully delivered bone marrow-derived MSCs to 
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several areas of the rat brain, via intranasal application (INA). Further, this technique was 

shown to lead to improved motility in a rat model of PD [12]. The same group later 

successfully delivered MSCs intranasally to the brain in transgenic PD and AD mice models 

[11]; further demonstrating that the use of this technique led to an increased survival rate in 

an HD mouse model [13]. Generally, over the past ten years much progress has been made 

in the INA of stem cells and is reviewed here [105]. 

Alternatively, other studies have sought to utilize the protective capacity of IN-delivered 

hMSCs. For example, this method was used to prevent neurological complications arising 

from radiotherapy treatment for brain cancer. In this case, human MSCs were cultured to 

passage 4-7 and then delivered intranasally to radiation-damaged mouse brains, resulting in 

improved neurological function and increased brain injury repair [106].  

Furthermore, the hypo immunogenic properties of MSCs mean they are increasingly being 

used in cell-based immunomodulatory therapies, particularly to increase the success of 

organ transplantation [107]. For instance, treatment with donor-derived MSCs was found to 

aid in kidney transplant recovery [108].  

A systematic review of MSC clinical trials found that over 350 trials were conducted between 

2004 and 2018 that involved the use of bone marrow-derived MSCs. The review suggested 

that the dose of cells (number administered) was an important contributor to the efficacy of 

the trials, with doses of 70 million or lower proving to be less effective [15]. Due to this 

requirement for high numbers of MSCs to maximize therapeutic potential, and the small 

numbers attainable in vivo, expansion of MSCs in vitro is often required. This creates a 

specific need for an improved understanding of the effect of cell culture and repeated in vitro 

passaging of hMSCs [16]. For example, there is some evidence that differentiation potential 

is biased towards certain lineages after repeated passaging, a detail that could be critical in 

the success of clinical applications [109]. What’s more, MSC transplantation carries the risk 

of inflammation, damage to tissue, and potentially infection, all of which are triggers of the 

heat shock response [14]. Further, fevers are a common consequence of MSC 

transplantation, which has the potential to induce heat stress in the transplanted cells [110].  

Therefore, an improved understanding of the effects of cell culture, senescence, and heat 

shock in bone marrow derived-hMSCs is important in improving the efficacy of stem cell 

based therapies.  

1.5.2 Loss of proteostasis in early and late passage hMSCs  

In previous work from our lab, loss of proteostasis was induced in donor-matched early and 

late passage (EP, LP) hMSCs via 2 hours of heat shock at 42 ̊C. The response was then 
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characterized using a combination of transcriptomics, proteomics and immunofluorescence 

imaging [10]. The transcriptomic response was similar in EP and LP cells. There was a 

substantial amount of overlap between transcripts significantly changing with stress in each 

condition and among those commonly upregulated were many known stress responders 

such as the HSP70 chaperone family. Further, the product moment correlation coefficient 

was calculated for the log2 fold change of each transcript with stress and demonstrated 

good correlation between EP and LP cells (𝑅2 = 0.4633). On the other hand, the proteomics 

data showed little similarity between the stress response in EP and LP cells. There was very 

little overlap between the proteins changing with stress, and the product moment correlation 

coefficient in this case found no correlation between stress-induced change in protein 

abundance in the EP cells compared to the LP (𝑅2 = 0.0049). Moreover, comparison of the 

protein level and transcript level EP stress response also revealed little correlation (𝑅2 =

0.0048), with the same phenomena observed but to an even greater degree in the LP cells 

(𝑅2 = 0.0002). All comparisons are shown in Figure 1.5.  

 

Figure 1.5: Correlation of RNA and protein log2 fold changes for stressed vs unstressed cells for early passage and late passage 
cells from [10]. R2 shows the (Pearson) product-moment correlation coefficient, with the arrows indicating the comparison 
being made. For example, the top centre figure shows the correlation between the proteomic and transcriptomic stress 
response in early passage cells and the bottom centre this same analysis but for late passage cells. The data on the left shows 
the correlation between the transcriptomic response in early vs late passage cells (highlighted in red to demonstrate evidence 
of correlation), and the right the same for the proteomic response.   
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Figure 1.6: Temporal comparison of the transcriptomic and proteomic stress response of HSPA1A [10]. The RNA response 
(top) was found to be similar in EP (orange) and LP (lilac) cells in terms of magnitude and timing, with the peak response 
reached at approximately one hour (grey dashed line) post heat shock (red dashed line). Conversely, the protein response was 
dampened in LP cells, and the peak response was reached later, at approximately 4 hours post heat shock (blue dashed line).    

The behaviour of specific proteins of interest was then investigated further, with a particular 

focus on molecular chaperones. For example, the cellular concentration of HSPA1A protein 

(stress-inducible HSP70) was measured before, during and up to 24 hours after heat shock 

using immunofluorescence (IF) imaging, for both EP and LP cells (summarised in schematic 

form, Figure 1.6). A similar analysis of HSPA1A RNA was also performed using RT-qPCR 

(summarised, Figure 1.6). Aligning with the previous data, the initial response to heat stress 

at the RNA level is similar for EP and LP cells, both in terms of magnitude and timing, with 

peak response reached at approximately one hour post heat shock. One difference 

highlighted was the LP cells seemingly take a lot longer to recover to pre-stress levels of 

HSPA1A RNA. At the protein level, the HSPA1A stress response does not reach its peak 

until 4 hours post heat shock, in both instances. This indicates a lag between the 

transcriptional response to stress and the time it takes for this to become a protein 

abundance response to stress.  This has been observed previously. A temporally resolved 

study of heat shock in Saccharomyces cerevisae (S.cerevisae) demonstrated that the 

stress-induced change to transcripts peaked between 30 and 60 minutes after the 

application of heat stress, whereas the majority of proteins affected by stress were most 

differentially abundant after 3 hours [111]. This lag may provide an explanation as to the lack 

of correlation between transcriptomic and proteomic data as mentioned above, as the omics 

data was sampled immediately post heat shock. Furthermore, once again the initial protein 

response to heat shock was dissimilar in early and late passage cells both in terms of 

magnitude and timing as the response is both delayed and dampened in LP cells. Therefore, 
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whilst the transcriptional stress response appears to be preserved in senescent cells, the 

translational stress response appears to be lessened.  

To predict the consequences of this attenuation, a system of ordinary/delay differential 

equations was built. This model focused on the behaviour of four key stress responders: the 

transcription factor HSF1, the molecular chaperone HSPA1A, the E3 ubiquitin ligase CHIP, 

and the abundance of misfolded protein. The parameters and bounds of the model were 

informed by the IF imaging data and optimised against the EP response. The model 

predicted a greater burden of misfolded proteins in senescent cells. However, the veracity of 

this prediction was only subject to limited testing within the scope of the study.  

Overall, this previous work suggested that damage to the stress response in senescent cells 

is predominantly post-transcriptional. However, it is also clear that, due to the lag between 

transcription and translation, the role of protein in the early stress response cannot be 

captured by measures of protein abundance alone. Indeed, perhaps the other regulators of 

proteostasis such as protein relocation and post-translational protein remodelling – protein-

protein interactions, PTMs, protein-small molecule interactions – are quicker to enact and so 

form the crux of the early stress response. The techniques used so far are not capable of 

providing insight into these features. Instead, a structural proteomics approach is required to 

complement and enhance these findings. Further, the effects of a damaged or depleted 

proteostasis network are predominantly structural. The burden of misfolded protein and even 

the subsequent aggregation are factors that are critical to understand and can also be 

measured using structural proteomics.  

Therefore, omics scale structural studies have the capacity to both probe both the 

mechanisms of proteostasis network and the consequences should these mechanisms fail.  

1.6 Measurements of proteostasis  

As discussed above, proteostasis refers to a state in which all proteins are present at the 

required concentrations, in the required location and in the required conformation at the 

required time, as summarized in Figure 1.1. To gain a complete understanding of the factors 

governing cellular proteostasis, and its loss, one must be able to accurately measure each of 

these features at the cell-wide level.  

For example, cumulative improvements in instrument sensitivity have meant that MS is 

capable of determining the abundance of many thousands of proteins directly from complex 

cell lysates. Moreover, truly outstanding advances in sample preparation methods and ultra-

high sensitivity MS have enabled proteome analysis at the single cell level [112, 113].  
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Techniques to gain a systems level understanding of the dynamics of subcellular localization 

of proteins have also seen development. For example, organelle fractionation combined with 

MS enabled the absolute quantification and spatial resolution of thousands of proteins in 

HeLa cells. This technique also proved capable of capturing protein translocation events 

following perturbation [34]. Moreover, the development of an extensive and unique catalogue 

of antibodies as part of the Human Protein Atlas project has enabled mapping of a significant 

number of human proteins. Cell Atlas is now able to provide spatial information for over 60% 

of the human proteome. High-resolution immunofluorescence images have facilitated the 

mapping of thousands of proteins to specific subcellular sites and are further capable of 

identifying changes to protein localization across cells [114].  

However, the focus of this thesis is how one can gain insight into the structural aspects of 

proteostasis. A brief history of protein structural studies and their development is provided 

below and limited proteolysis mass spectrometry is introduced.   

1.6.1 Structural proteomics methods 

In 1958 the first protein structure was unveiled, owing to the development of X-ray 

crystallography [115]. Since then, X-ray crystallography has gone from strength to strength, 

with technical improvements made in both efficiency and resolution, resulting in the 

thousands of high-resolution protein structures now available on the Protein Data Bank 

(PDB). Despite being near unparalleled in the level of detail provided, X-ray crystallography 

still has many caveats as a probe of protein structure. For example, protein complexes, 

membrane proteins, and flexible protein regions remain difficult to crystallize. Further, this 

technique lacks the capacity to capture the dynamics of protein structure and requires them 

to be fully folded. Finally, large amounts of purified protein are needed to attain structural 

information.  

A later developed alternative to X-ray crystallography is Nuclear Magnetic Resonance 

(NMR) [116]. This method is similar to X-ray crystallography in its capacity to provide high-

resolution protein structural information, but has the advantage of being performed in 

solution, meaning flexible regions of proteins can be measured. Despite this, NMR struggles 

to determine the structure of large proteins and also requires large amounts of purified 

protein.  

Most recently, cryo-electron microscopy (cryo-EM) is seeing a rise in popularity as a 

technique to determine protein structure [117]. Technological advances have greatly 

improved the sensitivity of this method and it has proved particularly adept at resolving the 

structure of membrane proteins. Perhaps most importantly, developments in cryo-electron 
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tomography have facilitated the study of large macromolecular assemblies directly in situ 

[118].  

MS-based structural proteomics methods lack the atomic resolution of X-ray crystallography, 

NMR and cryo-EM, but some do facilitate a systems-level insight into protein structural 

dynamics [119, 120]. A small selection of structural proteomics techniques: hydrogen-

deuterium exchange MS (HDX-MS), cross-linking MS (XL-MS), and ion mobility MS (IM-MS) 

are discussed briefly below, all of which have undergone significant technical improvements 

in the past 10 years [121].  

Hydrogen-Deuterium Exchange 

When proteins are in solution, hydrogens present on exposed regions of the protein are in 

constant exchange with the hydrogens present in the surrounding solution. HDX-MS exploits 

this principle [122] by replacing the hydrogens in solution with deuterium – an isotope of 

hydrogen distinguishable by its additional atomic mass unit. This means that amide 

hydrogens on the backbone of each amino acid (except proline) are capable of exchanging 

with deuterium. Deuterated peptides are then identifiable in MS data, due to the shift in 

mass. The accessibility and dynamics of protein regions are thought to correlate with 

exchange speed, with flexible regions such as loops having high exchange rates compared 

to the substantially slower exchange of buried regions. Therefore, by adjusting the time 

proteins spend in the deuterium buffer prior to MS analysis, structural information can be 

acquired [123]. 

To date, HDX-MS has been used many times to provide much needed insight into the 

conformational dynamics of various proteins and protein complexes [124-128], as well as 

protein-protein interactions [129]. In addition, it has been utilized as an effective tool for 

probing protein folding dynamics [130, 131], the response of structure to pH change [132] 

and analysis of intrinsically disordered proteins [133]. However, while HDX-MS is 

consistently applied to purified proteins or protein complexes its efficacy as a proteome-wide 

probe of structure is in doubt.  

Ion Mobility  

Ion mobility mass spectrometry (IM-MS) is another example of a structural proteomics 

technique in which recent technical advancements have led to a surge in popularity [134]. In 

short, IM-MS uses the differential rates of travel of protein ions through a gas-filled tube to 

glean information about protein structure. In drift-time ion mobility mass spectrometry 

(DTIMS), the oldest form of IM-MS, protein ions enter a drift tube, usually filled with helium, 

in which a uniform electric field is applied. Ions of distinct structures travel through the drift 
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tube at different rates, as extended ions interact with the gas more and hence travel slower 

[135]. From this, the ‘collision cross sectional area’ Ω (CCS), defined below, can be 

calculated and used to inform on the protein structure, with ions identified by mass 

spectrometry analysis.  

Ω =  
3𝑧𝑒

16𝑁
(

2𝜋

𝜇𝑘𝐵𝑇
)

1
2 1

𝐾0
 

𝐾0 = Standard mobility, z = Ion charge state, e = Elementary charge, N = Density of the drift 

gas, μ = Reduced mass of the ion–neutral drift gas pair, 𝑘𝐵 = Boltzmann constant, T = Gas 

temperature. 

 

The biggest question of IM-MS is whether aspects of native protein structure are maintained 

in the gas phase. Early investigation revealed that the addition of water vapor to the gas 

phase encouraged native conformation [136]. It has since been demonstrated that aspects 

of native protein structure – from secondary to quaternary – can be maintained in the gas 

phase and hence can represent a “near native” structure [137-139].  

Such developments have seen IM-MS successfully assess protein structural dynamics, 

including the identification of folding intermediates in aggregation prone proteins [140] and 

the structure of oligomers formed during the dynamic assembly of amyloid fibrils [141, 142]. 

Other benefits of this method include the small amounts of sample needed, the ability to 

isolate ions from complex samples, and the capacity to differentiate between very similar 

ions. Furthermore, IM-MS was recently used to investigate the qualities of recombinant 

proteins overexpressed in crude cell lysates [143].  

Despite this, unfortunately, the link between CCS and structure is not wholly determinative. 

In a recent comparison between CCS values determined with IM-MS and those determined 

from known crystal structures of the same protein, IM-MS values were lower than their 

crystal structure derived counterparts in every single example. This issue was exacerbated 

in larger proteins and those with a lack of structure in the centre [144].  

Chemical Cross-Linking 

Chemical cross-linkers most often consist of a pair of molecules with reactive groups 

covalently joined together by a spacer group. The reactive molecules can have various 

properties, and the spacer group has many possible lengths and degrees of flexibility. These 

qualities can be refined and exploited to obtain information regarding protein structure and 

dynamics when cross-linkers are applied to protein samples. For example, when cross-
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linkers bind to certain protein residues, identifiable by subsequent MS, the spacer group 

length and flexibility can provide information as to which regions of the same protein interact 

with each other, or perhaps protein-protein interactions within complexes.   

A major issue in the field of chemical cross-linking mass spectrometry (XL-MS) is the post-

MS identification of cross-linked residues. This is due to significant expansion in search 

space caused by the binding of the residues.  However, the incorporation of affinity tags, the 

introduction of photo-cleavable cross linkers and the creation of XL-MS tailored data analysis 

pipelines have meant huge progress has been made [145]. 

Thus far XL-MS has been shown to be an effective method of probing the various levels of 

protein structure. For example, the technique has been recently used to model the 

quaternary structure of a large protein complex [146], to investigate change in the tertiary 

structure of individual proteins [147] and to identify secondary structures [148]. In the latter, 

however, some issues with the XL-MS identification of 𝛽-sheets were highlighted.  

Until 2008 XL-MS was only shown capable of probing the structure of single proteins, or 

purified samples of small protein complexes. This was due to both the computational 

complexity of considering all possible peptide-peptide combinations and the predominance 

of non-cross linked peptides in whole cell lysates. Rinner et al. [149] overcame these issues 

by combining isotopically labelled cross-linkers with an in-house developed specialist search 

engine (xQuest) to identify cross-linked peptides in a whole Escherichia coli (E.coli) lysate. 

Despite much success, this method proved capable of identifying only the most abundant 

cross-linked peptides. Improvements in scoring mechanisms and labelling techniques led to 

an increase in cross-linked peptide identifications in E.coli as well as some in the more 

complex C.elegans [150]. The most recent developments resulting in the identification of  

>2000 cross-linked peptides from a whole HeLa cell lysate using the software XlinkX [151].  

Finally, whilst most XL-MS studies have been carried out in vitro, the introduction of 

membrane-permeable cross-linkers now make it possible to utilize XL-MS to study in vivo 

protein-protein interactions. For example, a membrane permeable, enrichable, and MS 

cleavable cross-linker was shown able to probe protein-protein interactions directly in 

mammalian cells [152].  

Proteostasis and structural proteomics 

In order for any structural proteomics technique to act as an appropriate tool for the study of 

proteostasis, it will ideally meet the following criteria: 

1. Provide the level of spatial resolution required to probe each of the structural 

determinants of proteostasis, as summarized in Figure 1.7. These features are all 
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examples of post-translation protein remodeling that either form part of, or trigger, the 

PN. For example, mechanical, thermal, or oxidative stressors can result in protein 

unfolding and aggregation. Molecular chaperones form a crucial component of the 

PN response to such stressors, and often require ATP binding or complex formation 

with co-chaperones in order to become functionally active [50, 153].  

2. Able to assess the structure of proteins in as near- native state as possible. This 

ensures the results are physiologically relevant.  

3. Can supply proteome-wide structural information. This is required to gain a systems-

level insight into the cellular response to perturbation.  

 

 

Figure 1.7: The structural determinants of proteostasis. An overview of the different types of structural alterations associated 
with the maintenance or loss of proteostasis. Protein unfolding and misfolding can occur more frequently in response to 
cellular stress. In certain cases, protein un/misfolding can result in aggregation, in which exposed hydrophobic residues bind 
together to create large insoluble structures. Increases in such structures are a result of loss of proteostasis, which would 
otherwise be able to clear them. On the other hand, protein-protein interactions (PPIs) are a crucial component of the PN, 
such as the association of chaperones with co-chaperones and their client proteins. PTMs are also heavily involved in 
proteostasis. For example, phosphorylation of eIF2α is vital for the inhibition of translation in response to stress. Finally, 
allostery plays an important role in regulating the protein components of the PN. For example, many chaperone-client 
interactions are reliant on ATP.    

The proteomics methods discussed here meet these criteria to varying degrees. For 

instance, there is much evidence showing HDX-MS to be an in-depth probe of the various 

levels of protein structure and their dynamics, but it is currently unable to provide omics level 

folding information. IM-MS has been successfully utilized to assess the dynamics of 

aggregate formation, but, at the outset of this project, has not yet been shown capable of 



39 
 

proteome-wide investigation. In contrast, not only is XL-MS able to extract structural 

information from human whole cell lysates, but membrane-permeable cross linkers facilitate 

in vivo protein studies, and thus the criteria for physiological relevance is met. However, 

these larger scale experiments have focused on identifying protein-protein interactions and 

so whether XL-MS can identify local changes to protein structure is uncertain.  

Limited proteolysis mass spectrometry (LiP-MS) is another recent development in the field of 

structural proteomics and has the potential to meet the above criteria for the study of 

proteostasis. This is the focus of this thesis and is discussed in more detail below. 

1.6.2 LiP-MS 

Limited proteolysis mass spectrometry (LiP-MS) is a structural proteomics technique with the 

potential to provide novel insight into native protein structure on a global scale. This is 

accomplished through utilizing a non-specific enzyme and reduced digestion time to achieve 

the “limited proteolysis” (LiP) of the proteome. Sites of limited proteolysis should be dictated 

by the structure of a protein and comparison of this data over different biological conditions 

can be used to identify sites of protein conformational change.  

The understanding and interpretation of LiP data requires a robust definition of LiP cleavage 

sites. An early study provided evidence for the importance of segmental mobility [154]. In 

this work, the protease subtilisin was used to probe the structure of thermolysin and the 

properties of the resulting LiP cleavage sites were investigated. A significant correlation was 

found between cleavage sites and B values – crystallographic temperature factors indicative 

of the dynamic properties of the polypeptide chain, by describing the mean squared 

displacement of each atom. From this it was concluded that flexibility is a significant factor in 

determining cleavage sites for LiP. Several further examples of the requirement of flexibility 

for LiP cleavage sites of globular proteins have since been published [155]. 

The capacity for local unfolding has also proved a significant requirement for LiP cleavage 

[156-158]. Whilst accepting the correlation between flexibility, accessibility and cleavage 

sites, these studies stressed the importance of the substrates competence in hosting the 

protease without having to undergo serious conformational change. When considered in the 

context of secondary structure, ∝-helices were found to be capable of such local unfolding 

but 𝛽-strands were largely not.      

In contrast to this, some argued for the importance of surface accessibility over regional 

flexibility as the main determinant of LiP cleavage [159]. Spherical probes were used to 

uncover enzyme-accessible surface regions of thermolysin, trypsinogen, ribonuclease A and 

subtilisin, with the radii of each probe based on structural data for each protein. The results 
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generally demonstrated a strong correlation between B-values, surface accessibility and 

cleavage sites, aside from a cleavage of trypsinogen that was shown to be surface 

accessible but with a low B-value. However, whilst perhaps demonstrating that surface 

accessibility is indeed an important factor in determining LiP cleavage sites, this study 

lacked scope to make general statements regarding the relative importance of different 

factors. A later, more comprehensive study took advantage of the increase in available, high-

resolution 3D protein structures, and much larger databases of proteolytic events to compare 

the relative significance of different structural features in determining proteolysis sites [160]. 

Analysis of over 300 documented cleavage sites revealed a hierarchy of structural attributes, 

namely exposure>flexibility>local interactions. The same analysis of the influence of 

secondary structure demonstrated a ranking of loops>𝛼-helices>𝛽-strands. It was further 

noted that little correlation was found between primary sequence and LiP sites, as expected. 

However, when these findings were used to predict cleavage sites on known protein 

structures the false prediction rate was extremely high, around 50%. This could be 

somewhat explained by potential cleavage sites that have not yet been documented. 

However, despite some disagreement as to the importance of the different features, LiP can 

still be used as a powerful tool for assessing protein structural changes. This is because, 

when comparing two conditions, a difference in LiP activity will infer conformational change, 

as each of the suggested determinants of LiP cleavage sites are themselves inherently 

structural characteristics. For instance, if a region of Protein A is resistant to LiP cleavage in 

Condition 1, but not in Condition 2, whether due to a change in flexibility, surface exposure, 

or local unfolding capacity, this still implies the region has undergone some structural 

alterations.  

The LiP-MS workflow is visualized in Figure 1.8. First, cells from experimental condition 1 

(left) and experimental condition 2 (right) are lysed in a manner that best preserves the 

native protein structure. The LiP step is then performed as quickly as possible, using an 

enzyme:substrate (E:S) ratio and digestion time that has been carefully tuned to ensure only 

accessible, flexible protein regions are subject to cleavage.  
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Non-specific enzyme activity is then quenched. Following this, the protein samples are 

digested to completion with a highly specific enzyme such as trypsin, and the resultant 

peptides are identified via MS [19].  

 

Figure 1.8: Visualisation of the LiP-MS workflow. Cells representing two different experimental conditions of interest are lysed 
in a manner which best preserves native protein structure. A non-specific enzyme (often proteinase-k) is then applied to the 
lysates for a limited digestion time. Enzymatic activity is quenched and the proteome then fully digested into peptides with a 
highly specific enzyme such as trypsin. These peptides are then identified by mass spectrometry. Analysis of the “types” of 
peptides identified are then used to pinpoint LiP cleavage sites and how LiP accessibility, and so structure, may be changing 
across the chosen conditions. Created with BioRender.com. 

LiP cleavage sites, and hence regions of protein conformational change across samples, 

can then be identified by looking at the “type” of peptides present in the MS data. Trypsin 

consistently cuts at the C terminus of the amino acids arginine and lysine, meaning peptides 

created due to the activity of trypsin (tryptic peptides) are identifiable, as they adhere to 
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these rules.  However, the activity of our LiP enzyme will result in additional, non-sequence-

specific cuts along the protein, and hence the presence of semi-tryptic peptides.   

Therefore, LiP activity is identifiable in the MS data by a decrease in tryptic peptide signal 

and a corresponding increase in semi-tryptic peptide signal, as visualised in Figure 1.9.  By 

comparing LiP activity over different experimental conditions, protein regions that have 

undergone structural alteration can be identified. Peptides mapping to such regions of 

differential LiP activity over conditions are often referred to as “LiP peptides”.      

It is important to note that the retrieval of such data relies upon the stability of the proteins of 

interest. If a protein is unstable, a single enzyme cut could lead to unravelling of the entire 

protein structure [156]. In this case, the proteolysis will no longer be limited, and the protein 

potentially digested to completion. Hence, LiP cleavage sites will no longer correlate with 

physiological protein structural change.  

 

Figure 1.9: The peptide fingerprint of LiP activity. In Condition 1, the protein region highlighted in purple is not cleaved by the 
LiP enzyme and so the peptides mapping to this area will be tryptic. However, in Condition 2, this protein region has become 
unfolded (highlighted in pink) and is now subject to LiP cleavage. Therefore in the MS data this will be observed as a loss of 
tryptic peptide signal and an increase in semi-tryptic peptide signal mapping to this region. Therefore, through analysis of the 
type of peptides identified in the MS data, sites of differential LiP activity, and so structural change, can be found. 

The earliest examples of LiP-MS focused on the investigation of individual proteins or protein 

complexes. Fontana (1997) first demonstrated the capacity of LiP (and multiple proteases) 

as a probe of protein secondary structure [161]. This was shown in the context of horse 

myoglobin, by comparing the structure of holomyoglobin and its heme-dissociated 

counterpart apomyoglobin. Previous investigations into the structure of myoglobin through X-
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ray crystallography, circular dichroism and NMR spectroscopy had suggested that 

holomyoglobin and apomyoglobin are structurally similar, globular, largely ∝-helical 

secondary structure, apart from a specific site, named on holomyoglobin as ∝-helix F. LiP 

was performed on both proteins and the results analyzed using gel electrophoresis. Even at 

short reaction times, apomyoglobin was observed to be split into 2 fragments, whereas 

under the same experimental conditions holomyoglobin remained intact. This was further 

investigated using MS and the precise cleavage site mapped to helix F. These results imply 

helix F is unfolded in apomyoglobin and verify LiP as capable of providing insight into 

secondary structure. Further work from the Picotti lab [162] used a combination of amino 

acid replacement and LiP-MS to show that proline 88 is the residue responsible for this local 

unfolding.  

Advances in the sensitivity of MS then led to LiP becoming capable of identifying protein 

structural changes when said protein was spiked into complex biological samples. For 

example, the above result was replicated with the apo/holomyoglobin spiked into a yeast 

proteome extract [163]. Further, LiP-MS was also successfully employed to identify higher 

order structural changes such as protein aggregates, specifically the conformational 

changes of α-synuclein [163]. The protein was spiked into a yeast proteome extract in both 

its unfolded (M-α-syn) and folded/fibrillous (F-α-syn) state and then analyzed by LiP-MS. 

Peptides mapping to the 𝛽-sheet rich amyloid core of the protein were identified in their fully 

tryptic form in the F-α-syn sample, whereas semi-tryptic peptides mapping to this region 

were only identified in the M-α-syn sample. In this way, LiP-MS was shown to be capable of 

identifying protein conformational change at the quaternary level and hence the formation of 

protein aggregates. 

Further evidence of the effectiveness of employing LiP to uncover higher order protein 

structural alterations include the identification of linker regions and domains of E.coli 

transcription factor NtrC [164], as well as analysis of the alternative conformations of 

prothrombin [165]. However, the identification of protein aggregates by LiP-MS has thus far 

only been shown to be possible when the exact conformation of the aggregated form of the 

protein is known. Given the complexity of LiP-MS data, which will be discussed further 

throughout the results chapters of this thesis, the identification of unknown aggregates is 

challenging.  

The latest advances in LiP-MS mean the technique now has the capacity to analyze whole 

cell lysates. Therefore, LiP-MS can act as a proteome-wide probe of protein structure. For 

example, the method was used to investigate the thermostability of several proteomes, 

including yeast and E.coli. Cell lysates were treated to increasing temperatures and the 
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proteome analyzed by LiP-MS. Greater LiP activity, identifiable by the LiP-MS peptide 

fingerprint of reduced tryptic peptide signal and increased semi-tryptic peptide signal, was 

considered to infer protein unfolding. Through quantification of this fingerprint across the 

different temperature treatments, a “melting point” was defined for the identified proteins 

[166]. The study then utilized network analysis to gain systems-level insight into the effect of 

heat on the proteome. For instance, the analysis revealed that loss of cellular function due to 

heat in E.coli is because of the unfolding of a small subset of proteins that are functionally 

crucial to bioprocesses. Many correlations were also observed through the investigation of 

the properties of identified unfolded proteins. These included the thermostability of proteins 

negatively correlating with their length, and positively correlating with their abundance.  

This study also compared the thermostability analysis of E.coli lysates to the same analysis 

but of purified protein samples. The data sets demonstrated little similarity (𝑅2 = 0.1322), 

thus indicating that the native environment is crucial for thermostability. This illustrates the 

importance of proteome-wide studies for investigating effects on proteostasis.  

Moreover, the capacity of LiP-MS to identify post-translational alterations to protein structure 

is not limited to protein unfolding. Indeed, the latest studies have demonstrated the efficacy 

of LiP-MS in providing insight into many functionally critical processes. For example, in the 

most comprehensive LiP-MS study to date, the technique was used to probe the proteostatic 

response to thermal and oxidative stress in yeast [167]. Analysis of the protein abundance 

data revealed little change, whilst many LiP peptides were identified, mapping to hundreds of 

proteins with potential stress-induced structural alterations. Functional enrichment analysis 

was performed for these proteins in each stress condition and many of the known stress 

responses were highlighted. For example, heat shock in yeast is known to initiate protein 

unfolding, as well as a molecular chaperone response and associated terms such as “protein 

refolding” were enriched. Further, in osmotic stress, glycerol production increases, and terms 

such as “glycerol metabolic process”, “ NADPH regeneration”, and “NADPH metabolism” 

were also enriched.  

Moreover, LiP peptides (those with differential enzyme accessibility pre and post stress, 

identifiable by the LiP “fingerprint” discussed above) demonstrated a strong correlation with 

sites of functional importance. For example, in the case of Gdp1, a MAP kinase target, three 

LiP peptides were identified, one mapping to the proteins active site, one in proximity to a 

known phosphosite and the final mapped to the C-terminal domain, a region of substrate-

induced conformational change. LiP peptides also mapped to known phosphosites, identified 

through comparison with a parallel phosphoproteomics experiment. Thus, LiP-MS was 

capable of detecting a number of stress-induced phosphorylation events. 
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The structurally altered proteins in heat-stressed yeast were significantly enriched for 

molecular chaperones. One such chaperone was the protein disaggregase ATPase Hsp104. 

In this case, the LiP peptides identified mapped to the chaperone’s ATP binding site or 

substrate channel. The capacity of Hsp104 to bind substrates is thought to be ATP 

mediated, and therefore the differential enzyme-accessibility of these sites with heat 

treatment seems to indicate a stress-induced activation of Hsp104, as has been reported 

previously [168].   

In addition, LiP-MS has also recently been used to assess protein-metabolite interactions in 

E.coli [169]. In this study, the protein binding partners for 20 metabolites of interest were 

identified through comparing LiP activity in proteome extracts in which the endogenous 

metabolites were removed, to those in which 2 physiologically relevant concentrations of the 

metabolite had been added. In this way, decreased LiP activity inferred metabolite binding. 

These LiP peptides mapped to known protein-metabolite interaction sites, identified novel 

interactions and also indicated metabolite-induced higher order structural changes such as 

protein complex formation or dissociation. The identification of known interaction sites was 

verified through calculation of the minimum distance between LiP peptides and metabolic 

binding sites as recorded by the Protein Data Bank Ligand Expo. A small selection of novel 

interactors were verified using in vitro enzyme assays and metabolite-induced protein 

quaternary structure alterations were validated using size exclusion chromatography MS.  

Overall, previous studies have shown that LiP-MS can act as a probe of native/near-native 

protein structure at the omics scale and can provide the level of spatial resolution required to 

probe each of the structural determinants of proteostasis stated in Figure 1.7. However, LiP-

MS has thus far mainly been used as a systems-level probe of cellular processes in yeast 

and E.coli. To my knowledge, this approach has not yet been used in primary human cells.  

1.7 Aims 

The primary aims of this thesis can be summarized as follows: 

 To establish the efficacy of LiP-MS for use with hMSCs. Although demonstrated 

in other cellular systems, this technique has not previously been used with hMSCs. 

Therefore, the LiP-MS protocol will be optimized for use in this system, with a focus 

on optimal LiP enzyme concentration, LiP digestion time and the method of cell lysis. 

The influence of LiP on MS peptide signal will be used to verify that LiP has been 

achieved. Further, the correlation between sites of potential LiP cleavage and the 

known structural determinants of LiP will be tested.  

 To use LiP-MS to identify protein-structural alterations on a proteome-wide 

scale. Using conditions determined from the first aim, the denaturing effect of heat 
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on the proteome will be tested as a perturbation to evaluate if LiP-MS is able to 

detect induced regions of protein unfolding, by virtue of alterations to the detectable 

peptide signal. Further, the robustness of LiP-MS data in hMSCs will be assessed 

and quality control procedures implemented.  

 To determine the capacity of LiP-MS to provide structural insights into the 

cellular response to stress. LiP-MS will be performed on hMSCs subject to heat 

shock. In this instance, heat shock is applied to intact hMSCs, rather than lysates as 

was the case in aim two. This will enable the identification of both heat-induced 

unfolding events, and the activation of functional stress response pathways, through 

analysis of structural LiP-MS data. The proteins and protein regions identified will 

then be further investigated, both with regards to the enrichment or depletion of 

signaling pathways associated with the PN, and potential loss of function structural 

alterations, such as protein folding or aggregation. Functional structural changes will 

then be compared to the current literature regarding the stress response. Loss of 

function structural changes will be compared to the known structural determinants of 

LiP sites, and to protein stability data available in the literature.  
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Chapter Two: Materials and Methods 
 

2.1 Reagents and Solutions 

 2-phenylethynesulfonamide (Sigma Aldrich, #P0122) 

 Acetronitrile (Thermo Fisher Scientific, #10629112) 

 Ammonium bicarbonate (Sigma-Aldrich, #09830) 

 Bicinchoninic acid (BCA) assay kit (Thermo Fisher Scientific, #23227) 

 BioRad 4-20% acrylamide pre-cast gradient gels (BioRad, #456-1094) 

 Bromophenol blue (Sigma-Aldrich, #B5525) 

 Copper(II) sulphate (Sigma-Aldrich, #12852) 

 Dimethyl sulphoxide (Sigma-Aldrich, #D2650) 

 Dithiothreitol (Roche, #10197777001) 

 Dulbecco’s Modified Eagle Medium (DMEM), low glucose, pyruvate (Gibco, #31885-

023) 

 Dulbecco’s phosphate buffered saline (Sigma-Aldrich, #D8537) 

 Foetal bovine serum (Labtech) 

 Glycerol (Thermo Fisher Scientific, G/0650/08) 

 Glycine (Thermo Fisher Scientific, G/0800/60) 

 Hepes (Sigma-Aldrich, #H4034)  

 Industrial methylated spirit (IMS) (Thermo Fisher Scientific, #M/4450/17) 

 Instant Blue (Expedean) 

 Iodoacetamide (Sigma-Aldrich, #I1149) 

 Liquid nitrogen (BOC Ltd) 

 Magnesium chloride (Sigma Aldrich, #M3634) 

 OLIGO R3 beads (Thermo Fisher Scientific, #1-1339-03) 

 Penicillin-streptomycin (Sigma-Aldrich, #P0781) 

 Phosphotase inhibitor cocktail (Sigma-Aldrich, #P0044) 

 Protease inhibitor cocktail (Sigma-Aldrich, #P8340) 

 Proteinase K (Promega, #V3021) 

 Proteomics grade trypsin (Promega) 

 Sodium chloride (Thermo Fisher Scientific, #S/3160/65) 

 Sodium deoxycholate (Sigma-Aldrich, #D6750) 

 Sodium dodecyl sulphate (Sigma-Aldrich, #75746) 

 Spectra Broad Range protein marker (Thermo Scientific, #26634) 
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 Tris-HCL (Thermo Fisher Scientific, #10316893) 

 Triton X-100 (Sigma Aldrich, #X100-500ML) 

 Trypsin-ethylenediaminetetraacetic acid (EDTA) solution (Sigma-Aldrich, #T3924) 

 Ultrapure water (Millipore) 

2.2 Equipment 

 0.5, 1.5 and 2 mL tubes (Starlab Ltd.) 

 1.5 mL Protein LoBind tubes (Eppendorf, #022431081) 

 1.6 mm diameter steel beads (Next Advance) 

 26 gauge syringe needle (BD Biosciences, #300300) 

 96-well filtration membrane plate (Corning, #3504) 

 Block heater (Techne) 

 Bullet Blender Tissue Homogeniser (Next Advance) 

 Centrifuge, refrigerated, with 15 mL, 50 mL, and plate attachments (Eppendorf, 

#5810R) 

 Class II Biological Safety cabinet (Thermo Fisher Scientific) 

 CO2 incubator (New Brunswick) 

 Cryovials (STARLAB, #E3370-6122) 

 Dounce homogeniser (Wheaton, #257538) 

 Dry incubator (Genlab) 

 Freezer, −80◦C (New Brunswick) 

 Hemocytometer (NanoEntek) 

 Liquid chromatography system (Dionex Corporation) 

 Liquid nitrogen storage system (Thermo Fisher Scientific) 

 Microscope (Olympus, CKX31 inverted) 

 MS sample vials (Thermo Fisher Scientific) 

 Nitrile gloves (STARLAB) 

 pH meter (Hanna Instruments) 

 Plate reader (BioTek, #ELX800) 

 Q Exactive Oribtrap Mass Spectrometer (Thermo Fisher Scientific) 

 S-trap columns (ProtiFi) 

 Tissue culture-treated culture dishes (Corning, #430641U) 

 Vacuum centrifuge (Heto Cooling System) 

 Vortex mixer (Thermo Fisher Scientific) 

 Water bath (Grant Instruments) 
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2.3 Software 

 Affinity Designer (Serif, version 1.10.5.1342) 

 Mascot Daemon (Matrix Science UK) 

 MATLAB (MathWorks, R2017a) 

 MaxQuant (version 1.6.7) 

 Nickpred [170] 

 Prism (GraphPad, version 9) 

 Progenesis QI (Nonlinear Dynamics, version 4.1) 

 Protti (version 0.3.1, [171]) 

 Python (version 3.7.9) 

 RStudio (version 4.2.1) 

 CamSol (version 2.2, [172]) 

 MobiDB (version 5.0, [173-175]) 

 Complex Portal (accessed April 2019, [176]) 

 PhosphoSitePlus (version 6.7.1.1, [177]).  

2.4 Cell source 

Primary human bone marrow derived mesenchymal stem cells were retrieved from knee and 

hip replacement surgeries using established protocols, with the informed written consent of 

all donors [178]. The experiments detailed in this thesis adhered to the guidelines and 

regulations dictated by the World Medical Association Declaration of Helsinki and the UK 

Human Tissue Authority. Approval was granted by the NHS Health Research Authority 

National Research Ethics Service (approval number 10/H1013/27). The gender and age of 

each donor used is detailed in Table 2.1, alongside information regarding the source of the 

hMSCs.   

Table 2.1: Human mesenchymal stem cell donor information. Here the sex, age and extraction site of hMSCs used in this 
thesis are listed, alongside the anonymised donor ID.  

Donor ID Gender  Age Source 

WH143 M 58 Hip 

TH269 M 70 Knee 

TH194 M 65 Knee 

TH309 F 69 Knee 

TH305 M 67 Knee 

WH318 M 34 Hip 
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2.5 Y201s 

The cells used in Chapter 4 of this thesis were an immortalised, clonal line of human 

mesenchymal stem cells referred to as Y201s. Generated by James et al [179], 

immortalisation was achieved through overexpression of telomerase reverse transcriptase 

(TERT). The Y201 line they created demonstrated exponential growth but with no evidence 

of tumorigenicity and a cell surface marker profile consistent with MSCs. Further, Y201s 

were still amenable to chemical induction of various lineages and have been shown to 

maintain the mechano-responsiveness of primary hMSCs [180]. All aspects of cell culture, 

lysis and analysis of Y201s was exactly the same as for hMSCs, as detailed in the below 

sections.   

2.6 Cell culture 

Human MSCs were submersed in low-glucose Dulbecco’s Modified Eagle Medium (DMEM) 

with pyruvate (Gibco, #31885-023) with additional 10% (v/v) fetal bovine serum (FBS, 

Labtech.com) and 1% (v/v) penicillin/streptomycin cocktail (PS, Sigma-Aldrich, #P0781) and 

cultured in tissue culture-treated polystyrene (TCTP, Corning). MSCs were incubated (New 

Brunswick) at 37 C̊ and 5% CO2. Copper sulphate solution (Sigma-Aldrich, #12852) was 

placed in the incubators in order to prevent microbial contamination. Media changes and 

passaging were performed in a Class II Biological Safety cabinet (Thermo Fisher Scientific) 

using nitrile gloves (STARLAB). The cabinet and all equipment were sterilised with 70% (v/v) 

IMS in MilliQ ultrapure water (Millipore).  

Expansion in culture was carried out within T75, T150 or T225 vented flasks (Corning, 

#430641U), containing 10 mL, 15 mL or 20 mL media respectively. This media was removed 

and replaced every 2-3 days and at this time cultures were checked for contaminants using 

a brightfield microscope (Olympus). Cultures were further tested for microplasma infection 

using the services of Eurofins Genomics. 

2.7 Cell passaging  

Media was removed from cells and flasks were washed with 5 mL Dulbecco’s phosphate 

buffered saline (DPBS, Sigma-Aldrich, #D8537) to remove any excess. Cells were then 

detached using 5 mL 1x porcine trypsin-EDTA (Sigma Aldrich, #T3924), incubated at 37 C̊ 

for 5 minutes. Detachment was verified using a brightfield CKX31 inverted microscope 

(Olympus). A further 5 mL media was added to inactivate the trypsin and the combined 

volume centrifuged (Eppendorf, #5810R) at 400 RCF for 5 minutes. The supernatant was 

then removed to leave the cell pellet. The pellet was then washed through the addition of 5 

mL DPBS and vortexing (Thermo Fisher Scientific) followed by centrifugation at 400 RCF for 
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5 minutes to re-isolate the cell pellet. If the intention was to expand the cells, this pellet was 

then typically split 1:3 and placed into fresh flasks. For storage and lysis, see below.  

2.8 Cell freezing 

Following on from the steps above, the number of cells present was quantified using 

disposable hemocytometers (NanoEntek). 500,000 cells were suspended in 1 mL media 

containing 10% (v/v) dimethyl sulphoxide (DMSO, Sigma-Aldrich, #D2650) and the solution 

placed in a cryovial (Starlab Ltd., #E3370-6122). If only short term storage was required (<3 

months) cryovials were place at -80 C̊ (New Brunswick). If long term storage was required, 

the cells were placed in liquid nitrogen (BOC Ltd.) at -185 C̊ in a Cryolus Storage System 

(Thermo Fisher Scientific).  

Cells were defrosted in a water bath (Grant Instruments) at 37 C̊ and seeded in the T75 flask 

with 10 mL media. This was replaced the following day in order to remove DMSO.  

2.9 Cell lysis 

Following on from “Cell passaging”. 

2.9.1 SL-DOC method 

The cell pellet was resuspended in 1 mL DPBS and the solution transferred to 1.5 mL 

LoBind tubes (Eppendorf, #022431081), followed by centrifugation at 400 RCF for 5 

minutes. The DPBS was then removed and replaced with 30 µL SL-DOC lysis buffer, 

consisting of 25 mM ammonium bicarbonate (AB) (Sigma-Aldrich, #09830) in ultrapure water 

containing 1.1% (w/w) sodium dodecyl sulphate (SDS) (Sigma-Aldrich. #L3771), 0.3% (w/w) 

sodium deoxycholate (Sigma-Aldrich, #D6750), 0.1% (w/w) protease inhibitor cocktail 

(Sigma-Aldrich, #P8340) and 0.1% (w/w) phosphatase inhibitor cocktail (Sigma-Aldrich, 

#P0044). Six 1.6 mm diameter steel beads (Next Advance) were added to the cell pellet and 

buffer and the tubes placed in a Bullet Blender Tissue Homogeniser (Next Advance) for 2 

minutes, maximum speed at 4 ̊C in order to complete the cell lysis. The lysate was then 

centrifuged at 10,000 RPM for 5 minutes and the supernatant extracted and placed in a 

fresh 1.5 mL LoBind Eppendorf.  

2.9.2 Dounce homogenization method 

The cell pellet was resuspended in 1 mL DPBS and the solution transferred to 1.5 mL 

LoBind tubes followed by centrifugation at 400 RCF for 5 minutes. The DPBS was then 

removed and replaced with 100 µL hypotonic buffer containing 10 mM Hepes (Sigma-

Aldrich, #H4034), 10 mM sodium chloride (Thermo Fisher Scientific, #S/3160/65), 1.5 mM 

magnesium chloride (Sigma Aldrich, #M3634) in ultrapure water at pH 7.6. The cell pellet 

and buffer were then transferred to a Dounce Homogenizer (Wheaton, #257538) on ice and 
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treated to 20 strokes homogenization. The lysate was then passed twice through a 26 gauge 

syringe needle (BD Biosciences, #300300) to shear the DNA, followed by centrifugation at 

14000 RCF for 5 minutes. The supernatant was then extracted and placed in a fresh 1.5 mL 

LoBind Eppendorf.  

2.9.3 Triton X-100 method 

The cell pellet was resuspended in 1 mL DPBS and the solution transferred to 1.5 mL 

LoBind tubes followed by centrifugation at 400 RCF for 5 minutes. The DPBS was then 

removed and replaced with 30 µL Triton Buffer consisting of 1% (v/v) Triton X-100 (Sigma 

Aldrich, #93443), 0.1% protease inhibitors in DPBS. The cell pellet was incubated in this 

buffer at 25 C̊ for 1 minute followed by centrifugation at 20000 RCF for 5 minutes. The 

supernatant was then extracted and placed in a fresh 1.5 mL LoBind Eppendorf.  

2.10 Protein quantification 

Quantification of protein yield from cell lysates was achieved using a Bicinchoninic acid 

(BCA) assay kit (Thermo Fisher Scientific, #23227). This is a copper-based colorimetric 

assay based on the reduction of copper with protein in an alkaline medium, followed by 

reaction with BCA. The BCA/copper complex creates a purple colour that is absorbed at 562 

nm and linearly correlates with protein concentration. The protocol was carried out according 

to the manufacturer’s instructions and absorbance was measured using a plate reader 

(BioTek - #ELX800).  

2.11 Gel electrophoresis 

Lysates were split and, if necessary, diluted with ammonium bicarbonate so each sample 

contained the same amount of protein (values used ranged from 30-50 µg, as determined by 

BCA assay) suspended in 40 µL. Proteins were then fully denatured through the addition of 

10 µL loading buffer (50% glycerol (Thermo Fisher Scientific, G/0650/08), 10% SDS, 0.1% 

bromophenol blue (Sigma-Aldrich, #B5525), 500 mM dithiothreitol (DTT) (Roche, 

#10197777001) and 250 mM Tris-HCL ph 6.8 (Thermo Fisher Scientific, #10316893)), 

followed by boiling on a heat block at 95 C̊ for 5 minutes. Samples were then added to 

BioRad 4-20% acrylamide pre-cast gradient gels (BioRad, #456-1094), with 10 µL Spectra 

Broad Range protein marker (Thermo Scientific, #26634) added to the first lane. The gel was 

then placed in a gasket and the tank filled halfway with SDS running buffer (250 mM Tris, 

1.92 M Glycine (Thermo Fisher Scientific, G/0800/60), 1% SDS). This was plugged into a 

power bank and run with constant current, 35 mA for approximately 1 hour. After removal, 

protein bands were visualised through staining with Instant Blue (Expedean).  
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2.12 Heat shock of cell lysates 

The cells used in this experiment were Y201s, lysed using the SL-DOC bead beating 

method. For each sample, the appropriate volume of lysate containing 50 µg protein was 

isolated and placed in a LoBind Eppendorf. For Condition 1 (Normal), three samples were 

immediately subject to limited proteolysis. The limited proteolysis step here consisted of 

adding 20 µL ammonium bicarbonate containing Proteinase K (Promega, #V3021) at an 

enzyme:substrate ratio (w:w) of 1:2000 to the lysate for a reaction time of 2 minutes, whilst 

on a heat block at 25 C̊. This reaction was then quenched through heating the sample to 

95 C̊ on a heat block for 5 minutes. As the control for Condition 1 (Normal), three samples 

were only subjected to the heating step - 20 µL ammonium bicarbonate was added to each 

sample, followed by heating at 95 C̊ for 5 minutes. For Condition 2 (Intermediate), six 

samples were placed on a heat block and incubated at 37 C̊ for 30 minutes, followed by 

cooling through placing on a heat block at 25 C̊ for 90 seconds. Three samples were then 

subject to limited proteolysis and three only to the heat step, exactly as described in 

Condition 1.  For Condition 3 (Heated), six samples were placed on a heat block and 

incubated at 42 C̊ for 30 minutes, followed by cooling through placing on a heat block at 

25 C̊ for 90 seconds. Three samples were then subject to limited proteolysis and three only 

to the heat step, exactly as described in Condition 1.  

2.13 Heat shock of cells in culture  

For the experiment discussed in Chapter 5, the cells used were bone marrow derived human 

mesenchymal stem cells, donor ID TH305, passage number 5. For the No Perturbation 

condition, flasks containing hMSCs were kept in the 37 ̊C incubator in which they had been 

cultured. For the Perturbation condition, flasks containing hMSCs were quickly transferred to 

a 42 C̊, 5% CO2 incubator where they were heated for 2 hours. All flasks were then removed 

from the incubators and cells were detached (Cell Passaging) and lysed using the Triton X-

100 lysis method detailed above (Cell Lysis). 

2.14 HSP70 inhibition  

Media was removed from cells and replaced with 10 mL fresh media containing 0.01% 

DMSO and 10 µM 2-phenylethynesulfonamide (Sigma Aldrich, #P0122) [181]. Flasks were 

then incubated at 37 C̊ for 30 minutes, before proceeding to heat shock. In the control 

condition, media was also removed and replaced with 10 mL fresh media containing only 

0.01% DMSO.  

2.15 Mass spectrometry analysis 

Mass spectrometry sample preparation began with ~50 µg protein in 25 µL buffer (see 

above).  
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2.15.1 Reduction and alkylation    

For each sample, 25 µL SDS buffer was added (10% SDS, 100 mM TEAB at pH 7.5) in 

order to reach the required SDS concentration for the later S-trap step to be effective. 

Enough DTT was then added to increase the total sample concentration to 5 mM, followed 

by incubation at 60 C̊ on a covered heat block for 10 minutes. DTT is a reducing agent that 

disrupts disulphide bonds between cysteine residues. Iodoacetamide (Sigma-Aldrich, 

#I1149) was then added to the samples to achieve a final concentration of 15 mM. The 

solution was then vortexed and incubated in darkness for 30 minutes at room temperature. 

Iodoacetamide is an alkylating agent and reacts with the cysteine residues, exposed by the 

DTT step, in a manner which prevents them from reforming disulphide bonds. Therefore, the 

reduction and alkylation of protein samples facilitates the subsequent digestion step through 

giving trypsin greater access to the protein. Iodoacetamide activity was quenched by adding 

the same amount of DTT as in the first step, before moving on to digestion of the samples.  

2.15.2 S-trap protein digestion  

Samples were acidified through addition of 12% phosphoric acid at a 1:10 dilution. 

Subsequently, proteins were made capable of binding to the S-trap columns (ProtiFi) 

through addition of 6x S-trap binding buffer (100 mM TEAB at pH 7.1, 90% Methanol (LC-

MS grade)). This solution was loaded onto S-trap columns (atop a 2 mL tube) 150 µL at a 

time, followed by centrifugation at 4000 RCF for 1 minute. It is expected that protein is now 

bound to the S-trap column, so flow through is discarded. The bound protein was then 

subject to 4x wash with S-trap binding buffer (add 150 µL, centrifuge 4000 RCF for 1 minute, 

discard flow through). Proteins were then digested through the addition of 0.8 µg/µL trypsin 

solution (proteomics grade trypsin, Promega) and incubation at 47 C̊ for 1 hour. S-trap 

columns were moved to a fresh collection tube and 65 µL digestion buffer (50 mM TEAB, pH 

8.5) added, followed by centrifugation at 4000 RCF for 2 minutes, in order to elute the 

peptides. Peptides were eluted further through addition of 65 µL 0.1% formic acid in water, 

centrifugation at 4000 RCF for 2 minutes, followed by addition of 30 µL 0.1% formic acid, 

30% acetronitrile (ACN, Thermo Fisher Scientific, #10629112) in water and centrifugation at 

4000 RCF for 2 minutes. Peptides should now be removed from the S-trap column.  

2.15.3 Peptide desalting 

100 µL of OLIGO R3 beads (Thermo Fisher Scientific, #1-1339-03) was added to a 96-well 

filtration membrane plate (Corning, #3504). The beads were washed through resuspension 

in 100 µL 0.1% formic acid, 30% ACN in LC-MS grade water and centrifugation at 200 RCF 

for 1 minute atop a collection plate. Run through to this collection plate was discarded. 

Beads were further washed with 2x addition of 0.1% formic acid in LC-MS grade water, 

centrifugation at 200 RCF for 1 minute and disposal of the run through. Next, the samples 
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(peptides) were added to each well of the membrane plate and incubated on a plate shaker 

at 800 RPM for 2 minutes followed by centrifugation at 200 RCF for 1 minute. Peptides 

should now be attached to the R3 beads. Peptides were then washed twice with 200 µL 

0.1% FA, plate shaker at 800 RPM for 2 minutes followed by centrifugation at 200 RCF for 1 

minute. The collection plate was then changed for a fresh one and the peptides eluted from 

the beads through 2x addition 50 µL 0.1% FA in 30% ACN to the membrane plate wells, 

plate shaker at 800 RPM for 2 minutes and centrifugation at 200 RCF for 1 minute. Eluted 

peptides were then transferred to MS sample vials (Thermo Fisher Scientific) and dried 

down in a vacuum centrifuge (Heto Cooling System).  

2.15.4 Liquid chromatography mass spectrometry 

Digested samples were analysed by LC-MS/MS using an UltiMate 3000 Rapid Separation 

LC (RSLC, Dionex Corporation) coupled to a QE HF (Thermo Fisher Scientific) mass 

spectrometer. Mobile phase A was 0.1% formic acid in water and mobile phase B was 0.1% 

formic acid in acetonitrile and the column used was a 75 mm x 250 μm i.d. 1.7 mM CSH 

C18, analytical column (Waters).  

A 1 µL aliquot of the sample was transferred to a 5 µL loop and loaded on to the column at a 

flow of 300 nl/min for 5 minutes at 5% B. The loop was then taken out of line and the flow 

was reduced from 300 nl/min to 200 nl/min in 0.5 minute.  Peptides were separated using a 

gradient that went from 5% to 18% B in 63.5 minutes, then from 18% to 27% B in 8 minutes 

and finally from 27% B to 60% B in 1 minute. The column is washed at 60% B for 3 minutes 

before re-equilibration to 5% B in 1 minute. At 85 minutes the flow is increased to 300 nl/min 

until the end of the run at 90 minutes.  

Mass spectrometry data was acquired in a data directed manner for 90 minutes in positive 

mode. Peptides were selected for fragmentation automatically by data dependant analysis 

on a basis of the top 12 peptides with m/z between 300 to 1750 Th and a charge state of 2, 

3 or 4 with a dynamic exclusion set at 15 sec. The MS Resolution was set at 120,000 with an 

AGC target of 3e6 and a maximum fill time set at 20 ms. The MS2 Resolution was set to 

30,000, with an AGC target of 2e5, a maximum fill time of 45 ms, isolation window of 1.3 Th 

and a collision energy of 28. 

2.16 Progenesis and Mascot data processing 

MS output files (.RAW) were imported into Progenesis QI (Nonlinear Dynamics, version 4.1). 

Ion intensity maps were first visually inspected to identify any potential issues, according to 

Nonlinear Dynamics guidelines. The files were then aligned using the software’s automatic 

alignment function, using an alignment score of 70% as a minimum acceptance threshold. 

Progenesis QI was also used for peptide filtering and quantification. Relative quantification 
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using non-conflicting peptides was chosen and the results filtered to exclude peptides with 

less than 2 isotopes, charge greater than 4 or rank greater than 3. 

The results were then exported to Mascot Daemon (Matrix Science UK) for identification 

against the SWISS-Prot and TREMBL human databases. These were filtered to exclude un-

annotated protein sequences (The UniProt Consortium, 2019) and include phosphorylation 

of serine, tyrosine, threonine, histidine or aspartate, oxidization of methionine, hydroxylation 

of asparagine, aspartic acid, proline or lysine and alkylation of cysteine. The digestion 

specificity parameter was set to either ‘trypsin’ or ‘semi-trypsin’ depending on the search. In 

both instances, up to two missed cleavages were permitted. Automatic decoy database 

search was selected and the default PSM FDR of 0.05 was used. The resultant Mascot files 

were then imported into Progenesis QI before the final peptide and protein identifications 

were exported.  

2.17 MaxQuant data processing 

MS output files (.RAW) were imported into MaxQuant (version 1.6.7.0). Samples were 

separated by assigning them to different fractions, for example, replicates of LiP treated 

samples were assigned to one fraction, whilst the replicates from the control samples were 

assigned to another. Given the difference between LiP and control samples, this step was 

taken to reduce peptide misidentifications in the match between runs step. In the group 

specific parameters section, the search parameters used were the default settings – fixed 

modifications were carbamidomethyl cysteine, variable modifications were the oxidation of 

methionine and the acetylation of protein N-terminus and the maximum number of 

modifications per protein was set to five. The digestion parameters were set to Trypsin, with 

a maximum of 2 missed cleavages allowed. Digestion mode was set to “Specific” or “Semi-

specific”, depending on the type of peptides requiring consideration.  

In the global parameters section, peptides were identified against the Uniprot human 

proteome (uniprot-proteome_UP000005640.fasta) and MaxQuant’s default contaminants. 

The default minimum peptide length was 7 and maximum peptide mass 4600 Da. Unique 

peptides only were used for protein quantification. MaxQuant’s reversed decoy database 

was used and default identification settings. These are PSM FDR 0.01, protein FDR 0.01 

and minimum 1 peptide per protein. Match between runs was selected.   

2.18 Protti data processing 

In Chapter 5, the LiP-MS data was processed using a new R package “Protti” (version 0.3.1) 

[171]. Peptides and proteins were normalized using the inbuilt “normalize()” function with 

method = “median”. This function outputs a normalized intensity for each feature, calculated 
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through taking away the median intensity for that sample from the original intensity and 

adding the global median intensity for all samples.  After normalization, the data is filtered to 

only include proteins with a coefficient of variance of less than 25% in at least one 

experimental condition. This was achieved using the protti function “filter_cv()”. For example, 

this filtration step for the MaxQuant protein groups dataset filtered out 1215 groups out of a 

total 3272, so 63% of the data remained. Next, missingness was determined using the 

“assign_missingness()” function. Here features were labelled missing at random (MAR) if at 

least 70% of total replicates were present in the conditions being compared, and missing not 

at random (MNAR) if the feature was present in 100% of replicates for one condition and 

less than 20% in the second condition. Protti then provides the option to impute MAR values 

using a variety of methods. However, for the data shown in Chapter 5, values were not 

imputed. Differentially abundant peptides/proteins were then identified using the 

“calculate_diff_abundance()” function. The parameters chosen were a Welch t-test and the 

Benjamini Hochberg multiple testing correction. Peptides/proteins were considered 

significantly changing if the reported adjusted p-value was below 0.05.    

The gene ontology enrichment analysis described in Chapter 5 was also performed using 

Protti, with the function “calculate_go_enrichment()”. This function compares the gene 

ontology terms associated with proteins tagged as significant with gene ontology terms 

associated with all detected proteins. Significant enrichment or depletion of terms is 

determined using a two-sided Fisher’s exact test.  
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Chapter Three: Optimization of the LiP-

MS protocol  
 

A comprehensive understanding of the proteostasis network underpins a complete 

understanding of human health, in particular due to the increasing prevalence of 

neurodegenerative diseases and the progressive loss of proteostasis with ageing. The 

maintenance of proteostasis is governed by dynamic changes to protein abundance, protein 

localization and protein structure. To gain a systems-level understanding of proteostasis and 

its breakdown, each of these features must be characterized at the omics scale. Mass 

spectrometry has been used for many years to assess alterations to protein abundance, with 

increasing levels of accuracy. Advances in sample preparation methods and ultra-high 

sensitivity mass spectrometry now even enable proteome analysis at the single cell level 

[112, 113]. More recently, the field of spatial proteomics has made many leaps forward. 

Organelle fractionation followed by MS is capable of analyzing the subcellular location of the 

proteome and identifying dynamic changes to protein localization [34, 182]. Finally, structural 

proteomics techniques have also seen significant advancement in recent years. The aim of 

this thesis was to develop one such technique – LiP-MS – for application to primary human 

cells.  

Limited proteolysis (LiP) refers to using an enzyme to probe the structure of a protein. The 

chosen enzyme should be non-specific and applied to the natively folded protein for a 

reduced digestion time. If these conditions are optimized, the enzymatic cleavage will only 

occur at surface accessible, flexible regions of the protein. In this way, LiP cleavage sites are 

dictated by the structure of a protein and can be compared across different biological 

conditions in order to identify protein conformational changes. Crucially, many functionally 

critical alterations to protein structure are minor, meaning the LiP-MS protocol must be 

carefully tuned to achieve the level of spatial resolution required to maximize biological 

insight. This chapter details the optimization of LiP-MS for use in hMSCs, with a discussion 

of the refinement of the LiP enzyme concentration, LiP digestion time and the method of cell 

lysis.  

Optimising enzyme concentration is important for maximising the generation of identifiable 

peptides. Too high a concentration or too long a reaction time would result in excessive 

digestion of the proteome, leading to loss of information as cleavage sites would no longer 

be dictated by protein structure. Further, the identification of LiP cleavage sites is reliant 

upon such cleavages being limited to one per fully tryptic peptide. Multiple cleavages will 



59 
 

result in non-tryptic peptides, which can be identified but at hugely increased computational 

expense, and significantly reduced confidence. Multiple cleavages per tryptic peptide are 

also likely to produce much shorter peptides, which make MS analysis more difficult. 

Likewise, if proteolysis is too limited, either due to low enzyme concentration or reduced 

reaction time, even the most accessible, flexible regions of protein structure may not be 

cleaved sufficiently to produce a detectable concentration of peptides. 

Importantly, the 3D conformations present across the human proteome are extremely 

diverse and so there is no “one size fits all” enzyme concentration. For some unstable 

proteins even the most limited proteolysis may result in complete digestion, whereas certain 

globular or aggregated structures may prove impervious to any cleavage. When identifying 

structural alterations over different biological conditions, different types of structural change 

may require different levels of LiP. For example, substantial protein unfolding may be easy to 

identify with a low enzyme concentration, but subtler changes such as accessibility of 

binding sites may be obscured. For these reasons, great care must be taken in tuning the 

conditions of LiP to either maximise the output of protein structural information or to prioritise 

the type of structural change being investigated.  

Another crucial aspect of the LiP-MS protocol in need of optimization for this model system 

is the method of cell lysis. The manner of lysis must be carefully controlled in order to ensure 

proteins retain as close to native structure as possible. This entails mitigating against any 

potential denaturants such as temperature, pH or harsh detergents whilst still maintaining 

the level of protein solubility required for MS analysis.  

3.1 Optimisation of proteolysis conditions 

The first aim of this project was to investigate which enzyme substrate ratio (E:S) and 

reaction time are most suited to the LiP of hMSC lysates, as well as confirming that LiP is 

indeed possible in such a system. The non-specific enzyme chosen was proteinase K (PK).  

Preliminary analysis was carried out using gel electrophoresis. SDS-PAGE is based on the 

principle that smaller proteins will travel faster down the gel front, and it can therefore act as 

a crude measure of enzymatic activity, as more cleavage sites will result in smaller protein 

fragments. Consequently, LiP lysates will on average travel further down the gel than a 

control sample of intact proteins. If proteolysis is too limited, the LiP and control samples will 

be indistinguishable. Conversely, excessive proteolysis may result in molecular weights low 

enough to diffuse out of the gel. This system was used to test a wide variety of E:S ratios 

and reaction times in order to identify the conditions associated with these extremes, and 

then to hone in on more suitable settings. 
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An example of such gels is provided in Figure 3.1. The LiP treated hMSC lysates (Fig 3.1(c)-

(f)) appear more fragmented than the control (no LiP) sample (Fig 3.1(b)), indicating that 

some level of proteolysis has indeed occurred. Further, the highest enzyme concentration 

(Fig 3.1(f)) displays the most fragmentation, as expected. However, SDS page can only 

provide a crude idea of the effect of limited proteolysis on the proteome.  

 

 

Figure 3.1: SDS page of different levels of LiP. (a) Spectra Broad Range Protein Ladder, (b) hMSC lysate, no LiP enzyme. (c) 
hMSC lysate, incubated with PK at a ratio of 1:2000 E:S (w:w) for 2 minutes, (d) the same as (c), but with E:S of 1:1000, (e) 
E:S 1:500, (f) E:S 1:100.  

3.1.1 Trial LiP-MS experiment 

To learn more, a shortlist of candidate E:S ratios (w:w) 1:100, 1:500, 1:1000 and 1:2000 

were then investigated by MS. The four LiP conditions were tested on hMSC lysates, with a 

reaction time of 2 minutes and each were subsequently digested to completion with trypsin 

and the peptides identified by LC-MS/MS. The motivation for this experiment was twofold. 

Firstly, it enabled the identification of the optimum E:S ratio for LiP by utilizing the peptide 

level information provided by MS and secondly, to assess the clarity of whole cell lysate LiP-

MS data. For example, on the omics scale one can determine whether the relative number of 

semi-tryptic peptides identified meets expectation, whereas evaluation of specific LiP 

peptides can elucidate protein level effects. For example, do LiP peptides indeed map to 

flexible, surface accessible regions of protein structure? 

The level of proteolysis achieved was assessed through the quantification of LiP peptides, 

identified using the following criteria:  

1. Decrease in fully tryptic peptides – the number of fully tryptic peptides present in 

each sample should negatively correlate with enzyme concentration. Increased 
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enzymatic activity should result in more cleaved tryptic peptides and hence a 

decreased presence of fully tryptic peptides (Figure 3.2).  

2. Increased semi-tryptic peptides – the number of semi-tryptic peptides present in each 

sample should positively correlate with enzyme concentration. However, this may 

only hold true up to a certain E:S ratio, where protease concentration exceeds a 

certain tipping point where sufficient cleavage of the substrate protein occurs that 

precipitates complete unfolding and/or denaturation, leading to complete elimination 

of some detectable semi-tryptic peptides. Hence, semi-tryptic identification may also 

decrease (Figure 3.2).  This would be expected to vary on a protein by protein basis. 

In the local sense, once LiP peptides have been identified, these can then be mapped onto 

known protein structures. This information can then be used to investigate the characteristics 

of LiP cleavage sites.  

 

Figure 3.2: The effect of PK (LiP) concentration on the type and number of peptides identified. Theoretically, trypsin 
(visualised here by green scissors) cleaves protein (grey line) only at the C-terminus of amino acids arginine and lysine, in a 
reliable manner. Therefore, the peptides produced will all be tryptic and not semi-tryptic (green dot). The inclusion of PK 
(pac-man symbol) to the digestion protocol will result in additional cleavages and so reduce the abundance and number of 
tryptic peptides (e.g. t1, t2, t3, etc) , with a corresponding increase in semi-tryptic peptides. The size of this effect is 
dependent on the PK concentration used. Increasing PK concentration (blue, orange, pink, purple represent lowest to 
highest concentration respectively) is expected to increase the number of additional cleavages, and so negatively correlate 
with tryptic peptide identifications, and positively correlate with semi-tryptic peptide identifications. However, after a 
certain threshold, PK may cleave multiple times per tryptic peptide, resulting in non-tryptic peptides, as shown by the purple 
marker. This may reduce the number of semi-tryptic peptides that are identifiable, as they are more likely to be shorter in 
length, thus making MS analysis more difficult and effectively removing the parent protein from the pool of detectable 
species. However, it is important to note that the extent to which the scenario depicted here is true is principally dependent 
on the structure of the protein in question.   



62 
 

3.1.2 Tryptic peptides 

As a trial run and the first experiment conducted in this work, for each enzyme condition only 

one sample was submitted for MS analysis. Unfortunately, there were some issues with the 

control condition (no LiP enzyme). For this reason, when assessing tryptic peptides, this 

sample was excluded from the analysis and instead the data was normalised to the most 

comparable enzyme condition – the 1:2000 E:S ratio.  

To begin, the number of tryptic peptides identified in each condition was quantified. The 

results, displayed in Figure 3.3(a), show a generally negative correlation between enzyme 

concentration and the number of tryptic peptides identified, which decreases with enzyme 

concentration. This is in line with expectation, as increased PK activity should result in 

additional non-tryptic cleavages and so a loss in tryptic peptides. This was further 

investigated in terms of protein coverage, normalised to that obtained at the lowest enzyme 

concentration.  Analysis of protein coverage can also provide a readout of LiP activity as the 

tryptic peptide signal associated with the protein may be diminished in the LiP treated 

sample compared to the control. For each protein present in the 1:2000 sample, the 

percentage of that protein’s sequence identified in the MS data (via tryptic peptides) was 

calculated. The top 20 proteins were selected (with the highest sequence coverage at 

1:2000) and for each the corresponding coverage was calculated for the other samples. This 

was then normalized to the 1:2000 value, representing the baseline where the least signal 

loss due to additional PK cleavage should be present. This is plotted in Figure 3.3(b) and 

again demonstrates a general decrease in sequence coverage with increasing enzyme 

concentration, though with little difference between the 1:2000 and 1:1000 samples.

 

Figure 3.3: (a) The number of tryptic peptides identified in each experimental condition was quantified. This demonstrates a 
generally negative correlation between tryptic peptides and enzyme concentration. (b)  The percentage of each protein’s 
sequence idenitified in the MS data was quantified for each enzyme condition and this value was normalised to the 1:2000 
value. Plotted here are the results for the top 20 proteins with the highest sequence coverage (as determinted by the 1:2000 
sample). This demonstrates a reduction in sequence coverage for E:S ratios 1:500 and 1:100.   
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Next, the influence of enzyme concentration on the MS signal of identified tryptic peptides 

was investigated. Again, peptide signal intensities were normalised to that of the 1:2000 PK 

digestion, generating normalised profiles across the enzyme concentrations investigated, 

which were subsequently clustered using K means clustering. This is a technique that 

enables the identification and quantification of patterns of behaviour in large data sets, here 

being how the reported intensity of a peptide changes with enzyme concentration. Briefly, 

the K means algorithm initially selects N random data points (“centres”) and then assigns the 

rest of the dataset to its closest centre. These initial centres are then altered iteratively until 

the distance between the data and cluster centre is minimised. The number of clusters N 

was determined using the Elbow method, a technique to minimise variance within clusters 

whilst also minimising the number of clusters.   

The results of such clustering are shown in Figure 3.4. The predominant behaviour extracted 

by this analysis is that of little change in normalised peptide abundance over conditions, as 

shown in Clusters 1 and 5 (Fig 3.4(a)) which together represent 79% of the dataset (Fig 

3.4(b)). These peptides likely map to regions of protein that are always either accessible or 

inaccessible to the enzyme in this range of concentrations, and whose susceptibility to 

proteolytic attack remains stable. It is intuitive that this behaviour is the most common, as the 

most native protein structure in unperturbed cells is expected to be globular and although the 

enzyme concentration varies the solution conditions do not [183]. Hydrophobic peptides 

mapping to the core of such proteins are expected to be completely shielded from enzymatic 

access, whereas, on the protein’s surface, linker regions between secondary structures, or 

indeed between domains, may be cleaved more easily even at low enzyme concentrations 

such as 1:2000. If such regions are cleavable at 1:2000, they will also be cleaved at the 

higher enzyme concentrations. Furthermore, other types of protein structure follow the same 

rules. For examples, intrinsically disordered protein domains or regions are highly enzyme 

accessible and thus prone to cleavage even at low enzyme concentrations. Conversely, 

tightly packed globular structures may prove impervious to all the concentrations tested.  
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Figure 3.4: (a) K means clustering of tryptic peptide abundance data in 6 clusters, as determined by the Elbow method. Each 
line represents a single peptide. The y axis displays the log2 fold change of this peptides abundance relative to the 1:2000 
sample. The colours are indicative of the ranked mean change, with the highest mean (most positive) in green to lowest (most 
negative) in blue. (b) Each line depicts the mean of each of the 6 clusters. The thickness of this line is determined by the 
percentage of the population represented by that cluster. E.g, 27% of tryptic peptides identified fall into Cluster 1. 

The second most common behaviour is a negative correlation between the abundance of 

tryptic peptides and enzyme concentration, as is displayed in Clusters 2, 4 and 6, altogether 

representing 19% of peptides present. This is the central dogma of LiP as a structural probe 

– regions of LiP cleavage will be identifiable by a loss in tryptic peptide signal, and the extent 

of this loss is expected to correlate with LiP enzyme concentration. Therefore, the peptides 

represented in these clusters to are predicted to constitute accessible protein regions and 

hence sites of LiP.  

Contrary to this, Cluster 3 contains peptides with the opposite behaviour, but is poorly 

represented, accounting for only 2% of the data. This can be considered to result from the 
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underlying noise in the MS data contributing to apparent signal ‘gain’. This might occur when 

peptides are inherently low abundance and close to limits of detection, and noise contributes 

to an apparent gain in signal, or potentially they are misidentified in one run or another. On 

the other hand, this tryptic signal gain could be indicative of protein insolubility. Particularly 

proteolytic resistant proteins may require aggressive or additional cleavage steps, as 

provided by the LiP enzyme, in order to enable subsequent trypsin access which means 

significant signal is only recorded in the higher enzyme concentrations. This is an idea that is 

explored further in Section 5.  

3.1.3 Nickpred 

The potential LiP cleavage sites identified here can be investigated further using Nickpred – 

a program designed to predict the most likely sites of LiP cleavage in proteins with known or 

predicted structure [170]. Nickpred is able to calculate many of the known determinants of 

limited proteolytic susceptibility, as discussed in Section 1.6.2, and combines these 

measurements into a set of prediction scores. 

The parameters included in the model are: 

1) Solvent Accessibility – Solvent accessible protein regions have been shown to 

correlate with sites of LiP, as they are readily bound and cleaved by an 

endoproteinase and do not require significant remodeling in order to host the 

proteolytic enzyme [159]. The solvent accessibility of each protein residue is 

determined using a 1.4Å probe and summing the atomic accessible regions, and can 

be expressed as a relative accessibility with respect to a Ala-X-Ala peptide in 

extended conformation [184].  

2) Protrusion Index – For globular proteins, LiP is considered to be least likely in regions 

mapping to the protein core and most likely at regions protruding from the central 

protein body. The protrusion index of each protein residue is determined using 

binning of protein atoms into successive ellipsoidal shells, starting with an 

equimomental ellipsoid about the proteins centre of mass [185].  

3) Temperature Factors – The requirement for flexibility at LiP cleavage sites has been 

demonstrated by many authors [154, 155, 157]. Although there are no common and 

universal empirical measures of this property, flexibility can be estimated through 

assessment of B values – crystallographic temperature factors indicative of the 

dynamic properties of the polypeptide chain, through describing the mean squared 

displacement of each atom. A flexibility score is assigned to each protein residue by 

summing and normalizing atomic B-values if they are available. 
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4) Secondary Structure - The capacity for local unfolding has also proved a significant 

requirement for LiP cleavage sites, as the substrate should be able to adapt to the 

LiP enzyme binding site without the need for costly conformational change [156-158]. 

In the context of secondary structure, ∝-helices were found to be capable of such 

local unfolding but 𝛽-strands were not, at least not without substantial unfolding of 

the protein domain in question. Protein residues are scored based on whether they 

form part of a turn, helix or strand, and this score is then summed and normalised 

[186].   

5) Hydrogen Bonding – The capacity to locally unfold the substrate to adapt to the 

protease is also influenced by the number of local intramolecular interactions that 

would otherwise need to be broken in the substrate. In this sense, protein regions 

with many hydrogen bonds are unlikely LiP cleavage sites. A score is assigned to 

each protein residue based on the number of hydrogen bonds formed between a 

short window centred on the current residue and all other regions of the structure. 

Regions which are heavily hydrogen bonded to the rest of the structure should be 

harder to locally unfold and cleave.   

6) Ooi Numbers – Due to the requirement for flexibility and local unfolding, LiP cleavage 

sites less frequently map to crowded protein regions. This can be reflected in Ooi 

number scores, which are assigned to each protein residue through calculating the 

number of α-carbon centres within a certain radius [187]. This parameter is a simple 

measure of the local packing density, with the logic that tightly packed regions are 

similarly difficult to deform for proteolytic cleavage.  

These 6 parameters are each weighted and smoothing windows applied to take into account 

the influence of neighbouring amino acids. In this way, the parameters are combined to 

produce a score reflecting the predicted susceptibility of each residue of the protein under 

consideration to be cleaved by a given protease, given the protein is in a native or near-

native state.   

For each protein identified in this trial LiP-MS experiment, the corresponding AlphaFold 

prediction PDB file [188, 189] was downloaded and run through Nickpred. The scores for 

each protein residue were then averaged to give a single readout for each tryptic peptide. 

Nickpred scores for the entire tryptic dataset were then compared to those assigned to the 

clusters in which LiP cleavage is mostly likely to be occurring (Figure 3.4, Clusters 2,4,6). 

This comparison is shown in Figure 3.5. Whilst there was no significant difference between 

all peptides and Clusters 2 and 6, Cluster 4 was found to have significantly higher prediction 

scores. Therefore, in this instance, the LiP sites identified in the MS dataset correlate with 

the known structural determinants of limited proteolysis.  
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However, there are caveats to this approach which must be appreciated. Firstly, the PDB 

files used were based on AlphaFold protein structure predictions. Whilst the accuracy of 

many of AlphaFold’s structures is outstanding, due to the high number of protein searches a 

model confidence cutoff was not able to be imposed. Therefore, low confidence protein 

regions were not excluded from the analysis. Also, AlphaFold structures do not necessarily 

properly account for the cognate higher order structure of the protein, for example if the 

protein is normally part of a complex or multimer [190], and so the solvent accessibility of 

some protein regions may be overstated. Indeed, intra-domain and flexible linkers regions 

are potentially the least confidently predicted, but also likely to be regions of high 

susceptibility to attacking proteases [156]. Furthermore, the capacity of Nickpred is reduced 

for proteins with high levels of disorder, which may be precisely where one expects to find 

some of the identified LiP cleavage sites. Finally, analyzing tryptic peptides does not provide 

the precise location of LiP cleavage, as PK could theoretically have cleaved anywhere along 

the length of the tryptic peptide. Therefore, averaging Nickpred scores over peptides may 

potentially dilute the prediction power, particularly over longer peptides.  

 

Figure 3.5: Box and whisker plots showing the distribution of Nickpred scores for each peptide identified in the trial LiP-MS 
experiment. Here, 1 is the highest likelihood of LiP cleavage, and 0 the lowest. Cluster 4 demonstrated a significantly higher 
prediction score set (p<0.05) compared to that of the remaining LiP-MS dataset (ALL), as determined using a Mann-Whitney 
test.  

However, overall these results are encouraging and largely align with expectation regarding 

the tryptic peptide signature of limited proteolysis. However, a suitable E:S ratio for hMSCs 

has not yet been determined. To do so, semi-tryptic peptides were investigated.  

3.1.4 Semi-tryptic peptides 

Semi-tryptic peptides, where only one end is generated by tryptic cleavage, were identified in 

the MS data by changing the theoretical digest conditions in the search engine, Mascot, to 
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semi-specific. This means peptides will be included in the search output if either the N 

terminal or C terminus is tryptic. Whilst this increases computational time significantly, it is 

not unfeasible.  

 

Figure 3.6: (a) K means clustering of semi-tryptic peptide abundance data in 6 clusters, as determined by the Elbow method. 
Each line represents a single peptide. The y axis displays the log2 fold change of this peptides abundance relative to the 1:2000 
sample, converted into a z-score which scales the standard deviation to 1. The colours are indicative of the ranked mean 
change, with the highest mean (most positive) in green to lowest (most negative) in blue. (b) Each line depicts the mean of 
each of the 6 clusters. The thickness of this line is determined by the percentage of the population represented by that cluster. 
E.g, 25% of semi-tryptic peptides identified fall into Cluster 1.  

As in the fully tryptic case, K means clustering analysis was used to assess the abundance 

of semi-tryptic peptides in each condition and identify patterns of behaviour (Figure 3.6). 

Here, the log2 fold change of semi-tryptic peptide abundance relative to the 1:2000 sample 

was converted into a z-score for each peptide, scaling the standard deviation to one. This 
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preserves the dynamics of peptide signal across the different enzyme conditions, but 

reduces the amplitude, thus enabling similar behaviours to be better clustered together.  

In line with expectation, one of the most prevalent behaviours identified was a positive 

correlation between enzyme concentration and semi-tryptic peptide abundance, as shown by 

Cluster 1, which represents 25% of the whole semi-tryptic peptide dataset. Cluster 5 

represents a further 12% of the dataset and displays a similar positive correlation between 

enzyme concentration and semi-tryptic peptide abundance until an E:S ratio of 1:500, after 

which there is a marked decrease. This is potentially indicative of the presence of multiple 

cleavages of single tryptic peptides. In this scenario, enzymatic activity is still increasing with 

concentration, but the number of additional cleavages per single tryptic peptide reaches a 

tipping point after 1:500, after which peptide fragments become non-tryptic and potentially 

too small for identification by MS. This idea is demonstrated by the schematic in Figure 3.2.  

Another common feature of the clusters is a lack of change in semi-tryptic peptide 

abundance with enzyme concentration until an E:S ratio of 1:500, after which there is again 

a marked decrease. This is shown by Cluster 2 and represents 34% of the dataset. In a 

similar manner to the tryptic clustering (Figure 3.4) these peptides may map to protein 

regions that are easily enzyme-accessible, and so consistently cleaved at most enzyme 

concentrations. Once again, an E:S ratio of 1:100 may represent a tipping point, at which 

excessive cleavage results in the loss of identifiable semi-tryptic peptides. Therefore, this is 

similar to the behaviour of Cluster 5, but in a more stepwise manner in which 1:2000-1:500 

produce the same result, and this is altered at 1:100.  

Cluster 4 also shows little difference in semi-tryptic peptide abundance until an E:S ratio of 

1:500. Conversely, this is followed by a marked increase at 1:100. The opposite of the 

previous, these peptides may map to protein regions that are generally inaccessible to the 

enzyme, and so substantial cleavage is only possible at the highest enzyme concentrations. 

Again, this appears to be in a stepwise rather than continuous manner. Further, this 

behaviour is less representative, at just 7% of the dataset.  

The primary aim of this analysis was to determine which E:S ratio is most suited to LiP-MS 

studies of hMSC lysates. Overall, the K-means clustering of the semi-tryptic dataset 

revealed little difference between the 1:2000 and 1:1000 sample, with the exception of 

Cluster 3, which seems to suggest that for a small number of peptides (7%) 1:2000 may 

generate the most semi-tryptic peptides. Furthermore, in 78% of the dataset, an E:S of 1:500 

either increased semi-tryptic peptide abundance, or demonstrated little change. Perhaps 

most importantly, the clustering also provided evidence that, for a number of proteins, an E:S 
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of 1:100 may produce excessive cleavages, resulting in a loss of identifiable semi-tryptic 

peptides and so a reduction in the level of structural data attainable by LiP-MS.  

Taken together with the results from the tryptic peptide analyses, this suggests that in order 

to achieve appropriately limited proteolysis, the maximum recommended E:S ratio for 

hMSCs is 1:500. Naturally, whatever enzyme concentration is selected will be a form of 

compromise, since some proteins will be almost entirely digested to undetectable peptides, 

whilst other more stable ones will be entirely resistant. However, at this concentration of PK 

there is evidence of both a significant decrease in tryptic peptide abundance and a 

concordant increase in semi-tryptic abundance. 

It can be additionally noted that tryptic peptide behaviour over LiP conditions was more 

clearly defined, here shown through less variance in the clustering. The semi-tryptic peptide 

data clustered poorly, but the effect of enzyme concentration effect was extractable upon 

conversion to a z-score. The variability and caveats of semi-tryptic peptides are investigated 

further in subsequent chapters.  

Nickpred of semi-tryptic peptides 

As in the tryptic case, the semi-tryptic dataset was run through Nickpred, to provide insight 

into the structural characteristics of the cleavage sites. While many of the caveats of this 

method (as discussed above) remain, when using semi-tryptic peptides one can identify the 

exact cleavage sites and so here the Nickpred scores were not averaged along the peptide, 

but instead corresponded precisely to the residue at the non-tryptic terminus of the peptide. 

Figure 3.7 displays such Nickpred scores for the dataset, where protein structural 

information was available. The scores are grouped according to cluster membership, as 

determined by the K means clustering of Figure 3.6.  
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Figure 3.7: Box and whisker plots showing the distribution of Nickpred weighted norm scores for each cleavage site identified 
by the semi-tryptic peptides in the trial LiP-MS experiment. Here, a score of 1 represents the highest likelihood of LiP cleavage, 
and 0 the lowest. Cluster 3 demonstrated a significantly higher weighted norm score set (** = p<0.01) compared to Cluster 4, 
as determined using a Mann-Whitney test. 

The biggest difference was between Clusters 3 and 4, with Cluster 3 found to have 

significantly higher Nickpred scores than Cluster 4.  

Cluster 4 was characterised by a consistent semi-tryptic peptide abundance across samples, 

followed by an increase at E:S 1:100. It was hypothesized that this peptide footprint could be 

characteristic of less-accessible protein regions, that require higher enzyme concentrations 

for cleavage to occur. Conversely, Cluster 3 was characterised by a decrease in semi-tryptic 

peptide abundance following E:S 1:2000. Here, the lowest enzyme concentration produced 

maximum cleavage and so potentially represent protein regions that are highly enzyme-

accessible.  

Nickpred utilises several structural indicators (Section 3.1.2) to determine the LiP-

susceptibility of each residue for a given protein. Therefore, the significant increase in 

Nickpred scores between Clusters 4 and 3 indicates that Cluster 3 represents more 

accessible protein regions, as predicted by the semi-tryptic peptide footprint. Furthermore, 

Cluster 3 has the highest median Nickpred score of the dataset, which is again supportive of 

the hypothesis that this cluster captures particularly accessible peptides. Thus, this provides 

some evidence that semi-tryptic peptide behaviour is linked to protein structural features.  

3.1.5 Peptide mapping 

Once LiP peptides have been identified, these can then be mapped onto known protein 

structures. This allows investigation the LiP peptide fingerprint in more detail, illustrated with 

an example case here.  
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Calumenin (UniProt ID: O43852) is a calcium binding protein, thought to be localised to the 

endoplasmic reticulum (ER) [191]. Figure 3.8 shows the intensity of each peptide identified in 

calumenin, displayed along the protein’s sequence from N- to C-terminus. For each MS run 

(1:2000, 1:1000, 1:500, 1:100) the total peptide signal, from both tryptic and semi-tryptic 

peptides, was calculated across the whole protein. Each peptide was then normalised to this 

total, thus becoming a percentage of how much this peptide contributed to the overall 

detected protein signal in that run. The contribution of tryptic and semi-tryptic peptides to 

total protein signal, and how this changes with enzyme concentration, can then be assessed.  

 

Figure 3.8: The normalised intensity of each peptide mapping to calumenin (UniProt ID: O43852). The residue number for the 
protein sequence is shown along the x-axis, with the position of each peptide within this sequence shown (median position). 
Each peptide intensity is normalised by dividing by the sum of all peptide intensities for that sample. Tryptic peptides are 
shown above the x-axis and semi-tryptic peptides are shown below the x-axis.   

This analysis revealed that the semi-tryptic peptide signal (shown in Figure 3.8 as the 

peptides below the x-axis) was increased at the higher enzyme concentrations. For this 

protein, semi-tryptic peptides accounted for 49% and 48% of the total signal in the 1:2000 

and 1:1000 samples respectively. This increased to 55% and 58% in the 1:500 and 1:100 

samples respectively. Again, this conforms to expectation as detailed above.  

Although this data is undoubtedly interesting and some insight can be gained, without more 

robust statistical filtering it is difficult to separate semi-tryptic peptides that are resultant from 

PK cleavage from the underlying noise of the MS data. Semi-tryptic peptide identifications 

are less robust than their tryptic counterparts, and although the global trends in semi-tryptic 

peptide properties match expectation (they are a higher percentage of global signal in higher 

PK concentrations) the clustering and protein level trends might be more susceptible to false 

positives and noise.  
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In the following chapters, semi-tryptic peptides are further investigated in experiments 

including technical replicates and controls against which to normalise the LiP data.  

3.2 Optimisation of lysis conditions 

To ensure that the information provided by LiP-MS is as biologically relevant as possible, 

great care must be taken regarding the manner in which cells are lysed. The initial trial 

experiments described above were conducted using a SL-DOC lysis buffer, with additional 

mechanical lysis using bead-beating (Section 2.9.1). This is an effective way of solubilising 

protein and is amenable to MS analysis. However, the sodium dodecyl sulphate (or sodium 

laurate (SL)) used in the buffer is a chemical denaturant and the friction generated during the 

bead beating step could cause a build-up of heat in the lysate (although this step is 

performed at 4 C̊), a further denaturing factor. For these reasons, gentler methods of lysis, 

that also maintain a good protein yield, were investigated. This is discussed below and 

summarised in Table 3.1.  
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Table 3.1: Optimisation of lysis conditions for LiP-MS. The pros and cons of three cell lysis methods are stated: SL-DOC 
(Section 2.9.1), Dounce Homogenizer (Section 2.9.2) and Triton X-100 (Section 2.9.3). Features of concern include 
temperature, incubation time, chemical denaturants, mechanical disruption and protein yield. 

 

The first alternative trialled was Dounce Homogenization [19]. This involved resuspension of 

the cell pellet in PBS, 20 strokes homogenization whilst on ice, followed by passage through 

a 26 gauge syringe and centrifugation (Section 2.9.2). The benefits of this method are that it 

can be performed quickly and at 4 C̊, the buffer the cells are suspended in contains no 

denaturing chemicals and is of physiological pH, and the mechanical method of lysis is 

gentle and will not generate excessive heat. However, despite many alterations to the 

protocol, such as trialling different centrifugation times and speed, increasing or decreasing 

the suspension volume, and the introduction of a hypotonic buffer to aid lysis, the protein 

yield remained extremely poor (summarised in Table 3.2). Therefore, despite its many 

advantages, this method is not amenable to MS experiments.  

Table 3.2: Dounce Homogenization (DH) lysis attempts. The DH protocol was altered in terms of the buffer and centrifugation 
time used, and the resultant protein yield quantified using BCA assay (Section 2.10). Here the BCA readout is shown to 2 
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significant figures. For each trial approximately 1 million hMSCs were lysed. Further technical detail can be found in Section 
2.9.2. For reference, the same number of cells were subject to SL-DOC lysis (Section 2.9.1) and the results shown in red here. 

 

 

Next, chemical lysis with Triton X-100 buffer was trialled. This involved resuspension of the 

cell pellet in PBS containing 1% Triton X-100, incubation for 1 minute at 25 C̊, followed by 

centrifugation (Section 2.9.3). Triton X-100 is a gentle detergent (non-ionic surfactant), 

capable of lysis through permeating the cell membrane. It should not be denaturing to 

proteins, and is often chosen for native protein studies [192]. Further, lysis can be achieved 

without any additional mechanical method. The benefits of this method are that it can be 

performed quickly and with no prolonged exposure to high temperatures, the buffer should 

not be denaturing to protein, is of physiological pH and there is no mechanical stress placed 

on the cells. Moreover, protein quantification of the lysates revealed an acceptable protein 

yield (summarised in Table 3.3). Therefore, this method appears amenable to MS 

experiments.    

Table 3.3: Triton X-100 lysis attempts. The Triton X-100 protocol was altered in terms of the incubation time and temperature 
used, and the resultant protein yield quantified using BCA assay (Section 2.10). Here the BCA readout is shown to 2 significant 
figures. For each trial approximately 500,000 hMSCs were lysed. Further technical detail can be found in Section 2.9.3. For 
reference, the same number of cells were subject to SL-DOC lysis (Section 2.9.1) and the results shown in red here. 

 

Concerns with this method were that the lysis would not be extended to intracellular 

compartments, and that the presence of Triton X-100 may inhibit the activity of PK. However, 

MS analysis of the protein yielded by this lysis method, shown in Section 5, revealed many 

organelle enclosed proteins. Further, it was demonstrated that PK remains active in this 

buffer, and has an activity level comparable to that in SL-DOC, as shown in Figure 3.8.  
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Figure 3.9: SDS page demonstrating LiP of SL-DOC and Triton X-100 lysed samples. (a) Spectra Broad Range Protein Ladder, 
(b) hMSC SL-DOC lysate, no LiP enzyme. (c) hMSC SL-DOC lysate, incubated with PK at a ratio of 1:2000 E:S (w:w) for 2 minutes, 
(d) hMSC Triton X-100 lysate, no LiP enzyme, (e) hMSC Triton X-100 lysate, incubated with PK at a ratio of 1:2000 E:S (w:w) 
for 2 minutes.  

In all buffers chosen, a protease inhibitor cocktail was added to prevent endogenous 

protease activity during lysis. This cocktail did not affect the activity of PK, as demonstrated 

by the gel in Figure 3.9 and MS data shown in Chapters 4 and 5.    

The aim of these trials was to find the lysis protocol most suitable for LiP-MS. Lysis-induced 

protein denaturation will potentially obscure perturbation-induced protein structural changes 

and thus limit the amount of useful structural information one can glean from LiP-MS 

experiments. For this reason, lysis methods containing chemical denaturants, heat, 

excessive time at non-physiological molecular concentrations, non-physiological pH and 

harsh mechanical disruption must be avoided. However, it is also important that the method 

chosen is effective at solubilising protein to the level required for a MS experiment. Here, 

gentler methods of lysis were found to be ineffective at extracting protein from hMSCs and 

thus, a middle ground was sought. This middle ground is Triton X-100.  

3.3 Summary 

In this chapter the optimization of the LiP-MS protocol for use in hMSCs was discussed, with 

a focus on LiP enzyme concentration, LiP digestion time and the method of cell lysis. An 

experiment trialling several LiP-MS enzyme concentrations was performed in order to 

establish bounds for effective LiP and to assess the clarity of whole cell lysate LiP-MS data. 

The effect of LiP on tryptic peptide signal was investigated using a K means clustering 

approach to highlight behavioural subsets. The most common behaviour observed was a 

modest change to tryptic peptide signal with increasing LiP treatment. This implies that 

appropriately “limited” proteolysis has been achieved in this system. Consequently, the 

protein structures present are in the main stable and present a consistent resistance to 

limited proteolytic attack. As a corollary, the majority of tryptic peptides identified in the MS 

data are not expected to map to surface accessible, flexible protein regions and so should 
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be unaffected by the LiP enzyme. The second most common behaviour identified in the 

tryptic dataset was a negative correlation between enzyme concentration and tryptic peptide 

signal, which is precisely the expected MS fingerprint of LiP cleavage.  

It was then tested whether these potential LiP cleavage sites correlated with the known 

structural determinants of LiP by running the entire tryptic peptide dataset through Nickpred, 

a program that assigns scores based on these structural features in order to predict which 

protein regions will be most susceptible to LiP. This revealed that a subset of the indicated 

sites of LiP activity did indeed have a significantly higher LiP-susceptibility score than the 

dataset as a whole. 

K means clustering analysis was also performed on the semi-tryptic peptide dataset and 

revealed complementary patterns of behaviour to the tryptic case. In line with expectation, a 

prevalent behaviour highlighted was a positive correlation between enzyme concentration 

and semi-tryptic peptide signal. Together with the tryptic analysis, this analysis also proved 

insightful into which E:S ratio is most suited to LiP-MS of hMSC lysates. For example, the 

majority of the semi-tryptic peptides identified did not demonstrate a substantial difference in 

signal between the 1:2000 and 1:1000 samples, and the 1:500 sample either increased 

semi-tryptic peptide signal, or similarly showed little change. Crucially, another prevalent 

behaviour highlighted was a decrease in signal at E:S 1:100. This potentially indicates that 

this enzyme concentration can produce excessive cleavages, thus resulting in a loss of 

identifiable semi-tryptic peptides and so a reduction in structural data. Taken together, this 

suggests that in order to achieve appropriately limited proteolysis, the maximum 

recommended E:S ratio for hMSCs is 1:500.  

The semi-tryptic dataset was also analysed in Nickpred. To some extent, the different 

peptide behaviours highlighted in the clustering analysis were also reflected in the 

associated Nickpred scores, thus providing some evidence that semi-tryptic peptide signal is 

linked to protein structural features. It was noted however that this data appears noisier. 

The contribution of tryptic and semi-tryptic peptides to total protein signal, and how this 

changes with enzyme concentration, was also considered at the individual protein level. In 

the example considered, the contribution of semi-tryptic peptides to protein signal increased 

with enzyme concentration, as expected.  

However, it is important to note that as only one replicate per condition was used in this MS 

experiment, one must not over-interpret this data. This experiment was intended as a proof 

of principle, “trial” LiP-MS to establish that this technique is capable of producing data. The 

aim was not to draw biological inference, but instead to use different LiP concentrations to 

determine the extent to which LiP-MS is achievable in hMSCs and to generally optimise the 
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LiP-MS protocol for this system. Despite this, this experiment did facilitate the identification 

of suitable LiP conditions, as demonstrated by the clustering analysis detailed above.  

This initial insight must be followed up by more robust statistical filtering in order to separate 

semi-tryptic peptides that are resultant from PK cleavage from the underlying noise of the 

MS data. Semi-tryptic peptide identifications are seemingly less robust than their tryptic 

counterparts, and although the global trends in semi-tryptic peptide properties match 

expectation (they are a higher percentage of global signal in higher PK concentrations) the 

clustering and protein level trends might be more susceptible to false positives and noise. In 

the following chapters, semi-tryptic peptides are investigated further in experiments including 

technical replicates and controls against which to normalise the LiP data.  

Finally, cell lysis-induced perturbations to native protein structure will reduce the capacity of 

LiP-MS to act as a protein structural probe. To reduce this risk, various lysis methods were 

trialled and optimised. Overall, a Triton X-100 based method was chosen as striking a good 

balance between maximising protein yield for MS and lack of denaturing variables.  

In conclusion, the work detailed in this chapter indicates that LiP-MS is indeed possible in 

hMSC lysates as the MS signal from tryptic and semi-tryptic peptides largely conforms to 

expectation. Further, the LiP protocol, in particular the LiP reaction and method of cell lysis 

was optimised and these recommendations enacted going forward. 
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Chapter Four: LiP-MS can act as a 

probe of protein structure in complex 

samples 
 

In the previous chapter a basic proof of concept for LiP-MS was established and the protocol 

optimized for application to hMSCs. The protocol was shown to be able to extract sufficient 

quantities of protein for MS analysis, whilst also limiting the inclusion of potentially 

denaturing variables in the cell lysis procedure. Importantly, LiP-induced shifts in peptide 

signal in hMSC lysates were detectable via MS, with attendant LiP peptide fingerprints that 

largely conformed to the central dogma of LiP-MS: protease accessible regions of protein 

structure are additionally cleaved by the broad specificity LiP protease and such cleavage 

sites are identifiable in LiP-MS data, indirectly through a decrease in tryptic peptide signal 

and directly through a corresponding increase in semi-tryptic peptide signal.  

To extend this principle further, one must examine the ability of the technique to detect 

changes to protein structure, which will be the aim of this chapter. Historically, LiP has been 

used to gain information about static, single protein structures, such as identifying disordered 

regions in proteins of unknown structure, or the site of domain linker regions [155, 161, 162, 

193, 194]. However, the cell is a highly dynamic environment and so maintenance of 

proteostasis is both contingent upon, and can be corrupted by, dynamic alterations to protein 

structure. For example, as discussed in Section 1.5, much of the early stress response in 

hMSCs may be governed by changes to protein conformation, such as complex formation or 

small molecule interactions. Therefore, if LiP-MS is to act as an effective, global probe of 

protein structure it must be capable of identifying specific regions of perturbation-induced 

protein conformational change, in this case in hMSC lysates as the subject of this study.    

This was tested by utilizing the denaturing effect of heat on the proteome. Temperature 

changes of just a few degrees can have a substantial impact on protein stability [195], with 

proteins becoming quickly unfolded [166]. Hence, a heat shock will be expected to perturb 

the integrity of the proteome by inducing additional unfolding. There is a particular need for 

the systems-level identification and assessment of protein unfolding and protein aggregation 

events, as such structural alterations are characteristic of several neurodegenerative 

diseases [64, 65]. Further, previous work in the Swift lab has predicted an increased burden 

of misfolded protein in senescent hMSCs [10].  
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The aim is to establish that LiP-MS is able to detect regions of heat-induced protein 

unfolding, by virtue of a comparative signal loss from tryptic peptides or signal gain from 

semi-tryptic peptides. Further, to assess the degree of proteome coverage achieved by LiP-

MS of hMSCs, whilst also investigating potential quality control procedures and testing the 

data’s robustness.  

The experimental design is summarized in Table 4.1 and is similar to an experiment 

conducted previously by the Picotti lab, in which they aimed to uncover the determinants of 

protein thermostability by performing LiP-MS on protein lysates heated to several 

temperatures [166]. This experiment was conducted using Y201 cells, an immortalized 

hMSC line which has been shown to maintain much of the primary hMSC stress response 

(Section 2.5) [180]. 

In the first condition, all previously discussed steps (Section 3.2) were taken to preserve 

native protein structure, with LiP performed immediately following cell lysis. In the second 

condition, the cell lysate was incubated at 37 °C for 30 minutes before the LiP enzyme was 

applied. Finally, in the third condition, the cell lysate was incubated at 42 °C for 30 minutes 

before application of the LiP enzyme. In each case, the conditions under which the LiP 

digestions occur are identical. Heated lysates are rapidly cooled to 25 °C before application 

of PK, which is applied at an E:S of 1:2000 for 2 minutes, followed by quenching with boiling. 

For each of these conditions 6 samples were analyzed by mass spectrometry, half of which 

were subjected to LiP treatment and half were digested only with trypsin (referred to as 

"Control'’).   

Table 4.1: Experimental Plan. For each of the 3 heat conditions, 3 replicates were subjected to LiP treatment (E:S 1:2000 for 
2 minutes) and 3 replicates were digested with trypsin only, thus acting as a control.  

 Condition 1 

No Heat 

“Normal” 

Condition 2 

37 C̊ 

“Intermediate” 

Condition 3 

42 C̊ 

“Heated” 

Control x3 x3 x3 

LiP x3 x3 x3 

 

Exposure of the proteome to a temperature of 42 °C is sufficient to induce heat shock [196] 

and so the expectation is to observe increased protein unfolding events in Condition 3. 

Increased protein unfolding should result in increased LiP enzyme activity, and so an 

increase in the abundance/identification of semi-tryptic peptides and a corresponding 
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decrease in the number and intensity of attendant tryptic peptides, as discussed in Section 

3.1. Condition 2 serves as an intermediate, with the prolonged incubation time consistent 

with Condition 3, but in this case performed at a physiological temperature. Consequently, 

the experimental design supports an additional intermediate step and should highlight 

peptides displaying a consistent trend from control, through 37 °C to 42 °C . For ease of 

understanding, Conditions 1 to 3 will henceforth be referred to as “normal”, “intermediate” 

and “heated”, with “normal” used simply to refer that without additional perturbation.  

This experiment will examine the proficiency of LiP-MS as a global probe of protein 

conformation in human cell lysates through assessment of the peptide fingerprint associated 

with each of the experimental conditions.  

4.1 Tryptic peptides 
 
 

 

Figure 4.1: Number of peptides identified in each run, defined as having a non zero reported intensity value. Internal controls 
for each condition are shown in grey. Samples to which the LiP enzyme is applied are shown in pink.  Error bars display the 
mean and standard deviation of the 3 replicates. 

As an initial assessment of the MS data, the number of peptides identified (non-zero 

reported intensity) in each run was calculated (Figure 4.1). As discussed, the expected 

peptide footprint of global LiP cleavage is reduction in tryptic peptide abundance and 

increase in semi-tryptic peptide abundance comparative to the control case. In addition, for 

some highly enzyme-accessible protein regions or marginally stable proteins, if this area has 

been consistently digested the associated tryptic peptide(/s) may not be identifiable 

(/present) in the LiP sample at all. In an extreme case, the protein itself may be destabilised 
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by the perturbation and/or limited cleavage so that it is digested to an undetectable level. 

There is some potential evidence of these phenomena in Figure 4.1(a), as in the normal and 

intermediate conditions there is a reduction in the number of tryptic peptides identified in the 

LiP samples comparative to the respective controls. This behaviour is not reflected in the 

heated condition and would appear to be more likely to reflect reasonable variation across a 

typical proteomics experiment.  

In the semi-tryptic case, it was initially expected that there should be very few semi-tryptic 

peptides present in the control conditions, as there is no LiP applied to generate them. 

However, as shown in Figure 4.1(b), this is not the case, with over 5000 semi-tryptic 

peptides identified in each of the control samples. Whilst initially concerning, a review of the 

literature revealed that, perhaps surprisingly, this is a phenomenon observed in many 

proteomics experiments in which the only enzyme added is trypsin [197]. Assessment of 

semi-tryptic search results from MS of both complex biological samples and synthetic protein 

mixes revealed that such peptides are a bi-product of both endogenous protease activity and 

experimental sample preparation. For example, trypsin specificity is shown to be influenced 

by solvent choice and digestion time, with aqueous solvents and overnight digestion 

resulting in the production of more semi-tryptic peptides when compared to acetonitrile 

based buffers [198]. Other factors include the potential for in-instrument cleavage, and false 

identification due to low mass accuracy or the parameters of the search engine used [199]. 

Additionally, native proteases in the cell can induce cleavages as either part of normal 

cellular activity (e.g. pro-peptide cleavages and activation steps in cascades) or potentially 

during degradation as part of normal proteostasis, e.g. turnover.  

Despite these issues, one encouraging aspect is that Figure 4.1(b) shows that more semi-

tryptic peptides were identified in the LiP samples than the control and that this is consistent 

over each of the experimental conditions. 

Returning to the tryptic peptides, a potential source for concern is highlighted in Figure 4.1(a) 

by the increased variability of the LiP treated samples in the normal condition. It appears that 

one sample (referred to as C1b_3) contained far fewer peptides than the others of the same 

condition, and indeed across the entire experiment. This variability, and the variability of the 

MS data as a whole was further investigated by performing Principal Component Analysis on 
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the tryptic peptide intensity data (Figure 4.2). 

 

Figure 4.2: Principal Component Analysis on tryptic peptide intensity data. The percentages shown on each axis represent the 
explained variance ratio. (a) PCA of full tryptic peptide dataset. (b) PCA of dataset with outlying replicate (C1b_3) removed.  

The most striking result from this analysis is the difference between C1b_3 and the rest of 

the dataset (Figure 4.2(a), indicated by arrow). Given that these are technical replicates, 

there should be no biological variability between replicates of the same condition and so it is 

likely that this variability is due to the quality of this particular samples MS run, or sampling 

preparation error. However, it is difficult to show this. Considering the rest of the data, the 

PCA revealed a clustering based on LiP treatment, as noted by the separation of these two 

dataset classes by PC1 in Figure 4.2(a). Principal component analysis was also repeated on 

the peptide intensity dataset after removal of the outlying replicate C1b_3, as shown in 

Figure 4.2(b). The clear separation of LiP treated samples and control samples was 

maintained. Variance separation based on LiP treatment implies that LiP has been 

successfully achieved in these cell lysates and that this can be seen in the MS signal at the 

level of the peptide data. There is little discernible variance identified between heat 

conditions on the PCA plots. However, this is not entirely unexpected as the effect of these 

heat perturbations is believed to be modest on the overall abundance of peptides in the 

proteome and likely dominated by the effect of LiP treatment itself. Indeed, this is reassuring 

as LiP changes should exceed those induced by heat shock and the technique itself sets out 

to investigate changes in protein structure rather than abundance.  

4.1.1 Distribution of abundance values 

The next step in this analysis is to consider changes at the level of peptide abundance.  For 

each peptide identified, the log2 fold change of its reported intensity in the LiP treated 

sample compared to that of the control sample was calculated, for each of the 3 conditions. 

For example, for each tryptic peptide i, 𝑋𝑖 = 𝑙𝑜𝑔2 (
𝐼𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦 𝑜𝑓 𝑖 𝑖𝑛 𝑡ℎ𝑒 𝐿𝑖𝑃 𝑠𝑎𝑚𝑝𝑙𝑒𝑠 

𝐼𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦 𝑜𝑓 𝑖 𝑖𝑛 𝑡ℎ𝑒 𝑐𝑜𝑛𝑡𝑟𝑜𝑙 𝑠𝑎𝑚𝑝𝑙𝑒𝑠
). The 

distribution of these 𝑋𝑖 values was assessed through grouping them into bins between -4 
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and 4 in increments of 0.1, as shown in Figure 4.3. In this instance, for the first condition the 

C1b_3 run was excluded and instead the analysis was completed with the remaining 2 

replicates. 

 

Figure 4.3: Tryptic peptide intensity log2 distribution. For the normal condition, 78% of 𝑋𝑖 values fell between -1 and 1. This 
number was 83% in the intermediate condition and 83% in the heated condition. 17% of peptides in the normal condition had 
𝑋𝑖<-1, 12% in the intermediate condition and 13% in the heated condition. The graph on the bottom right shows the 𝑋𝑖 values 
for all conditions plotted together, this time displayed as a violin plot.   

In each of the heat conditions, the vast majority of these values fell between -1 and 1 (an 

average of 81% of all peptides). This aligns with expectation; if the majority of tryptic 

peptides stem from protein regions unaffected by PK proteolysis, which is appropriately 

limited to accessible/flexible regions of protein structure, it might be expected that all 

peptides mapping to these unaffected areas should present similarly in both the control and 

LiP treated samples. Also evident in Figure 4.3 is a leftwards skew to the log2 distribution. 

Across the different heat conditions an average of 14% of all 𝑋𝑖 values were below -1, 

leaving just 5% with 𝑋𝑖>1. This shows that there is a strong subset of the tryptic dataset in 
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which the abundance of peptides decreases with LiP treatment. This is precisely the 

fingerprint one would expect from LiP-MS.  

Considering the log2 distribution alone does not provide direct insight into the effect of the 

heat conditions on LiP peptides. If anything, the slightly stronger leftward skew (Comparison, 

Figure 4.3) perhaps suggests more LiP activity in the “normal” condition, though this 

observation is dependent on normalisation and similar data processing pipelines. To learn 

more, the significance of these changes was investigated.   

4.1.2 Significantly changing tryptic peptides 

 

Figure 4.4: Tryptic peptide abundance changes. Volcano plots showing the log2 fold change of the abundance of tryptic 
peptides in the LiP treated samples vs the control samples, plotted against the respective –log10 FDR-corrected p-value. P-
values were determined using Welch t-test followed by the Benjamini-Hochberg multiple testing correction. The significance 
threshold of 0.05 is highlighted by a grey line on the y axis and significantly changing peptides are highlighted in pink. Log2 
fold change of -1 and 1 are also highlighted by grey lines on the x-axis.  

Peptides with a significant change in abundance upon LiP treatment were determined using 

Welch’s t-tests and the Benjamini-Hochberg multiple testing correction. Welch’s t-test was 

chosen over a Student’s t-test as it does not presume equal variance between groups. 

However, if variances are equal, it performs identically to a Student’s t-test. Since it cannot 
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be guaranteed that the standard deviations for each group (control, LiP treated) are identical, 

Welch’s t-test is a responsible choice. Benjamini-Hochberg is a commonly used multiple 

testing correction in omics sciences, due to its capacity to reduce Type 1 errors (false 

positives). This is also the method chosen by the Picotti lab specifically for LiP-MS 

experiments [167].  

The results for tryptic peptides are shown as volcano plots in Figure 4.4, with significantly 

changing peptides (padj < 0.05) highlighted in pink. Under these test conditions, few peptides 

were found to meet the significance threshold. Peptides with significantly diminished 

abundance in the LiP treated samples compared to the control numbered 26 in the normal 

condition, 53 in the intermediate condition and 18 in the heated condition. However, the 

majority of significantly changing tryptic peptides are all reductions in abundance, consistent 

with the LiP hypothesis where they have been nicked and removed from detection. Although 

one expectation of the experiment was to find more LiP activity in the intermediate and 

heated conditions, this is not clearly demonstrated here. This analysis was then repeated 

with the semi-tryptic peptide dataset, to investigate this further (Figure 4.5, 4.6).  
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4.2 Semi-tryptic peptides 

4.2.1 Distribution of abundance values 

 

 

Figure 4.5: Semi-tryptic peptide intensity log2 distribution. For the normal condition, 66% of 𝑋𝑖 values fell between -1 and 1. 
This number was 67% in the intermediate condition and 71% in the heated condition. 21% of peptides in the normal condition 
had 𝑋𝑖>1, 24% in the intermediate condition and 19% in the heated condition. The graph on the bottom right shows the 𝑋𝑖 
values for all conditions plotted together, this time displayed as a violin plot.    

As before for tryptic peptides, in each of the heat conditions the vast majority of 𝑋𝑖 values fell 

between -1 and 1 (though slightly less with an average of 68% of all peptides, Figure 4.5). 

Assuming that these semi-tryptic peptide identifications are legitimate, and indeed have a 

baseline presence in tryptic-only proteomics experiments, this is similar to the above tryptic 

case and represents the peptides not affected by the LiP enzyme. Moreover, there is again a 

skew in the log2 distribution, but in the semi-tryptic case this is towards the right. Across the 

different heat conditions an average of 21% of all Xi values were above 1, leaving 11% with 

Xi<-1. This shows that there is a subset of the semi-tryptic dataset in which the abundance 

of peptides increases with LiP treatment, as predicted.  
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4.2.2 Significantly changing semi-tryptic peptides 

Again, it is important to consider how consistently these peptides are identified across 

technical replicates, in order to determine how many have a significant change in 

abundance upon LiP treatment. This is performed in the same manner as for the tryptic case 

and the results shown in Figure 4.6.  

 

Figure 4.6: Semi-tryptic peptide abundance changes. Volcano plots showing the log2 fold change of the abundance of semi-
tryptic peptides in the LiP treated samples vs the control samples, plotted against the respective –log10 FDR-corrected p-
value. P-values were determined using Welch t-test and the Benjamini-Hochberg multiple testing correction. The significance 
threshold of 0.05 is highlighted by a grey line on the y axis and significantly changing peptides are highlighted in pink. Log2 
fold change of -1 and 1 are also highlighted by grey lines on the x-axis.  

This analysis revealed significant abundance changes in both directions. For example, in the 

normal condition 38 semi-tryptic peptides were found to have significantly higher abundance 

in the control sample compared to the LiP treated samples. This behaviour was echoed in 

the other heat conditions, with 81 and 93 semi-tryptic peptides with the same footprint 

identified in the intermediate and heat conditions respectively. Although the presence of 

semi-tryptic peptides in control samples has been discussed previously, it is not immediately 

obvious why their abundance would increase significantly following LiP treatment. A possible 

explanation as to why some semi-tryptic peptides display greater abundance in the control, 
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is that this effectively represents the inherent noise of the data, which the statistical model is 

unable to fully consider. A further consideration might be that in high temperatures and 

exposures to PK, the protein in question is degraded further, and the parent peptide that 

generates the semi-tryptic peptides is further digested thereby removing it from the pool. 

This idea is visualised in Figure 4.7. This is similar to that which was observed in the higher 

enzyme concentrations in Section 3 and would account for the increase in semi-tryptic 

peptides with this behaviour in the heated and incubated conditions.  

 

Figure 4.7: In an idealised LiP-MS experiment, no semi-tryptic peptides are present in the control condition (A). In the LiP 
condition, the additional cleavages (pac-man) will result in a decrease in the tryptic peptide signal (blue) and an increase in 
semi-tryptic peptides (red). However, in an experiment in which semi-tryptic peptides are also identified in the control (B), 
digestion of these peptides upon addition of the LiP enzyme could result in non-tryptic peptides (green), or semi-tryptic 
peptides too small for identification (orange).  

However, considering changes in the other direction – that of significantly higher semi-tryptic 

peptide abundance in the LiP treated samples than the controls – 4 such peptides were 

identified in the normal condition, 44 in the intermediate condition and 214 in the heat 

condition. The number of significantly changing semi-tryptic peptides increases substantially 

with heat treatment, implying that there is an increase in enzyme accessible protein regions. 

The incubation of protein lysates at 37 °C (intermediate) and 42 °C (heat) for 30 minutes 

was expected to induce some protein denaturation, when compared to LiP performed 

immediately after lysis (normal). Increased protein denaturation/unfolding will result in more 

enzyme accessibility. Therefore, through analysing these semi-tryptic peptides, LiP-MS does 

seem capable of identifying protein unfolding over different experimental conditions.  

As an additional note, this model presumes that increased denaturation leads to the 

generation of the same semi-tryptic peptide in every case. However, it is also likely that it 

leads to additional susceptible peptide bonds becoming accessible to the PK proteinase, 
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and so rather than increasing the abundance at a given bond, cleavages occur at several 

sites in the vicinity of the locally unfolded region which in turn would generate multiple semi-

tryptic peptide species and diffusion of the attendant signal in the mass spectrometer across 

them. The net effect here could be a reduction in the abundance of an individual semi-tryptic 

peptide species. 

Another point of consideration is how many of these significantly changing peptides are 

shared across the different conditions. Figure 4.8(a) displays the overlap between all 

significantly changing semi-tryptic peptides across the different heat conditions. This is then 

separated into those with a significantly higher abundance in the control samples (Figure 

4.8(b)) and those with a significantly higher abundance in the LiP treated samples (Figure 

4.8(c)). There is no overlap between the data shown in 4.8(b) and 4.8(c). In other words, the 

direction of change is always consistent across each of the heat conditions.  

The increase in the number of peptides generated via LiP cleavage with greater sample 

perturbation (C1-3) is clear in Figure 4.8(c). There is also some demonstration of overlap 

across these different conditions, which is to be expected. For example, peptides 

significantly changing in all conditions (centre of the Venn diagram) represent regions of 

protein that are always enzyme-accessible, e.g. areas that do not undergo structural 

alterations with the different conditions. Peptides shared between the intermediate and 

heated conditions but absent from the first condition, potentially map to regions of protein 

that become more enzyme accessible (unfolded) with incubation at 37 °C (intermediate) and 

remain so at 42 °C (heated). Peptides unique to the heated condition (the largest subset of 

the data) are potentially protein regions that remain stable when incubated at 37 °C, but 

unfold at 42 °C. The possible interpretations of each segment of the Venn diagrams are 

presented in Figure 4.9.  
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Figure  4.8: Weighted Venn Diagrams of significantly changing semi-tryptic peptides. (a) All significantly changing semi-tryptic 
peptides. (b) Semi-tryptic peptides with significantly higher abundance in the control samples. (c) Semi-tryptic peptides with 
significantly higher abundance in the LiP treated samples. 

 

Figure 4.9: Possible interpretation of LiP peptide behaviours shown in Figure 4.8 - semi-tryptic peptides with significantly 
higher abundance in the LiP treated samples (LiP peptides). For example, LiP peptides found in all of the experimental 
conditions (centre) represent protein regions that are natively enzyme accessible. LiP peptides unique to the Intermediate 
condition may represent protein regions that become accessible after incubation but are unidentifed or aggregated with heat. 
LiP peptides unique to the Heated condition can be interpreted as mapping to regions of heat-induced unfolding, etc. 
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4.3 Direct comparison of LiP treated samples 

For completeness, the semi-tryptic peptides from LiP treated samples in the normal and 

heated conditions were compared directly, without normalisation to their respective controls. 

This comparison is shown in Figure 4.10. Despite large differences in semi-tryptic 

abundance (log2 change of generally between -10 and 10), none met the significance 

threshold when the multiple testing correction was applied (red dotted line, Figure 4.10). This 

is potentially due to semi-tryptic LiP peptides being identified in MS in a less robust manner, 

as discussed previously in Section 4.2.  

Overall, due to the uncertainty surrounding semi-tryptic peptides in LiP-MS experiments, 

comparing LiP treated samples to control samples within experimental conditions appears to 

be a better controlled experiment. Given the lack of understanding regarding the presence of 

semi-tryptic peptides in MS data without LiP, one cannot fully account for the effect of 

different experimental conditions on the signal of these peptides. For example, heating and 

incubating protein lysates could lead to more endogenous protease activity and subsequent 

activation of different cleavage pathways, which lead to a different peptide species being 

produced. In this experiment, protease inhibitors were added to the lysis buffer, but that is 

not to say they are 100% effective. Furthermore, the differing experimental conditions could 

affect protein solubility and so the identification of peptides by MS. These factors further 

confound the identification and relative quantification of semi-tryptic peptides that are 

present in the MS data as a result of LiP cleavage. Therefore, if semi-tryptic peptides are to 

be formally considered as markers of protein unfolding, normalising LiP samples to their 

respective controls, within experimental conditions, offers the preferred route since it can 

alleviate these issues to a certain extent. 
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Figure 4.10: Semi-tryptic peptide abundance changes between the normal LiP treated sample and the heated LiP treated 
sample, shown as a volcano plot. FDR-corrected p-values were determined using Welch t-test and the Benjamini-Hochberg 
multiple testing correction. No semi-tryptic peptides were found to meet the significance threshold of q<0.05, shown here by 
the red dotted line.  

 

4.4 Protein examples 

Once LiP peptides have been identified, these can then be mapped onto known protein 

structures. This allows us to investigate the LiP peptide fingerprint in more detail, in order to 

gain a better appreciation of how heat treatment may have effected which areas of protein 

are cleaved.  

For example, the 18 semi-tryptic peptides found to be significantly increasing in abundance 

in both the intermediate and heated conditions (Figure 4.8(c), blue segment) were 

considered in their parental protein contexts. The positions of these peptides along their 

parent protein sequence was determined. Further, for each of the parent proteins 

highlighted, the rest of the LiP-MS data was searched in order to determine the level of 

sequence coverage provided by tryptic and semi-tryptic peptides. In order to understand 

structural transitions, high sequence coverage is desirable. Finally, these proteins were then 

further investigated for available structural information, such as whether PDB structures 

were available and, if so, the resolution and sequence coverage provided. This is 

exemplified in Table 4.2.  
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Table 4.2: Semi-tryptic peptides with significantly higher abundance in the LiP treated sample compared to control, in both 
the intermediate and heated conditions (Figure 4.8(c), blue segment). First 10 are displayed here. Displayed in the table is 
the semi-tryptic peptide, the corresponding parent protein (Uniprot ID and Gene Name) and the position of the peptide 
within the protein sequence. Start/End Pos reflect residue numbers, along the protein sequence from N to C terminus. Also 
detailed is the percentage sequence coverage of that parent protein from tryptic and semi-tryptic peptides in the LiP-MS 
data, PDB identifier name where a structure is available (not available is indicated by ‘X’) and the percentage of the protein 
structure that has been resolved in the PDB file. Highlighted in red is the protein investigated further in Figure 4.11. 

 

One protein highlighted by the above considerations is fructose-bisphosphate aldolase A, or 

aldolase (UniProt ID: P04075), an enzyme involved in glycolysis and implicated in several 

other cellular pathways such as signalling and motility [200]. Aldolase has an available X-ray 

crystallography structure encompassing the entire protein and relatively high sequence 

coverage in the MS dataset (31%), with a single semi-tryptic peptide found to be significantly 

changing in the intermediate and heated conditions, as shown in Figure 4.11. Indeed, in the 

intermediate condition the peptides identified for this protein show very little change with LiP 

treatment, aside from this single site in which the semi-tryptic peptide signal had a log2 fold 

change of eight (p value< 0.00103). This peptide maps to a surface accessible, short loop 

and alpha-helical region, highlighted in pink on the PDB structure displayed in Figure 4.11. 

The signal for this protein indicates a single LiP cleavage site, with the rest of the protein 

remaining stable. In the heated condition, the peptide signal associated with this protein was 

largely similar, with the caveat that there were 2 additional sites in which tryptic peptide 

signal appear to decrease substantially with LiP treatment, although these changes were not 

found to be significant with the multiple testing correction applied.  
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Figure 4.11: : Peptide signal for fructose-biphosphate aldolase A (UniProt ID: P04075) in the intermediate (top) and heated 
conditions (bottom). The y axis of the graphs represents the log2 fold change in peptide intensity between the control and LiP 
treated samples. This is plotted against the protein’s sequence, so the peptide length is reflected. Tryptic peptides are 
displayed in pink and semi-tryptic peptides are displayed in lilac. Significantly changing peptides are highlighted with  asterisks 
(** = Adjusted pvalue<0.001). Identified peptides are mapped onto a PDB structure (PDB Identifier = 1ALD [201]) of aldolase 
A, with tryptic peptides highlighted in yellow, semi-tryptic peptides highlighted in orange, and the significantly changing 
peptide region highlighted in pink. Venn diagram from Figure 4.8(c), with circle indicating the behavioural group this LiP 
peptide was identified in. A list of LiP peptides from this group is found in Table 4.2.   

 

The 194 semi-tryptic peptides found to be significantly changing in only the heated condition 

(Figure 4.8(c), purple segment) were similarly investigated. A subset of these peptides is 

displayed in Table 4.3. An example protein from this behavioural subset was receptor of 

activated protein C kinase 1, or RACK (UniProt ID: P63244), which is thought to play a role 

in protein relocalisation and stabilisation and is known to interact with the ribosomal 

machinery [202]. Again, RACK has an available X-ray crystallography structure 

encompassing the entire protein and relatively good sequence coverage in the MS data, but 

in this instance none of the associated peptides are significantly changing in any condition 

apart from the heated condition. The peptide signal for the heated condition is shown in 

Figure 4.12 and displays a semi-tryptic peptide with significantly increased signal in the LiP 

treated samples and thus a suspected site of LiP cleavage. The structural features of this 
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cleavage site were investigated further using both Nickpred and through direct mapping onto 

the protein’s structure (Figure 4.12). Unlike in some of the previous examples using 

Nickpred, this structure is not predicted but determined using X-ray crystallography (PDB 

Identifier = 4AOW) [203]. The LiP-susceptibility score for this cleavage site, as determined 

by Nickpred, was relatively low at 0.32 (scores range from 0 to 1, with 1 being the highest 

likelihood of cleavage). Furthermore, direct mapping to the protein structure revealed this 

cleavage site to be amid a β-strand, which has previously been determined to be the least 

LiP cleavable form of secondary structure [158]. Therefore, if this is a true LiP cleavage site, 

this implies that the protein has undergone heat-induced unfolding.   

Table 4.3: Semi-tryptic peptides with significantly higher abundance in the LiP treated sample compared to control, in the 
heated condition only (Figure 4.8(c), purple segment). First 10 are displayed here. Displayed in the table is the semi-tryptic 
peptide, the corresponding parent protein (Uniprot ID and Gene Name) and the position of the peptide within the protein 
sequence. Start/End Pos reflect residue numbers, along the protein sequence from N to C terminus. Also detailed is the 
percentage sequence coverage of that parent protein from tryptic and semi-tryptic peptides in the LiP-MS data, PDB 
identifier name where a structure is available (not available is indicated by ‘X’) and the percentage of the protein structure 
that has been resolved in the PDB file. Highlighted in red is the protein investigated further in Figure 4.12. 
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Figure 4.12: Top - Peptide signal for receptor of activated protein C kinase 1 (UniProt ID: P63244) in the heated condition. The 
y axis of the first graph represents the log2 fold change in peptide intensity between the control and LiP treated samples. This 
is plotted against the protein’s sequence, so the peptide length is reflected. Tryptic peptides are displayed in pink and semi-
tryptic peptides are displayed in lilac. Significantly changing peptides are highlighted with asterisks (** = Adjusted 
pvalue<0.01). Bottom left - Nickpred weighted norm scores for each residue of RACK. The cleavage site for the significantly 
changing semi-tryptic peptide is highlighted in red. The cleavage site for a second semi-tryptic peptide that is substantially 
increased in abundance upon LiP-treatment, but not significantly so, is highlighted in green. These peptides are mapped onto 
the PDB structure of RACK (PDB Identifier = 4AOW) and again highlighted in red and green.  Venn diagram from Figure 4.8(c), 
with circle indicating the behavioural group this LiP peptide was identified in. A list of LiP peptides from this group is found in 
Table 4.3. 

4.5 Further heat stress: 60 °C experiment 

In the interests of completeness, a further heat stress experiment was also conducted, 

intended to further increase protein unfolding events and to determine if this was detectable 

by LiP-MS, and to examine whether the LiP events follow a linear pattern as temperature 

increases. In this instance, cell lysates were heated to 60 °C for 30 minutes, before either 

LiP treatment or control. This was compared to a no heat condition, where LiP treatment was 

performed immediately post-lysis, as above. In this instance, 60 °C was chosen following 

evidence by Leuenberger et al. [166] suggesting that this is the most common melting 
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temperature for the human proteome, and hence would be likely to induce substantial 

unfolding in many proteins of interest.  

First, principal component analysis was performed, as shown in Figure 4.13(a). This 

revealed separation of the control and LiP treated samples in the no heat condition, in 

principal component 1. In the heated samples, the control clusters well with the control of the 

no heat condition, but the LiP treated samples seem to have more variability and are less 

well separated from their control.  

The number of tryptic peptides identified in each sample is quantified in Figure 4.13(b), here 

defined as a non-zero reported intensity value in that replicate. Overall, little difference in the 

number of tryptic peptides identified in each experimental condition was observed, at least 

not at a significant level. This was in general agreement with the previous studies at lower 

temperatures, though previously a small reduction in tryptic peptide identifications was 

observed which might be expected to increase with heat treatment.  

However, as before, evidence of LiP activity in the no heat condition was found via the log2 

fold change of reported tryptic peptide intensity in the LiP treated sample compared to the 

control sample, shown in blue in Figure 4.13(c). Here one can observe a skew of the log2 

distribution towards the left, indicating that for a number of peptides, the signal is reduced in 

the LiP treated samples. However, these changes mainly did not meet the significance 

threshold with the multiple testing correction applied, as shown in Figure 4.13(d). Further, 

analysis of the same log2 distribution in the heated condition revealed very little difference 

between the reported peptide signal in control and LiP treated samples. This was further 

reflected in the differential abundance analysis shown in Figure 4.13(e), where the similarity 

of the samples can be seen in the higher p-values (less significant), when compared to the 

same analysis in the no heat condition.    

Overall, these results suggested that LiP was unsuccessful in the heated condition. 

Subsequent reflection has led to the suggestion that this is due to flawed experimental 

design. A temperature of 60 °C  was chosen based on evidence that this is the most 

common melting temperature of human proteins [166]. Therefore, the expectation was to 

observe mass unfolding of the proteome. However, the incubation time of 30 minutes may 

well have subsequently enabled misfolded proteins to aggregate, which would be 

confounding to the LiP experiment. Aggregation infers proteolytic resistance, the opposite of 

the greater proteolytic susceptibility inferred from protein unfolding. In this instance, one 

would expect to observe greater LiP activity in the no heated condition, than the heated 

condition, as was observed here. For these reasons, no further experiments were conducted 

at this higher temperature. 
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Figure 4.13: Analysis of 60  ̊C LiP-MS experiment. (a) Principal Component Analysis on tryptic peptide intensity data. The 
percentages shown on each axis represent the explained variance ratio. (b) Number of tryptic peptides identified in each 
run, defined here as having a non-zero reported intensity value. Error bars display the mean and standard deviation of the 3 
replicates. (c) Tryptic peptide intensity log2 distribution. For each tryptic peptide 𝑙𝑜𝑔2 (LiP intensity/Control intensity) was 
calculated and organised into bins of 0.1 to show the distribution of values between -2 and 2. This is shown for the normal 
condition in blue and the 60  ̊C heated condition in purple. (d)+(e) Tryptic peptide abundance changes. Volcano plots 
showing the log2 fold change of the abundance of tryptic peptides in the LiP treated samples vs the control samples, plotted 
against the respective –log10 FDR corrected p-value, as determined by the Welch t-test and Benjamini Hochberg multiple 
testing correction. The significance threshold of 0.05 is highlighted by a grey line on the y axis and significantly changing 
peptides are highlighted in pink. Log2 fold change of -1 and 1 are also highlighted by grey lines on the x-axis. (d) shows this 
analysis for the normal condition and (e) for the heated 60  ̊C condition. 
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4.6 Data processing 

One possible cause of the presence of semi-tryptic peptide identifications, particularly in the 

control conditions, could be search engine error. Of particular concern was the apparent 

weighting towards semi-tryptic peptides shown in the Mascot peptide output, as shown in 

Figure 4.1. Of all peptides identified using semi-specific search parameters, 56% were found 

to be semi-tryptic. Endogenous protease activity, in-instrument cleavage and trypsin 

miscleavages may result in a baseline of semi-tryptic peptides in proteomics experiments, 

but none of these factors could account for a prevalence of semi-tryptic over tryptic. Another 

suggested cause was search engine error and indeed, despite their prevalence, semi-tryptic 

peptides were also identified with generally lower confidence, as far as can be inferred from 

the Mascot “score” metric, which is associated with the quality of the identification. This was 

determined through only considering peptides that fell into the top 20% of Mascot scores for 

the whole dataset. Such a cut-off saw the number of semi-tryptic peptides reduced by 93%, 

whereas the number of tryptic peptides was reduced by only 63%, demonstrating the 

reduced confidence placed in the semi-tryptic identifications in general.  

To investigate whether this is a feature particular to Mascot, the MS RAW files were run 

again, with an alternative search engine, MaxQuant. Of all peptides identified by MaxQuant 

using semi-specific inclusive search parameters, just 17% were found to be semi-tryptic. 

Furthermore, when considering only peptides that fell into the top 20% of MaxQuant scores 

(a metric similarly associated with quality of identification [204]) for the whole dataset, the 

number of semi-tryptic peptides was reduced by 88% and the number of tryptic peptides by 

79%. Although the scoring systems are not directly comparable, this suggests that the 

number of incorrectly identified semi-tryptic peptides may be reduced when using MaxQuant 

software.  Consequently, the MaxQuant dataset was subsequently analysed to compare the 

derived results.   

As in the Mascot processed dataset, few significantly changing LiP peptides were identified 

in the normal and intermediate conditions (a single tryptic peptide in each, and 1 and 5 semi-

tryptic peptides respectively). However, LiP treatment was found to have a substantially 

larger effect in the heated condition, again matching the previous results.  In the heated 

condition, 11 tryptic peptides were found to have significantly reduced signal with LiP 

treatment (Figure 4.14(a)) and this behaviour was also reflected in the distribution of fold 

changes (Appendix A.1, A.2), as shown previously. Moreover, 885 semi-tryptic peptides 

were found to have significantly increased signal with LiP treatment and 25 had significantly 

decreased signal (Figure 4.14(b)). Of the significantly increasing semi-tryptic peptides, 713 

were only identified in the LiP treated sample (Figure 4.14(c)). Direct comparison with the 
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Mascot analysis showed that 33 of these peptides were shared, 161 significant only in 

Mascot and 852 significant only in MaxQuant.  

 

Figure 4.14: (a) Tryptic peptide abundance changes in the MaxQuant processed dataset, shown for the heated condition. 
Volcano plots showing the log2 fold change of the abundance of tryptic peptides in the LiP treated samples vs the control 
samples, plotted against the respective –log10 FDR-corrected p-value. P-values were determined using Welch t-test and the 
Benjamini-Hochberg multiple testing correction. Significantly changing peptides are highlighted in pink. Here 11 tryptic 
peptides were found to be significantly changing, 8 of which were only identified in the control samples (not shown on plot). 
The grey lines on the x-axis indicate log2 fold changes of -1 and 1, and the grey line on the y-axis indicates the corrected p-
value significant cut-off of 0.05. (b) The same for semi-tryptic peptides. (c) Of the 885 semi-tryptic peptides with 
significantly increased signal with LiP treatment, 713 were identified only in the LiP sample (zero value in control). Of the 25 
semi-tryptic peptides with significantly decreased signal with LiP treatment, 5 were identified only in the control sample 
(zero value in LiP). (d) Comparison between LiP peptides with the same behaviour identified in the Progenesis dataset 
(orange) and MaxQuant dataset (pink). 33 were shared.  

The results of this analysis demonstrates that processing with MaxQuant did not change the 

overall conclusions of the study. The main takeaway – LiP activity increases with heat 

treatment and so unfolding – was preserved. However, despite fewer semi-tryptic peptides 

identified overall by MaxQuant, the number of LiP peptides identified in the heat condition 
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quadrupled. Further, a substantial proportion of these semi-tryptic peptides were unique to 

the LiP condition, which is more consistent with the original model of the presence of semi-

tryptic peptides in LiP-MS data, and potentially indicative of a reduced level of noise in the 

control data under this processing condition.  

For this reason, in the subsequent chapter MS data analysis will be conducted using 

MaxQuant.  

4.7 Summary  

The aim of this chapter was to establish the capacity of LiP-MS to detect changes to protein 

structure within complex cell lysates. This was tested through perturbing the proteome with 

heat treatment and then investigating the effect of such perturbation on the LiP-MS peptide 

signal.  

Firstly, the success of LiP was verified. Principal component analysis revealed a clustering of 

the MS peptide signal based on LiP treatment, implying that LiP of the cell lysates has been 

successfully achieved and that this is reflected in the MS data. The effect of LiP on peptide 

signal was also investigated through assessing the log2 fold change in reported peptide 

intensity between the control and LiP treated samples, for each of the heat conditions. In the 

tryptic dataset, the vast majority (an average of 81%) of peptides did not demonstrate a 

substantial change in signal with LiP treatment. If PK proteolysis is appropriately limited to 

flexible, accessible regions of protein structure, then the majority of the proteome will be 

unaffected. However, also evident was a strong subset of the tryptic dataset which 

demonstrated a decrease in signal with LiP (an average of 14% of all peptides). Likewise, in 

the semi-tryptic dataset, most peptides were not substantially effected by LiP treatment (an 

average of 68% of semi-tryptic peptides) but a sizeable subset demonstrated a gain in signal 

in the LiP samples (an average of 21%). Assuming that these semi-tryptic peptides are 

legitimately present, and indeed have a baseline presence in tryptic-only proteomics 

experiments, then these are precisely the results one would expect from successful LiP-MS.  

Next, peptides with a significant change in abundance upon LiP treatment were determined. 

Exposure of the proteome to a temperature of 42 °C  is sufficient to induce heat shock [196] 

and this can quickly lead to increased protein unfolding events. Increased protein unfolding 

should result in increased LiP enzyme activity. Therefore, if LiP is indeed capable of probing 

protein structure in human cell lysates, this would be identifiable by an increase in 

significantly changing LiP peptides in the heated condition. Whilst this was not reflected in 

the tryptic peptide analysis, the number of semi-tryptic peptides with a significant change in 

signal was consistently increased from the normal to heated experimental conditions, thus 

implying that protein unfolding can be detected through LiP-MS.  
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Significant, differential peptide abundance was determined using Welch’s t-tests with the 

Benjamini-Hochberg multiple testing correction and a significance threshold of FDR-

corrected p-value 0.05. Benjamini-Hochberg is often less conservative than the Bonferroni 

multiple testing correction and has been used previously in successful LiP-MS experiments 

[167]. Reducing the significance threshold (for example to an FDR-corrected p-value of 0.2) 

would have had the benefit of increasing the number of significantly changing tryptic 

peptides identified. However, the variance and uncertainty observed in semi-tryptic peptides 

calls for more robust statistical cut-offs to facilitate noise reduction.  

Identified LiP peptides were then mapped onto known protein structures, in order to gain a 

more detailed understanding of the effect of heat treatment on the characteristics of LiP 

cleavage sites. For example, receptor of activated protein C kinase 1 (RACK) had a single 

LiP peptide mapping to a region that was only accessible in the heated condition. Further 

investigation using Nickpred and visualisation through direct peptide mapping onto the 

protein’s crystal structure revealed that this cleavage site did not possess the structural 

characteristics associated with LiP. This could indicate that this protein has undergone heat-

induced local unfolding.  

Finally, the complications associated with semi-tryptic peptides have been highlighted 

throughout this chapter. It was hoped that the inclusion of technical replicates may 

ameliorate some of the issues caused by the presence of these peptides in the control 

samples, but analysis instead revealed that for each condition, some semi-tryptic peptides 

were actually present in significantly higher abundance in the control sample, when 

compared to the LiP treated sample. If this represents the level of noise expected in semi-

tryptic peptide analysis, this will impair the confidence with which LiP cleavage sites can be 

identified. An alternative suggestion was that these peptides may represent regions of 

protein that have been excessively digested by PK. In this situation, as discussed in Section 

3.1.3, parent peptides may be cleaved multiple times leading to loss in the identification of 

semi-tryptic peptides, either because the peptides generated are now non-tryptic, or too 

small for accurate MS identification.  

A further possible explanation is that a proportion of these semi-tryptic peptides may have 

been misidentified. Of particular concern was the apparent weighting towards identification 

of semi-tryptic peptides over tryptic, shown by the Progenesis/Mascot output. This was 

investigated further by re-running the MS output files through an alternative search engine, 

MaxQuant. Switching to MaxQuant both reduced the prevalence of semi-tryptic peptides in 

the semi-specific search dataset, and increased their general identification confidence. 

Further, complete reprocessing of the LiP-MS data did not change the overall conclusions of 
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the study as the main takeaway – LiP activity increase with heat treatment and so unfolding 

– was preserved. However, despite fewer semi-tryptic peptides identified overall by 

MaxQuant, the number of semi-tryptic peptides found to be significantly changing with heat 

treatment increased substantially, with a high proportion found to be unique to the LiP 

condition. This is more in consistent with the original LiP-MS model, which presumes that the 

majority of semi-tryptic peptides identified in the dataset are created by the activity of the LiP 

protease.  
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Chapter Five: LiP-MS can provide 

structural insights into the cellular 

response to stress 
 

In the previous chapter, LiP-MS was used as a probe of heat-induced protein unfolding in an 

immortalized hMSC line. However, previous LiP-MS experiments, reviewed in detail in 

Section 1.6.2, have demonstrated that the capacity of the technique to identify post-

translational alterations to protein structure is not limited to protein unfolding. Indeed, the 

latest studies have shown the efficacy of LiP-MS in providing insight into many functionally 

critical processes [167, 169, 205].  

For example, LiP-MS has been successfully utilized to probe the proteostatic response to 

thermal and oxidative stress in yeast [167]. This analysis highlighted many hundreds of 

proteins with potential stress-induced structural alterations, and functional enrichment 

analysis of these proteins revealed an over-representation of known stress responses. 

Moreover, LiP peptides (those with differential enzyme accessibility pre and post-stress, 

identifiable by the LiP “fingerprint” discussed above) demonstrated a strong correlation with 

sites of functional importance. Examples were provided of LiP peptides mapping to protein 

active sites, phosphosites, and areas of known conformational change. This information was 

then used to gain functional insight into the yeast stress response, for example by inferring 

the activation of molecular chaperones.  

In addition, LiP-MS has also recently been used to assess protein-metabolite interactions in 

E.coli, by detecting conformotypic peptides observed following the addition of a known 

metabolite [169]. The LiP peptides identified in this study mapped to known protein-

metabolite interaction sites, identified novel interactions and also indicated metabolite-

induced higher order structural changes such as protein complex formation or dissociation.  

Therefore, the next aim of this thesis, and the subject of this chapter, was to see whether 

LiP-MS can provide a similar global structural readout of the response to stress in hMSCs. 

The chosen stress was heat shock, induced through incubating the cells at 42  ̊C for 2 hours, 

with additional stress caused by treatment with a chaperone inhibitor (for details see Section 

2.13-14). LiP-MS was performed on the perturbed and unperturbed cells in order to identify 

perturbation-induced protein structural changes. In this instance, two different LiP 

concentrations (E:S 1:2000, 1:500) were used, as well as the usual trypsin-only control, for 

each condition. The full experiment design is shown in Figure 5.1. 
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Figure 5.1: LiP-MS workflow. In condition 1, hMSCs were incubated at 37  ̊C. In condition 2, hMSCs were incubated for 2 hours 
at 42  ̊C and treated with a chaperone inhibitor (Section 2.13). Immediately following heat shock, flasks were removed from 
both incubators and cells were removed (Section 2.7) and lysed (Section 2.9.3). For each condition, 4 samples were incubated 
with PK at an E:S ratio of 1:2000, for 2 minutes followed by quenching of the enzymatic reaction by boiling. Once cooled, 
proteins were then denatured, digested with trypsin and subjected to analysis by MS (Section 2.15). 4 further samples for 
each conditions were subject to the same steps, but with PK ratio of 1:500. 4 samples for each condition were not treated 
with PK, but analysed by MS following a trypsin-only digest.  

Previous work in the Swift lab has highlighted the need for a structural proteomics approach 

to the study of this system. In this work, heat shock was applied to donor-matched early (EP) 

and late passage (senescent) (LP) hMSCs and the stress response characterized using a 

combination of transcriptomics, proteomics and immunofluorescence imaging [10]. This 

analysis revealed a good correlation between the transcriptional stress response in EP and 
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LP hMSCs, but demonstrated a dampening of this response with senescence at the protein 

level, evidenced from changes in protein expression in key stress response pathways. This 

indicated that damage to the proteostasis network in senescent cells is predominantly post-

transcriptional. Incorporation of these findings into a simple mathematical model of four key 

stress responders (HSP70, CHIP, HSF1, misfolded protein burden) led to a prediction of a 

greater burden of misfolded protein on senescent cells. However, testing of this prediction 

was not performed in this study and would benefit from an alternative approach that is also 

able to assess changes in protein structure. 

In addition to the loss of proteostatic competence in chaperone modules and in the protein 

synthetic machinery (e.g. ribosomes), a significant lag between transcription and translation 

was also shown in all cells, suggesting that a complete understanding of proteostatic defects 

in the early stress response cannot be captured by measures of protein abundance alone. 

Indeed, perhaps other regulators of proteostasis such as protein relocation and post-

translational protein remodelling – protein-protein interactions, PTMs, protein-small molecule 

interactions – are quicker to enact and so form the crux of the early stress response. The 

techniques used in this study were not capable of providing insight into these features. 

Instead, a structural proteomics approach is required to complement and enhance these 

findings.  

Furthermore, there is a specific need to understand proteostasis in hMSCs as they are often 

used in regenerative medicine, with over 350 clinical trials conducted between 2004 and 

2018 that involved the use of bone marrow-derived MSCs. Due to the small numbers 

attainable in vivo and the high dosage that is often required for hMSC-based therapeutics, 

expansion of hMSCs in vitro is very often required [15]. A common use of hMSCs in 

regenerative medicine is their transplantation to sites of damage, such as the delivery of 

bone marrow derived hMSCs to the brain in rat and mouse models of Parkinson’s, 

Alzheimer’s and Huntington’s Disease [11-13]. MSC transplantation carries the risk of 

inflammation, damage to tissue and potentially infection, all of which are triggers of the heat 

shock response [14]. Therefore, an improved understanding of the effects of cell culture, in 

vitro passaging and stress in hMSCs will be beneficial towards the development of effective 

stem cell based therapies [16]. 

The LiP-MS experiment detailed in Chapter 4 utilized a heat shock applied to cell lysates, to 

perturb protein structure. Whilst this can provide interesting insights into protein stability, it is 

also interesting to ask whether LiP-MS can be used to provide functional insight into the 

cellular response to heat shock. This is a greater test of the sensitivity of LiP-MS, as the LiP 

step must be performed post lysis. Therefore, if the lysis method used (Triton X-100, Section 
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2.9.3) is denaturing, this could obscure stress-induced protein structural changes and 

decrease the capacity of LiP-MS to differentiate between stress conditions.  

Therefore, the experiment detailed above was designed to answer the question – can LiP-

MS provide insight into the cellular response to stress? This will be the subject of Chapter 5. 

5.1 Stress-induced changes to protein abundance 

Firstly, the control samples from each condition were used to determine whether the stress 

had induced any significant changes to protein abundance levels. The data was processed 

using Protti’s inbuilt functions, including normalization and Welch’s T-test with the Benjamini 

Hochberg multiple testing corrections (Section 2.18). This analysis revealed little to no 

significant stress-induced change in protein abundance, with only a single protein observed 

to change significantly at a FDR cutoff of 0.05, as shown in Figure 5.2. As mentioned above, 

previous data produced in the Swift lab suggests that sampling at this time point, e.g 

immediately post 2 hours heat shock, may be too early to see a translational response and 

consequently a significant change in most of the proteome [10]. This work was carried out by 

Jack Llewellyn and also involved treating hMSCs with heat shock for 2 hours at 42 C̊. A 

notable difference is that this work used 4 biological replicates (hMSCs from 4 different 

donors), whereas the work carried out here uses 4 technical replicates (same donor, 4 

repeats). In this case, the variance attributable to individuals is not present and does not 

need to be accounted for, simplifying data analysis.  

 

Figure 5.2: Volcano plot showing the log2 fold change of the abundance of proteins in the Perturbation condition vs the No 
Perturbation condition, plotted against the respected –log10 FDR-corrected p-value. P-values were determined using Welch 
t-test and the Benjamini-Hochberg multiple testing correction. Significantly changing proteins are highlighted in red, using a 
significance threshold of 0.05 (shown by grey line y axis). The grey lines on the x-axis represent log2 fold changes of -1 and 1 
respectively.   

In this previous work, the transcriptomic and proteomic response of hMSCs to heat stress 

were measured. Firstly, the similarity between the transcriptional and translational stress 
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response was investigated, through measuring protein and RNA levels pre and post 2 hours 

heat stress. The fold change data (unstressed vs stressed) produced from RNA-seq was 

compared to the protein fold change data from MS analysis and the corresponding Pearson 

product-moment correlation coefficient calculated. Briefly, this acts as a measure of the 

association between 2 variables. A correlation of 𝑅2= 0.0048 was found between the log2 

fold change data (unstressed vs stressed) of all transcripts and the same data for all 

proteins, suggesting very little correlation between the transcriptional and translation 

response over the 2 hour time period (Figure 1.5). This is consistent with a faster or slower 

response, as well as a totally uncoupled system.  

To get a fuller view, specific proteins were selected for investigation at further time points. 

One such protein was HSPA1A (stress-inducible HSP70), this time utilizing IF to measure 

antibody tagged HSPA1A protein and RT-qPCR to measure transcript abundance before, 

during and after the administration of heat shock. This data showed that the log2 fold change 

of HSPA1A transcript relative to its level before stress reaches its peak very quickly post 

heat shock (Figure 1.6). However, the protein level response is markedly slower, not 

reaching its maximum level until 4 hours post heat shock.   

Taken together, this data suggests that sampling immediately post-stress is too early to see a 

significant response in protein abundance, due to a time delay between transcription and 

translation producing their gene products. However, structural protein changes are potentially 

quicker to enact, thus inviting investigation into whether structural alterations play a crucial 

role in the early cellular response to stress.  

5.2 Stress-induced changes to protein structure 

Given that the data is consistent with only a modest proteome change induced by this stress, 

in order to extract structural information, the full LiP-MS dataset can be applied (including the 

LiP treated sample, not just the controls).  Firstly, a PCA was performed on the protein LFQ 

intensity data in order to get an overview of variation in the samples. The results, shown in 

Figure 5.3, indicate that the biggest source of variation is LiP condition, which separates the 

samples in the first principal component from control through to highest LiP enzyme (PK) 

concentration. There is apparently comparatively little variation induced by stress, at least in 

the first two components. However, this aligns with expectation as the extra limited 

proteolytic digestion step should significantly change the peptides (and by extension, to a 

lesser degree, the proteins) identified comparative to a trypsin-only digest. Therefore, it is 

encouraging that the samples group well by LiP condition, particularly as the strongest LiP 

condition (1:500) is the most different to the control, as one would expect.   
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Figure 5.3: Principal Component Analysis of Protein LFQs from complete LiP-MS dataset. NP = No Perturbation. P = 
Perturbation. 

Another method to assess the effects of the LiP processing on the samples is to simply 

quantify the number of peptides that have been identified in each sample. This is shown in 

Figure 5.4 for both tryptic and semi-tryptic peptides and also shows a significant separation 

of the number of peptides identified by LiP treatment. The manner of this separation is also 

consistent with a model where increased LiP would remove tryptic peptides from the pool, 

and increase semi-tryptic ones, with a negative correlation demonstrated between enzyme 

concentration and number of tryptic peptides identified (Figure 5.4(a)). Equally 

encouragingly, enzyme concentration and the number of the semi-tryptic peptides identified 

are positively correlated, though once again a sizeable number of semi-tryptic peptides are 

identified in each control condition (Figure 5.4(b)). Both measures also show an encouraging 

consistency amongst replicates, providing further evidence that LiP sites are predominantly 

determined by structural features in the native/near-native protein folds under investigation 

and potentially less by random cleavage.   
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Figure 5.4: Number of peptides identified in each sample. Tryptic (a) and semi-tryptic (b) peptides identified in each sample 
(non-zero reported intensity). Error bars indicate the mean and standard deviation of the 4 replicates per condition.  

5.2.1 LiP-induced alterations to protein signal 

In order to investigate the hypothesis that these decreases in tryptic peptides and increases 

in semi-tryptic peptides are indeed associated with the structural properties of their parent 

proteins, few example cases were examined in more detail. Each of the below examples 

display only the unstressed data, in order to provide a baseline LiP readout. In line with 

expectation, the effect of LiP treatment on tryptic peptide signal varied depending on the 

protein being considered. For example, twinfilin (Uniprot ID: Q12792), shown in Figure 5.5 

(top), is a protein primarily associated with actin binding. The tryptic peptides mapping to 

twinfilin in the unstressed condition, of which there were several, do not demonstrate any 

significant change in signal with LiP treatment.  Therefore, this provides an example of a 

protein that appears to be largely resistant to proteolysis. In fulfilling its role as an actin 

binding protein, it is often held tightly in complex, as demonstrated by the crystal structure of 

the actin filament uncapping complex [206, 207]. 

The second protein shown in Figure 5.5 (bottom) is serine-threonine kinase receptor-

associated protein “Strap” (Uniprot ID: Q9Y3F4). Strap has been shown to regulate the 

translation of type I collagen mRNAs [208] and as an inhibitor of transforming growth factor 

beta (TGFβ) signalling [209]. The tryptic peptide signal of this protein was mainly unchanged 

with LiP treatment, but one tryptic peptide did demonstrate a significant loss of signal with 

the 1:500 LiP treatment. Mapping of this LiP peptide onto the AlphaFold PDB structure for 

Strap [188, 189] revealed that this region of protein is both surface accessible and contains a 

loop region. Whilst this structure is a prediction, the regions in question were all assigned 

“Very High” in AlphaFold’s inbuilt per-residue confidence score metric. Therefore, the tryptic 

peptide signal for this protein indicates a single LiP cleavage site, with the rest of the protein 
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remaining stable. 

 

Figure 5.5: Tryptic peptide signal shown for 2 proteins in the unstressed experimental condition. The y axis represents the 
log2 fold change in peptide intensity between the control and LiP treated samples. This is plotted against the protein’s 
sequence, so the peptide length is reflected. Significantly changing peptides are highlighted with an asterisk*, indicating an 
adjusted p-value of <0.05. (a) Twinfilin-1 (UniProt ID: Q12792). (b) X-ray crystallography structure of the actin filament 
uncapping complex [206, 207]. Here actin is highlighted in red, twinfilin in blue and the F-actin capping protein subunits in 
green. (c) Serine-threonine kinase receptor-associated protein (Strap) (Uniprot ID: Q9Y3F4). (d) AlphaFold PDB structure for 
Strap. Here the significantly changing tryptic peptide (1:500 sample) is highlighted in red, and the tryptic peptide most 
changing (not significant) in the 1:2000 sample is highlighted in green. Displayed is the residues with “Very High” confidence 
score ((pLDDT > 90). 

Finally, the tryptic peptide signal of myotrophin (UniProt ID: P58546), a protein thought to 

play a role in the regulation of nuclear factor kappa b (NFκB) transcription factor activity 

[210], is considered. In this case, a signal was detected for seven tryptic peptides in the 

control sample, whereas this signal was lost entirely for 5/7 peptides in the 1:2000 LiP 

treated samples, with the remaining two peptides exhibiting significantly reduced signal 

(Figure 5.6(a)). In the 1:500 LiP treated sample, tryptic peptide signal was lost entirely for 6/7 

peptides and reduced to near zero in the only remaining peptide. This protein thus provides 

an example of complete destabilisation following LiP treatment, the hypothesis here being 

that, when subject to LiP, this protein loses its structure and is subsequently digested 

extensively by the LiP enzyme [156]. This is further evidenced in the protein signal. Figure 
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5.6(c) displays the MaxQuant LFQ protein intensity data for myotrophin in each MS run and 

shows the complete loss of signal for this protein in the 1:500 LiP treated runs.   

 

Figure 5.6: MS signal for myotrophin (UniProt ID: P58546). (a) The intensity of each tryptic peptide identified for myotrophin 
is displayed relative to its position along the protein’s sequence. Error bars represent the mean and standard deviation of the 
4 replicates for each LiP condition. (b) PDB structure 7DF7 for myotrophin [211]. Residues for which a tryptic peptide was 
identified in the control condition are highlighted in green, the overall sequence is in blue. (c) Protein intensity readout for 
myotrophin in each of the MS runs. Error bars again represent the mean and standard deviation of the 4 technical replicates 
for each LiP condition.  

5.2.2 Identification of LiP peptides 

Thus far the efficacy of LiP to generate detectable features in the MS data has been 

demonstrated. What is yet to be shown is whether any stress-induced changes in protein 

structure that are observed at the peptide level can subsequently be detected. To examine 

this, the peptide data output from MaxQuant was processed through LiP-MS specialist 

software Protti (Section 2.18), in order to identify significant changes in peptide abundance. 

Following on from results in previous chapters, and the apparent high variance observed in 

semi-tryptic data, further data analysis was restricted to the set of tryptic peptides, due to the 

higher confidence in their identification and their increased reliability as a measure of LiP 

cleavage. Peptides pertaining to LiP cleavage sites were identified as those with a significant 
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difference in abundance between the control and LiP treated samples. Such peptides are 

highlighted in pink in Figure 5.7.  

 

Figure 5.7: Peptide abundance changes. Volcano plots showing the log2 fold change of the abundance of tryptic peptides in 
the LiP treated samples vs the control samples, plotted against the respective –log10 FDR-corrected p-value. P-values were 
determined using Welch t-test and the Benjamini-Hochberg multiple testing correction. Significantly changing peptides are 
highlighted in pink. (a)+(b) No Perturbation samples, 1:2000 (Enzyme:Substrate) vs control, 1:500 vs control respectively. 
(c)+(d) Perturbed samples, 1:2000 vs control, 1:500 vs control respectively. 

Typically, LiP cleavage is expected to result in a decrease in the abundance of a tryptic 

peptide comparative to the control (here the left hand side of the volcano plots displayed in 

Figure 5.7). The presence of such LiP peptides increases with enzyme concentration in both 

biological conditions, increasing from 124 (Figure 5.7(a)) to 447 (Figure 5.7(b)) in the No 

Perturbation condition and from 35 (Figure 5.7(c)) to 651 (Figure 5.7(d)) in the Perturbation 

condition. Not only does the number of LiP peptides increase with enzyme concentration but 

the scale of such change also appears to be increased, as is demonstrated by the wider 

spread of data in Figure 5.7. This provides further support for the hypothesis that the 

changes observed in these peptides are the results of LiP cleavage.  

Next, LiP peptide changes due to perturbation were considered. The number of LiP peptides 

that are consistent or different before and after stress are displayed using Venn diagrams in 

Figure 5.8. For example, Figure 5.8(a) shows there are 249 LiP peptides in common to the 
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No Perturbation and Perturbation conditions. Following the logic of LiP cleavage sites, these 

peptides represent regions of protein structure that are presumably always enzyme 

accessible, and that this access is not further affected stress.  

Figure 5.8(a) also highlights the 198 LiP peptides only found to be changing significantly in 

the No Perturbation condition, suggesting these peptides map to regions of protein structure 

that are only enzyme accessible before stress. Similarly, the 402 significant LiP-induced 

peptide changes only present in the Perturbation condition are representative of protein 

regions that are only enzyme accessible after stress. Taken together, these 600 peptides 

indicate that their parent proteins that have undergone some structural alteration in response 

to stress, which alters the accessibility of local peptide bonds to limited proteolysis.  

 

Figure 5.8: Volcano plots of peptide abundance changes for the 1:500 LiP condition, as in Figure 5.7 (a). Venn diagram of the 
overlap between significantly changing peptides in the No Perturbation and Perturbation conditions in which the abundance 
of said peptide is higher in the control than lip treated sample. (b) Venn diagram of the overlap between significantly changing 
peptides in the No Perturbation and Perturbation conditions in which the abundance of said peptide is higher in the LiP treated 
sample than the control. Colours correspond to the highlighted sections of the volcano plots. There were no instances in which 
the direction of abundance change was altered between the No Perturbation and Perturbation conditions.  

Another behaviour highlighted in this analysis is that of significantly higher tryptic peptide 

abundance in the 1:500 LiP treated sample than in the control. This result was initially 

concerning, as it opposes the classical expectation that defines the peptide fingerprint of LiP 

cleavage sites. However, a working hypothesis consistent with this observation is that this 

may be caused by protein aggregation, or at least protein site-inaccessibility to trypsin. 

During the MS sample preparation protocol, steps are taken to ensure the effective digestion 

of proteins into peptides by trypsin (denaturation, reduction and alkylation prior to application 
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of trypsin, Section 2.15.1). However, some tightly folded proteins, and indeed some regions 

of proteins, are more resistant to digestion, particularly if they form aggregates. In such 

cases, digestion with trypsin alone may not be effective in producing MS-amenable peptides. 

However, it has been demonstrated that the inclusion of a second enzyme (often Lys-

C/Trypsin mix) to the protocol can significantly increase digestion efficiency and so the 

number of identifiable tryptic peptides [212]. It is possible that a similar effect could occur 

here. Should the addition of PK result in extra cleavage(/s) of trypsin-resistant proteins at 

stability-critical sites, this could lead to increased accessibility for trypsin in the subsequent 

digestion step. Under these conditions, said tryptic peptides would be more predominant in 

the double digestion (LiP) treated samples than the control. Figure 5.8(b) shows that the 

presence of significantly changing peptides with this behaviour is increased twentyfold after 

stress. This supports the hypothesis, as heat stress is known to induce protein aggregation 

and thus will likely increase the prevalence of proteolytic-resistance proteins.  

5.2.3 Structural characteristics of LiP peptides 

Nickpred 

The structural characteristics of these significantly changing peptides were then further 

investigated using Nickpred, a software tool that predicted limited proteolytic sites [170], and 

through secondary structure mapping. A snapshot of the full results (1239 LiP peptides total) 

is given here in Table 5.1.  

Briefly, Nickpred assesses several conformational parameters from a given protein structure 

in order to predict the susceptibility of each residue of that protein to cleavage by a given 

protease, under the assumption that said protein is occupying its native or near-native state. 

This susceptibility is outputted as a “score” with a value between 0 and 1, with 1 

representing the highest likelihood of cleavage. A fuller explanation of the Nickpred software 

is provided in Section 3.1.2.  

Here, the AlphaFold predicted structure for each of the potentially structurally-altered 

proteins highlighted in Figure 5.8 was downloaded and run through Nickpred. From this, 

Nickpred scores for every fully tryptic peptide were calculated and those for the significantly 

changing peptides were then extracted. Scores were obtained by averaging scores for each 

protein residue over the length of the peptide, to give a single readout. Nickpred provides 

four scores, which are averages of normalized feature scores, and which are either 

weighted/unweighted, or further normalized or raw.   

Table 5.1: Structural characteristics of significantly changing peptides. For each peptide the parent protein, the 
experimental condition in which this peptide was found to be significantly changed, and the direction of said change is 
given. Further, each peptide was run through the Nickpred software and four scores assigned. These scores are calculated 
based on the individual residues and then averaged along the length of the peptide. Score 1 = weighted norm score, Score 2 
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= weighted score, Score 3 = Norm score, Score 4 = Prediction score. Each score is between 0 and 1, with 1 representing 
highest protease susceptibility. Finally, SS represents Secondary Structure information, with 0 = strand, 0.5 = helix, 1 = loop. 
This is again based on each residue, and therefore peptides mapping to multiple secondary structure features will have 
more than one score. This table is a small excerpt of the complete list of 1239 significantly changing peptides, which was 
used for the analysis detailed in the rest of this chapter.     

 

This information can be used to investigate whether each of the different LiP peptide 

behaviours identified here have any defining structural characteristics. Figure 5.9 displays 

the Nickpred weighted norm score for each LiP peptide, separated into the different 

behavioural groups. The same analysis was carried out for all other peptides identified in this 

MS experiment, in order to provide a baseline for comparison.  
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Figure 5.9: Distribution of Nickpred scores for each peptide group. For each protein identified in the MS data, the 
corresponding AlphaFold predicted structure was downloaded and run through Nickpred. This produced a “protease 
susceptibility” score from 0 to 1 for each residue, with 1 representing the highest likelihood of proteolytic cleavage. These 
scores were then summed and averaged in order to create a single score for each peptide. The violin plots on the right 
display the grouping of these scores based on the different peptide “behaviours” discussed above. Each behavioural group 
was statistically compared to the “All peptides” readout, representing Nickpred scores for the rest of the peptides identified 
in this LiP-MS experiment and so provides a dataset baseline. The group of peptides that are only enzyme accessible 
following perturbation (Control > LiP, Perturbation, blue) were found have significantly lower Nickpred scores than the 
baseline, following a Mann Whitney T-test (*= P value < 0.05).   

As discussed above, the peptides represented by the shared area of the first Venn diagram 

(Figure 5.9) are those that are enzyme accessible both before and after perturbation. 

Therefore, these peptides would be expected to map to protein regions that are stably 

susceptible to protease cleavage and so with a generally higher Nickpred score. However, 

this does not seem to be the case, with both the No Perturbation and shared peptides 

exhibiting non-significant variation from the overall peptides score set. This could be for a 

variety of different reasons. Firstly, the protein structures used in this analysis were all 

AlphaFold predictions. Whilst many AlphaFold predicted structures have been found to be 
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exceedingly accurate, some proteins and protein regions are predicted with low confidence. 

Due to the volume of proteins being considered in this analysis, no confidence cut off was 

applied to the structural data the peptides mapped to. Therefore, some Nickpred scores may 

have been generated based on structures that are not physiologically accurate. Furthermore, 

AlphaFold protein structures do not take into account post-translational modifications, an 

important feature governing in vivo protease susceptibility. For example, protein-protein 

interactions and the presence of post-translational modifications will impact PK accessibility 

to affected regions of the proteins structure, which is not necessarily reflected in this 

analysis. Moreover, B-values (temperature factors) are missing from AlphaFold, and so 

important information regarding in solution dynamics is also lost here.  

However, LiP peptides only protease-accessible after the perturbation (blue area of Venn 

diagram) were found to have significantly lower Nickpred scores when compared to the 

whole-dataset baseline. This could be seen to imply that, in order for the protease to gain 

access to these proteins regions, some local unfolding is likely to have taken place. This is 

precisely what is expected from heat shock. Therefore, LiP-MS here may have captured 

heat-induced protein unfolding.  

Another behaviour highlighted in Figure 5.9 is apparent higher Nickpred scores for peptides 

with significantly higher abundance in the LiP sample compared to the control in the No 

Perturbation condition (green section, bottom panel Figure 5.9). In some instances, protein 

regions that are highly susceptible to protease cleavage are also susceptible to aggregation, 

due to a lack of structural stability. However, due to the small number of peptides 

represented in this group this increase was not found to be significant when compared to the 

whole dataset baseline.  

Secondary structure mapping 

A further possible way to gain insight into the structural characteristics of LiP peptides is to 

consider what regions of secondary structure they map to. As discussed above, limited 

proteolysis has been shown many times to correlate with secondary structure features, with 

β-strand, α-helix and loop regions representing the least to most likely cleavage sites 

respectively [155, 156, 170]. Therefore, mapping LiP peptides to secondary structure can 

both verify successful LiP and potentially indicate local protein unfolding.  

This was achieved through again utilising predicted structural information from AlphaFold to 

assign each residue as strand, helix or loop. However, this raised potential issues as, whilst 

studying tryptic peptide behaviour is more reliable than that of semi-tryptic peptides, this only 

provides a general area where LiP cleavage has occurred, as theoretically PK could have 

cleaved anywhere along the length of the peptide. When conducting this analysing it was 
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found that tryptic peptides very often encompass multiple forms of secondary structure, and 

so the structure at the actual site of cleavage was obscured. Considering only peptides that 

mapped to a single form of secondary structure depleted the dataset to too great an extent. 

The first alternative approach when analysing peptides en masse was to include all 

secondary structure forms identified for each LiP peptide. For example, when considering 

the percentage of peptides that mapped to strand, helix or loop regions, a peptide that 

mapped to both a helix and loop region would be considered a hit for both groups. The 

second approach was to preferentially assign secondary structure hits, based on the 

evidence of previous studies. For example, if a peptide mapped to a helix and a loop, this 

would be considered loop cleavage site. Peptides mapping to a strand and helix would be 

considered a helix cleavage site, and so on. The results of this analysis are shown in Figure 

5.10. 

 

Figure 5.10:  Secondary structure mapping of LiP peptides. In the first instance (plots to the left), regions of secondary 
structure are considered to potentially harbour cleavage sites if a LiP peptide overlaps with them in any way. For example, a 
LiP peptide that maps to protein region containing both a helix and a loop would count as a potential hit for both. In the 
second instance (plots to the right), each LiP peptide is considered as only mapping to one type of secondary structure, 
based on a preferential order of loop, helix and strand.   

Overall, there was little difference across the different LiP peptides behaviours. There was a 

slight increase in the prevalence of peptides mapping to β-strands in the Perturbation 

(Control<LiP) condition, but not markedly. When mapped preferentially, potential LiP 

cleavage sites were most commonly associated with loop regions, followed by α-helixes and 

to a substantially lesser degree to β-strands. This was consistent across all experimental 
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conditions and is consistent with the literature. However, given the lack of specificity, this 

analysis has very limited utility.  

MobiDB 

To take a different approach, another way of assessing the structural characteristics of these 

peptides of interest is through utilizing MobiDB, a database of intrinsically disordered 

proteins and intrinsically disordered protein regions [174, 175]. This information has been 

collated over 10 years and is informed by both experimental evidence and, more recently, 

from incorporating AlphaFold structural predictions. The annotations available in MobiDB are 

divided into a four level “annotation pyramid” reflecting the quality of the evidence compared 

to proteome coverage attained. The first level, “curated”, is the most reliable but least 

comprehensive, and contains only annotations from manually curated databases. The fourth 

level, “predicted”, utilizes AlphaFold predicted protein structures to find potential regions of 

disorder, based on prediction accuracy score information and the predicted relative solvent 

accessibility for each residue.  

The main features MobiDB reports on can be divided into 3 groups; intrinsic disorder, linear 

interacting peptides and binding modes. Regions of intrinsic disorder are those without 

native tertiary structure and can be inferred from missing or mobile regions in X-ray or NMR 

structures, or through sequence analysis such as enrichment in charged residues. Linear 

interacting peptides is the term used by MobiDB to group binding IDRs, regions that 

transition between order and disorder upon protein binding. These are identified through 

database searching or predicted from PDB structures using FLIPPER (Fast Linear 

Interacting Peptides Predictor [173]). IDR binding is crucial in many biological processes 

such as signaling and involves structural alterations. Binding modes in MobiDB are identified 

from comparison of PDB structures of proteins in monomeric and complex form.  

Figure 5.11 displays the results of MobiDB analysis for this dataset, again divided into the 

different behavioral subgroups of LiP peptides. All identified peptides were also analyzed to 

provide a baseline percentage of IDRs. Peptides were counted as having an IDR hit if they 

overlapped in anyway with the reported IDR and these results were then filtered to include 

only hits from the top 2 levels of the “annotation pyramid”, these being curated and derived 

hits. This decision was made as including prediction hits seemed to hugely overestimate the 

number of IDRs in the dataset, with 87% of all reported peptides being deemed to have 

some crossover with an IDR.   

Overall, 14% of peptides identified in the MS data contained IDRs. This increased to 26% in 

the No Perturbation condition. The hypothesis is that the peptides in this condition represent 

protein regions that are natively enzyme accessible. Therefore, it is consistent with this 
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hypothesis that a higher than general percentage of these peptides would map to IDRs, 

which are highly susceptible to enzymatic cleavage. This figure is lessened to 20% in the 

Perturbation condition. The hypothesis is that peptides in this condition represent protein 

regions that are only enzyme accessible after heat shock. Therefore, it is expected that this 

figure would be lower than before heat shock, as one might expect that a number of these 

cleavages map to regions of heat-induced, non-native unfolding, rather than innate IDRs, as 

is reported by MobiDB. However, this figure is still higher than the baseline, which could be 

also be reflective of functional structural change, such as heat-induced change in binding 

IDRs. Of peptides that were found to be significantly altered in both conditions, 24% were 

found to overlap with IDRs. These are thought to map to protein regions with enzyme 

accessibility unaffected by the heat treatment. That this number would represent a middle 

ground is also consistent, as these potentially reflect the subset of IDRs that remain 

structurally stable under stress.  
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Figure 5.11: Assessment of intrinsically disordered protein regions using MobiDB. All proteins identified in the MS data were 
run through MobiDB software to identify intrinsically disordered regions. All identified peptides were then compared to these 
regions and investigated for any overlap. Peptides with an overlap of at least 2 residues were considered to have an IDR. This 
analysis was again split into the different LiP peptide behaviours 

Another behaviour highlighted in Figure 5.11 (bottom) is a lower proportion of overlapping 

IDRs for peptides with significantly higher abundance in the LiP sample compared to the 

control in the No Perturbation condition. Here, 6% and 9% of peptides from the No 

Perturbation and Perturbation condition respectively mapped to IDRs, a decrease from the 

dataset total of 14%. This is somewhat in support of the previously suggested theory that 

these peptides may represent less accessible protein regions, that potentially require 

multiple proteases in order to create peptides that are then identifiable in MS.  

Protein solubility 

Finally, to test the hypothesis that LiP peptides with significantly higher tryptic peptide 

abundance in the LiP treated sample than the control potentially map to aggregated 

proteins, one must consider protein-level structural features.  

CamSol is freely available, open source software from the University of Cambridge that 

calculates protein aggregation propensity based on amino acid sequence [172]. Through 

analysis of a particular set of physicochemical properties of amino acids, proteins of interest 

are assigned a solubility score, with lower scores representing higher aggregation propensity 

and less predicted solubility. In total, 390 peptides displayed the aforementioned behavior, 

mapping to 293 parent proteins (here referred to as LiP proteins). These proteins were 

analysed in CamSol to gain a “protein solubility score”, and this was compared to the same 

analysis conducted for all other proteins identified in the LiP-MS data, to provide a dataset 

baseline. The results are shown in Figure 5.12 and show a significant reduction in protein 

solubility score for LiP proteins when compared to the dataset average. Therefore, this 

supports the hypothesis that these LiP peptides are indicative of heat-induced protein 

aggregation.  
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Figure 5.12: CamSol [172] analysis of LiP proteins. The 390 LiP peptides with significantly higher abundance in the LiP treated 
samples than the controls mapped to 293 parent proteins. These proteins were analysed in CamSol and given a protein 
solubility score, reflective of their aggregation propensity. The same analysis was also conducted for all other proteins 
identified in the LiP-MS data, in order to provide a dataset baseline. Scores for each group are displayed here as violin plots, 
and demonstrate a significant reduction in the mean protein solubility of LiP proteins (t-test, P-value<0.0001) compared to 
the dataset baseline.  

Summary of structural investigations 

LiP-MS analysis of hMSCs before and directly after heat stress resulted in the identification 

of several hundred LiP peptides that indicate stress-induced protein structural alterations.  

Of these, ~200 were only present in the No Perturbation condition, implying that these are 

representative of protein regions that are only enzyme-accessible before stress. 

Examination of the structural properties of these peptides revealed an enrichment for IDRs, 

with 26% mapping to MobiDB-defined IDRs, compared to a dataset average of 14%. This 

supports the idea that these LiP peptides represent protein regions that are enzyme-

accessible in native conditions, as IDRs are considered to be highly susceptible to 

proteolysis. Furthermore, secondary structure mapping demonstrated that these peptides 

most commonly mapped to loop regions, followed by α-helices, which is also consistent with 

the known structural determinants of LiP under native conditions. 

A further 400 LiP peptides were only present in the Perturbation condition, implying that 

these are representative of protein regions that are only enzyme-accessible after stress. 

Examination of the structural properties of these peptides using Nickpred revealed 

significantly lower protease-susceptibility scores when compared to the dataset average. 

This result is indicative of local unfolding in these protein regions, a well-documented 

consequence of heat shock.   
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An alternative behavior highlighted in this experiment was that of significantly higher tryptic 

peptide abundance in the LiP treated samples compared to the controls, which is the 

opposite of the conventional LiP peptide fingerprint. It was hypothesized that this behavior 

may be indicative of protein aggregation or, more generally, of sites inaccessible to trypsin. 

Investigation of these peptides using MobiDB found a decreased prevalence of IDRs, with 

6% and 9% mapping to IDRs before and after heat shock respectively, compared to the 

dataset average of 14%. This is supportive of the hypothesis that these peptides map to 

protein regions with decreased accessibility. Furthermore, analysis of the parent proteins of 

these peptides of interest using CalSol demonstrated a significant reduction in protein 

solubility score (increase in aggregation propensity) when compared to the dataset average. 

Therefore, this supports the hypothesis that these LiP peptides are indicative of heat-

induced protein aggregation. 

Overall, examination of the structural features of the LiP peptides identified in this study has 

demonstrated good correlation between the known structural determinants of LiP sites under 

native conditions, and the effects of heat shock on protein structure. However, much remains 

unexplained by considerations of structure alone. For example, secondary structure mapping 

revealed little difference across conditions. Further, IDR “hits” from the MobiDB analysis not 

only include regions of stable, native disorder, but also sites of functional structural changes 

such as binding IDRs, which have not yet been investigated.  

Therefore, the next step in this analysis is to look for structural alterations that are indicative 

of cellular dynamics.  

5.2.4 GO enrichment analysis of structurally altered proteins 

The 600 LiP peptides identified as potentially mapping to regions of stress-induced protein 

structural change were further investigated, using a Gene Ontology (GO) Enrichment 

Analysis of their parent proteins. This analysis was processed through Protti and involved 

the comparison of GO terms assigned to these potentially structurally altered proteins to the 

GO terms for all proteins detected in this experiment. Whether or not these GO terms were 

significantly over- or under-represented in our protein fraction of interest was determined 

using a two-sided Fisher’s exact test. The results of such analysis are shown below, for 

Biological Process enrichment (Figure 5.13) and Molecular Function enrichment (Figure 

5.14). 

The proteins LiP-MS highlighted as undergoing stress-induced protein structural change 

(“LiP proteins”) are significantly enriched for GO terms associated with the cellular response 

to loss of proteostasis (highlighted in red, Figures 5.13, 5.14). For example, “protein folding”, 

“heat shock protein binding”, “protein folding chaperone” and “unfolded protein binding” are 
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all identified as overrepresented in the LiP proteins. This correlates well with the literature, 

as molecular chaperones are well known to be a crucial part of the response to stress. 

Studies have often focused on demonstrating the upregulation of heat shock proteins in 

stress conditions, but the mode of action of HSPs very often requires small molecule 

binding, local unfolding or refolding, intracellular re-localisation or complex formation [47]. No 

significant change in molecular chaperone protein abundance was observed in this study, 

but LiP-MS also provides a readout of differences in these other mode of action 

conformational parameters. Therefore, the overrepresentation of molecular chaperone 

associated GO terms in LiP proteins indicates that HSPs are undergoing structural 

alterations in order to become functionally active in response to perturbation, as has been 

reported many times in the literature [48, 167, 213-215].  

 

 

Figure 5.13: GO Biological Processes. GO enrichment analysis of LiP proteins. Significant over or under enrichment was 
determined using a two sided Fisher’s exact test. Over-represented pathways are highlighted in blue, and under-
represented highlighted in pink. GO biological processes associated with the cellular stress response are highlighted in red. 

Another term highlighted in this analysis is “proteasome-activating activity”. The Ubiquitin 

Proteasome System (UPS) is another well documented protein quality control mechanism 

with an important role in the heat shock response, in this case degrading proteins that may 

have become unfolded under stress [216]. Proteasome activity can be regulated in three 

ways; transcriptionally, with post-translational modifications and through changes in complex 

composition [217]. No significant change in the expression of the proteasomal subunits 

identified in the MS data was observed. However, the presence or absence of PTMs and the 

interactions between subunits are factors that may affect LiP enzyme accessibility, and so 

the enrichment of this GO term in the LiP-MS structural data could be seen as an early 

indication of the latter two forms of proteasome activation.  
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Figure 5.14: GO Molecular Function. GO enrichment analysis of LiP proteins. Significant over or under enrichment was 
determined using a two sided Fisher’s exact test. Over-represented pathways are highlighted in blue, and under-
represented highlighted in pink. GO biological processes associated with the cellular stress response are highlighted in red. 

Finally, “protein import into the nucleus” has also been highlighted by this analysis. Again, 

this is a known component of the heat shock response and the mode of action of many of 

the associated proteins is reliant upon structural changes. For example, importin α has been 

shown to accumulate in the nucleus during heat shock at 42  ̊C, a process reliant upon 

complex formation with importin β and various cargo proteins [218]. Furthermore, the master 

regulator of the heat shock response, HSF1, must be able to relocate to the nucleus in order 

to instigate the transcription of heat shock proteins. This is also dependent upon the 

formation and dissociation of complexes and post-translational modifications [60, 219]. 

Overall, the GO enrichment analysis of LiP-peptide containing proteins indicates that a 

subset of the stress-induced structural alterations identified are over-represented in 

functionally important stress-response processes.  

5.2.5 Post-Translational Modifications 

One crucial category of functionally critical protein structural alterations are post-translational 

modifications (PTMs), one of the most abundant and important of which is phosphorylation 

[30]. Given this importance, it was prudent to investigate whether any of the 600 LiP 

peptides mapped to known phosphorylation sites (phosphosites). Phosphorylation could 

affect whether a peptide is detected, the signal intensity of the peptide in the MS, and could 

also correlate with a change in protein conformation which affects the accessibility to 

enzyme cleavage.  
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Table 5.2: LiP peptides map to phosphorylation sites. LiP peptides were compared to a curated human phosphoproteome 
[220] to find those that overlapped or were within proximity (within 10 amino acids). The curated phosphoproteome also 
contained a “function score” for each phosphosites, with scores between 0.5 and 1 representing phosphosites predicted to 
have particular functional importance. Table shows a subset of the LiP peptides which mapped to phosphosites, with 
information including the peptide sequence, parent protein, LiP peptide behaviour, peptide start and end position, 
phosphosites position and the phosphosites functional score. Sites of particular interest are highlighted here in red and 
discussed further in text.   

 

Ochoa et al. 2020 curated a reference phosphoproteome with information on approximately 

120,000 human phosphosites [177, 220]. These phosphosites were searched to find those 

that overlapped or were in proximity (within 10 amino acids, as defined by Cappelletti, 

Hauser et al. 2021 [167]) to a LiP peptide. This analysis found phosphosite matches for 193 

LiP peptides, representing 32% of all LiP peptides. This reference phosphoproteome also 

contained a “functional score” for each phosphosite, determined using machine learning 

trained on around 60 features that were deemed to be reflective of structural and regulatory 

importance. Scores were assigned between 0 and 1, with scores above 0.5 representing 

particularly functionally impactful phosphosites. In total 59 LiP peptides mapped to 

phosphosites meeting this criterion, a subset of which are displayed in Table 5.2.  

Therefore, of the protein regions that were differentially accessible to the LiP protease before 

and after stress, a third mapped to reported phosphosites. This follows on from the 

aforementioned study utilizing LiP-MS to investigated the yeast osmotic stress response, 

which found a subset of LiP peptides overlapped or were in close proximity (within 10 amino 

acids) to a phosphopeptide [167]. The study then further investigated the highlighted 

phosphosites for links to the stress response. This was repeated here, with a particular focus 

on the subset of 59 predicted “functionally important” phosphosite matches. Several known 
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components of the cellular response to heat stress were highlighted, a subset of which is 

highlighted in red in Table 5.2.  

For example, phosphorylation of 26S proteasome non-ATPase regulatory subunit 11 

(PSMD11) at serine 14 has been shown to increase proteasomal activity and so the 

degradation of misfolded proteins under stress [221]. The LiP peptide found adjacent to this 

site (highlighted in red, Table 5.2) was identified in the No Perturbation condition only. 

Several other peptides were identified for this protein that were not significantly altered with 

stress, as shown in Figure 5.15.  

 

Figure 5.15: Barcode plot of 26S proteasome non-ATPase regulatory subunit 11 (PSMD11). Twelve peptides mapped to this 
protein, shown here as shaded regions along the protein sequence, displayed as a barcode plot. The peptide highlighted in 
blue was found to be significantly changing in the No Perturbation condition only. The peptide highlighted in purple was found 
to be significantly changing in both the Perturbation and No Perturbation conditions. All other peptides mapping to this 
protein were not significantly altered by stress or LiP treatment. 

Another stress-responder highlighted was molecular chaperonin HSP60. Two LiP peptides 

identified in the Perturbation condition mapped to phosphosites with high predicted 

functional importance (“CH60_HUMAN”, Table 5.2). No further information regarding these 

phosphosites was found in the literature, but during the course of research evidence was 

found that HSP60 is ubiquitinated at lysine 396, a site between these two LiP peptides. 

Whilst the functional consequences of such ubiquitination are not clear, it has been 

suggested that it is stress associated [222], could indicate involvement with the proteasome 

system [223] and may impair HSP60’s chaperone functioning [213].  
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Figure 5.16: T-complex protein 1 subunit β (CCT2). (a) Alphafold structure of CCT2, with LiP peptides (No Perturbation 
condition) highlighted in red. The phosphorylation site at T428 is shown in green and indicated by arrow. (b) + (c) Cryo-EM 
structure (PDB:5GW4 [214]) of the CCT/TRiC complex. Here CCT2 is highlighted in blue, and the LiP peptides are again 
highlighted in red. (b) View from above ring structure, (c) view from side. 

Furthermore, T-complex protein 1 subunit β (also known as CCT2) is a component of the 

CCT/TRiC complex, an ATP-dependent molecular chaperone machine involved in folding of 

cytoskeletal proteins. A potential CCT2 phosphosite was highlighted at T428, which was 

found to be flanked by two LiP peptides (“TCPB_HUMAN”, Table 5.2). These LiP peptides 

were unique to the No Perturbation condition and so represent a protein region accessible 

only before heat stress. No functional information was found pertaining to this specific 

phosphosite. However, a recent study used cryo-EM structures to investigate the dynamics 

of the complex under ATP binding and identified CCT2 as a crucial subunit for complex 

formation and allosteric cooperativity, with CCT2 undergoing substantial conformational 
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change upon ATP binding [214]. These structures are displayed in Figure 5.16, from multiple 

angles, with the LiP peptides, phosphosite and CCT2 protein highlighted.   

Substrate binding sites 

The GO term enrichment analysis highlighted terms associated with molecular chaperones 

(“protein folding chaperone”, “heat shock protein binding”) as significantly enriched among 

LiP proteins. These results inspired the investigation of other abundant molecular 

chaperones for signs of stress-induced structural alterations. 

 

Figure 5.17: Adapted from [215]. Alphafold structure of Hsp70 (1B). The nucleotide binding domain (NBD) is highlighted in 
blue, linker region in yellow, substrate binding domain (SBD) α in red, β in green and the disordered C-terminal in orange. The 
identified LiP peptide (No Perturbation only) is highlighted in purple. This is also shown in the colour matched schematic, with 
the position of the LiP peptide along the protein sequence highlighted.  

HSP70 proteins are highly conserved, ubiquitous, and associated with several mechanisms 

of proteostasis such as protein import, assembly, refolding, and disaggregation [46]. The 

structure of HSP70 is characterized by a C-terminal substrate-binding domain (SBD) 

capable of recognizing extended hydrophobic protein regions. This process is mediated by 

ATP binding at the N-terminal nucleotide-binding domain (NBD). Delivery of client proteins to 

the ATP-bound, open confirmation of HSP70 is facilitated by co-chaperone HSP40. This 

process initiates hydrolysis of the bound ATP, resulting in a closed HSP70-substrate 

complex. The substrate is released following NEF-triggered ADP/ATP exchange [47].  
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In the LiP-MS data, 24 peptides mapped to HSP70, including one LiP peptide, which was 

identified as significantly changing in the No Perturbation condition only. This peptide 

mapped to the substrate binding domain, as shown in Figure 5.17. This can be seen as 

evidence that, following perturbation, this protein region is no longer accessible, as this 

HSP70 is now held in its active, client-bound formation. This is again similar to the 

aforementioned study from the Picotti lab, where LiP-MS analysis of the heat stress 

response in yeast also revealed an enrichment of molecular chaperones in structurally 

altered proteins, and an example was provided in which LiP peptides were mapped to the 

substrate binding pocket of disaggregase chaperone HSP104 [167].  

 

Figure 5.18: Adapted from [215]. Alphafold structure of HSP90α. The N terminal domain (NTD) is highlighted in blue, linker 
region in yellow, middle domain (MD) in red, C-terminal domain in green. The identified LiP peptides (Perturbation only) are 
highlighted in orange, and the alternative LiP peptide is highlighted in black. This is also shown in the colour matched 
schematic, with the position of the LiP peptides along the protein sequence highlighted. 

HSP90 chaperones are also highly conserved and ubiquitously expressed, with many 

hundreds of client proteins. The general structure of HSP90 chaperones consists of a N-

terminal domain responsible for ATP binding, a middle domain involved in ATP hydrolysis 

and substrate binding and a C-terminal domain associated with dimerization, which is 

essential for HSP90 function. In eukaryotes, the N-terminal and middle domains are 

connected by a charged linker region. Client protein folding by HSP90 is a complex process 

involving interactions with several other chaperones and co-chaperones. For example, 

clients bound by the HSP70/HSP40 machinery can be additionally bound by HSP90 when 

facilitated by co-chaperones, such as Hop (STI1) [48, 49, 224]. Two LiP peptides were 
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identified in the Perturbation condition mapping to HSP90α’s N-terminal domain, shown in 

Figure 5.18. This is possibly indicative of the substantial conformational change undergone 

by HSP90 when bound by ATP.  

Interestingly, one of the peptides identified for HSP90 displayed significantly increased 

signal in the LiP condition compared to the control, in the Perturbation condition. The region 

occupied by this peptide is highlighted in black in Figure 5.18, and maps to the centre of the 

middle domain – the region of HSP90 most associated with substrate binding. As previously 

discussed, this is the opposite behaviour of the classical LiP peptide fingerprint and one 

hypothesis for the presence of peptides with such behavior was protein aggregation, which 

is supported to an extent by the CamSol protein solubility assessment (Section 5.2.3, Protein 

solubility).  

However, this assessment was based solely on the proteins amino acid sequence, and fails 

to take into account functional protein-protein interactions. Therefore, an alternative, or 

further explanation could be that these peptides are indicators of protein-complex formation. 

In this scenario, PK cleavage destabilizes the protein complex, increasing solubility. 

Previously bound protein regions are then available for tryptic digestion.   

Table 5.3: Complex Portal. Parent proteins of tryptic peptides with significantly higher signal in the LiP condition were 
compared to the Complex Portal manually curated list of human protein complexes [176]. 178/293 matches were found, 
with a selection of matches of particular interest displayed in table. Information regarding complex identifier, name, the 
accession numbers of the complex member proteins, the structure of the complex and the matches from the LiP-MS dataset 
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is displayed.

 

This hypothesis was investigated using the open source Complex Portal, a manually curated 

database of macromolecular complexes [176]. In total, 390 significantly altered tryptic 

peptides had a higher abundance in the LiP treated sample and 360 of these were unique to 

the Perturbation condition (Figure 5.8). These peptides correspond to 293 proteins in total, of 

which 178 (61%) corresponded to known protein complexes, as defined by the human 

Complex Portal database (1400 macromolecules). For comparison, 15% of all proteins 

reported in the LiP-MS dataset were found to be members Complex Portal protein 

complexes. Overall, these proteins of interest are over-represented as protein complex 

components. Further, the prevalence of LiP peptides with this fingerprint increased 

twentyfold with stress and investigation of protein complex matches highlighted many known 

stress-responders, as demonstrated in Table 5.3. For example, ten LiP parent proteins were 

found to be members of the 26S proteasome complex.  

5.3 Summary  

The aim of this chapter was to assess the capacity of LiP-MS to provide a global structural 

readout of the response to stress in hMSCs. Stress was induced through the application of 

heat shock and a chaperone inhibitor and LiP-MS was performed on the perturbed and 

unperturbed cells in order to identify perturbation-induced protein structural changes. 

Analysis revealed no significant stress-induced alterations to protein abundance. This aligns 

with previous data produced in the Swift lab, that indicates the role of protein in the early 

stress response is predominantly post-translational.  
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However, the capacity of LiP to generate detectable features in the MS data of this 

experiment was demonstrated in several ways. Firstly, principal component analysis 

revealed a clustering of MS runs based on LiP treatment, with the strongest LiP condition 

exhibiting most variance to the control, as expected. Furthermore, the number of tryptic 

peptides identified by MS was shown to negatively correlate with LiP enzyme concentration, 

whilst the number of semi-tryptic peptides identified by MS positively correlated with enzyme 

concentration. Finally, the effect of LiP treatment on the MS signal for specific proteins and 

how this correlated to the protein’s structural features was explored, providing examples of 

proteolytically resistant and proteolytically culpable proteins.  

Moreover, LiP peptides (in this case referring to those with a significantly reduced tryptic 

peptide signal upon LiP treatment) were identified in both stress conditions and led to the 

identification of hundreds of proteins with potential stress-induced structural alterations.  

Of these, ~200 LiP peptides were only present in the No Perturbation condition, implying that 

these are representative of protein regions that are only enzyme-accessible before stress. 

Analysis of the structural characteristics of these peptides revealed an over-representation of 

intrinsically disordered regions, which is consistent with the known structural determinants of 

LiP under native conditions. 

A further 400 LiP peptides were only present in the Perturbation condition, implying that 

these are representative of protein regions that are only enzyme-accessible after stress. 

Examination of the structural properties of these peptides using Nickpred revealed 

significantly lower protease-susceptibility scores when compared to the dataset average. 

This result is indicative of local unfolding in these protein regions, a well-documented 

consequence of heat shock.   

GO enrichment analysis of structurally altered proteins (parent proteins of the LiP peptides) 

found they were enriched for many known cellular stress response factors, such as 

“unfolded protein binding” and “proteasome activating activity”. This indicates that, despite 

the lack of protein abundance changes, LiP-MS is able to capture the dynamics of the 

cellular response to stress through the identification of functional protein conformational 

alterations that form a crucial part of the proteostasis network. Furthermore, 32% of LiP 

peptides that were differentially accessible before and after stress mapped to 

phosphorylation sites, a PTM that is functionally critical and plays a substantial role in the 

cellular response to stress. Stress response factors highlighted in the GO enrichment 

analysis were then further investigated through LiP peptide mapping, revealing stress-

induced structural alterations (differential protease accessibility) at PTM sites, ATP binding 

sites and, in the case of molecular chaperones, client-protein binding sites.  
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An alternative behavior highlighted in this experiment was that of significantly higher tryptic 

peptide abundance in the LiP treated samples compared to the controls (~400 peptides), 

which is the opposite of the conventional LiP peptide fingerprint.  

A working hypothesis consistent with this observation is that this may be caused by protein 

aggregation, or at least protein site-inaccessibility to trypsin. Some tightly folded proteins, 

and indeed some regions of proteins, are more resistant to digestion, particularly if they form 

aggregates. In such cases, digestion with trypsin alone may not be effective in producing 

MS-amenable peptides. However, should the addition of PK result in extra cleavage(/s) of 

trypsin-resistant proteins at stability-critical sites, this could lead to increased accessibility for 

trypsin in the subsequent digestion step. Under these conditions, said tryptic peptides would 

be more predominant in the double digestion (LiP) treated samples than the control.  

Furthermore, the presence of significantly changing peptides with this behaviour was 

increased twentyfold after stress. This supports the hypothesis, as heat stress is known to 

induce protein aggregation and thus will likely increase the prevalence of proteolytic-

resistant proteins.  

Interrogation of this hypothesis through assessment of peptide structural characteristics 

found a decreased prevalence of IDRs, which is consistent with the idea that these peptides 

map to regions of decreased accessibility. Moreover, analysis of the parent proteins of these 

peptides of interest using CalSol demonstrated a significant reduction in protein solubility 

score (increase in aggregation propensity) when compared to the LiP-MS dataset average. 

Therefore, this supports the hypothesis that these LiP peptides are indicative of heat-

induced protein aggregation. 

A possible further explanation could be that these peptides are indicators of protein-complex 

formation. In this scenario, PK cleavage destabilizes the protein complex, increasing 

solubility. Previously bound protein regions are then available for tryptic digestion. Indeed, 

protein complex components were found to be over-represented in this group. Further, the 

protein complex components highlighted here corresponded to known stress-response 

macromolecules, such as the 26S proteasome complex.  

Therefore, LiP-MS can provide structural insights into the hMSC response to stress.  
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Chapter Five: Addendum  
 

Throughout the course of the LiP-MS data analysis in Chapter 5, only tryptic peptides were 

considered. This was due to the uncertainty surrounding the identification and quantification 

of semi-tryptic peptides discussed in previous chapters. Whilst global features of the 

datasets linked to the total numbers of tryptic and semi-tryptic peptides were entirely 

consistent with expected changes in the proteome of the cells under given conditions, local 

protein-specific changes were more challenging to detect. The principal method used to 

determine sites of potential limited proteolysis was observation of changes in tryptic peptide 

abundance, as shown on the volcano plots presented in previous chapters (e.g. Figure 5.7) 

Although this methodology has been used successfully in differential proteomics 

experiments and is standard in the field, the normalization algorithms applied are designed 

to detect changes at the protein level in the context of a proteome which is not expected to 

show global changes. This latter assumption is preserved here, namely that the change in 

global protein abundance is minor, and indeed most individual proteins do not show a 

significant change in relative abundance under the model. However, to detect sites of LiP at 

the peptide level a drop in relative signal is expected, as should be observed on a volcano 

plot.  

However, this observation is made without directly considering the other peptides in that 

protein which would not be expected to change if they were not subject to limited proteolysis. 

Moreover, global changes to the observed protein signal are not formally considered in this 

model, such as those caused by total digestion or aggregation. Local normalization 

approaches can potentially account for such effects, by normalizing the peptide signal to the 

total protein signal. In order to gain a better understanding of this behaviour and to test these 

assumptions, as well as to generate a control dataset of expected normalized peptide 

signals for a standard proteome under different environmental conditions, an additional MS 

experiment was conducted.  

Here, cells were subjected to 2 hours heat shock at 42  ̊C and then allowed to recover for 4 

hours at 37  ̊C. Cells were taken before heat shock (C1), immediately after (C2), and 

following the 4 hours recovery period (C3), creating three experimental conditions, the first 

two of which match the experiment conducted in Chapter 5. However, in this experiment 

lysates from each condition were subject to digestion with trypsin only before analysis by 

MS. In other words, no LiP step was included. This was to generate a control ‘background’ 

data set. The cells used were the immortalized hMSC cell line Y201 (Section 2.5) and for 

each condition 7 technical replicates (sample preparation) were run. 
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An aim of this experiment was to further investigate the presence of semi-tryptic peptides in 

trypsin-only (LiP-MS control) experiments and how this may be impacted by different 

experimental conditions, using a higher number of replicates and cell line.   

Firstly, the number of tryptic and semi-tryptic peptides identified in each condition is shown in 

Figure 5.19. An average of 1150 semi-tryptic peptides were identified, representing 

approximately 5% of all peptides. The number of semi-tryptic or tryptic peptides identified did 

not change significantly across the different experimental conditions.  

 

Figure 5.19: Number of peptides identified with FDR<0.01. Left – number of tryptic peptides identified in each replicate of 
each experimental condition. Right – number of semi-tryptic peptides identified in each replicate of each experimental 
condition. Identified is defined as having a non-zero reported intensity. Bars represent the mean and standard deviation of 
the 7 technical replicates. 

Overall, 1793 semi-tryptic peptides were identified in at least one replicate of one condition. 

These were mapped to their parent protein sequence and the non-tryptic termini 

investigated. This revealed that 502 semi-tryptic peptides (28%) had the non-tryptic termini 

at residue number 2 of the parent protein’s sequence. This does not appear to be a feature 

at the protein C-terminal, just 14 semi-tryptic peptides map to within 2 residues of the C-

terminal end. Therefore, these are not “true” semi-tryptic peptides, but instead a tryptic 

peptide mapping to the start of a protein sequence with a missing first residue. Indeed, in MS 

data processed through MaxQuant with the digestion parameters set to “specific”, the same 

feature was observed. In other words, when MaxQuant searches for tryptic peptides only, 

these same peptides are reported as tryptic, despite having a non-tryptic N-terminus. These 

could well be produced post-translationally as part of the normal maturation step and/or 

potentially as the result of some exoproteinase processing, but would not be regarded as a 

natural limited proteolytic cleavage produced by a proteinase K digest. They could (and 

should) be discarded from consideration of candidate LiP peptides. 

Next, the peptide signal consistency across the technical replicates was investigated, 

through calculating the coefficient of variance (ratio of standard deviation to mean) for each 

reported peptide, using the intensity reported by MaxQuant. This is shown in Figure 5.20, 
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and split into tryptic and semi-tryptic peptides for each experimental condition. Demonstrated 

here is a significantly larger coefficient of variance of semi-tryptic peptides, compared to 

tryptic, in each condition. Moreover, removing the semi-tryptic peptides with non-tryptic 

termini mapping to protein residue 2 further increases this difference between tryptic and 

semi-tryptic consistency (Figure 6.2(b)). Interestingly, the variance in semi-tryptic peptide 

signal also seems to altered by experimental condition, with those identified in C2 displaying 

particularly high levels of inconsistency.   

In other words, tryptic peptides have a much more consistent signal across replicates and 

experimental conditions than semi-tryptic peptides. This supports the general assertion that 

they represent a less reproducible measure for assessing limited proteolytic cleavage in 

(near) native folded proteins. 

 

Figure 5.20 (a) Box and whisker plots displaying the coefficient of variance for semi-tryptic and tryptic peptides, for each 
experimental condition. (b) The analysis of (a) with the semi-tryptic peptides with non-tryptic termini mapping to protein 
residue 2 removed. Significance was determined using a Mann Whitney t-test, **** p-value<0.0001. 

Peptides normalized to protein signal 

To investigate the contribution of individual tryptic and semi-tryptic peptides to total signal for 

a given protein, each reported peptide intensity was divided by the total reported signal for 

its parent protein, for each replicate in each condition. Therefore, the normalized peptide 

values reflect the contribution of that peptide to the overall protein signal.  
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Figure 5.21: The normalised intensity of each peptide identified for actin is displayed along the protein’s sequence. The 
mean and standard deviation of the 7 replicates is shown. Tryptic peptides are shown in pink and semi-tryptic peptides 
shown in light blue. Only non-zero values are shown.  (a)-(c) Box and whisker plots showing the distribution of all 
normalised intensity values for tryptic and semi-tryptic peptides, for experimental conditions 1 to 3 respectively. Only 
proteins with at least 3 peptides were included.  

The effect of this normalization was investigated in actin, as a well-studied, abundant 

protein. In C1, 32 tryptic peptides were identified for actin and 34 semi-tryptic peptides. 

However, despite their number, when normalised the semi-tryptic peptides all had a very 

small contribution to the protein signal, compared to their tryptic counterparts, as shown in 

Figure 5.21. Indeed, this is reflected in the dataset as a whole. For each condition, the 

distribution of normalised intensities for all tryptic peptides was compared to the same for all 

semi-tryptic peptides in Figure 5.21(a)-(c). Only proteins with at least 3 peptides were 

included. In each condition, the contribution of semi-tryptic peptides to protein signal was 

substantially lower than that of tryptic peptide signal.  

Next, the impact of experimental condition on tryptic and semi-tryptic normalised peptide 

intensity was investigated. As shown in Figure 5.22, the mean normalized intensity was 

taken for each peptide and compared across conditions. Spearman’s rank correlation 

coefficient (R) was calculated for each comparison and showed a remarkably strong linear 

relationship (all R>0.97), for both tryptic and semi-tryptic peptides. Therefore, normalising 

peptides to protein signal confers consistency across experimental conditions, for both 

tryptic and semi-tryptic peptides. This offers good evidence this normalization procedure is 

not confounded by differing experimental conditions perturbing protein levels and negatively 
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influencing peptide levels, at least in terms of global trends in the correspondence in overall 

normalized peptide signal. 

 

Figure 5.22: Correlation between normalised peptide intensity across experimental conditions. For each peptide, the mean 
normalised intensity of the 7 replicates was taken. This is then plotted against the same peptide in a different condition, as 
indicated by the axes. R represents Spearman’s rank correlation coefficient.  

Taking these findings into consideration, the LiP-MS experiment from Chapter 5 was re-

analysed, this time with a semi-specific search. As before, the number of tryptic and semi-

tryptic peptides identified in each condition was calculated, shown in Figure 5.23.  

Similar to the 7 replicate experiment, approximately 1100 semi-tryptic peptides were 

identified in the control conditions, representing around 5% of all reported peptides. 

Furthermore, 483 semi-tryptic peptides were identified in the controls of both experiments. 

However, in the LiP-MS experiment of Chapter 5, the number of semi-tryptic peptides 

identified doubles in the samples treated with PK at an E:S of 1:2000, and increases further 

still at PK E:S 1:500. This is mirrored by the tryptic peptide identifications, with some 5000 

fewer tryptic peptides reported in the LiP 1:500 samples.  
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Figure 5.23: Number of tryptic and semi-tryptic peptides identified in the LiP-MS experiment of Chapter 5, processed with a 
semi-specific search. Identified is defined as having a non-zero reported intensity. Bars represent the mean and standard 
deviation of the 4 technical replicates. The experimental condition is indicated by colour (see legend) and the LiP treatment 
is shown on the x-axis. 

Next, the contribution of semi-tryptic peptides to protein signal, and how this is changed by 

addition of the LiP enzyme, was investigated. In this instance, the intensities of all semi-

tryptic peptides to a parent protein were summed and then divided by the total reported 

intensity for that protein, therefore giving a single score per protein. This is shown in Figure 

5.24. As shown in the 7 replicate experiment, the signal contribution from semi-tryptic 

peptides is very low in the control conditions. However, also evident is an increase in the 

percentage signal from semi-tryptic peptides with LiP enzyme concentration, in a linear 

fashion (Control < 1:2000 (E1) < 1:500 (E2), Figure 5.24). 

 

 

Figure 5.24: For each protein from the LiP-MS experiment of Chapter 5, the contribution of semi-tryptic peptides to the 
whole protein signal was calculated. Shown here is a box and whisker plot demonstrating the % protein signal (mean taken 
if ¾ replicates non-zero, if all replicates zero, reported as zero) from semi-tryptic peptides, split into experimental condition 
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and LiP treatment. At least 3 peptides (semi or tryptic) were required for a protein to be considered. The plot on the right 
displays the same data as the plot on the left, but with a smaller y-axis to better visualize the differences between groups. 

Therefore, LiP generates more semi-tryptic peptides, these contribute more to total protein 

signal and this effect scales with LiP enzyme concentration. This was investigated at the 

individual protein level. As shown in Figure 5.25, the percentage contribution of semi-tryptic 

peptide to total protein signal in cytoplasmic dynein 1 heavy chain 1 (DYCH1) increases with 

LiP enzyme concentration, shown here for the No Perturbation condition.  

 

Figure 5.25: Cytoplasmic dynein 1 heavy chain 1 (DYCH1-1) normalised peptide signal. Top – percentage contribution of 
semi-tryptic peptides to total protein signal, by LiP treatment for No Perturbation condition. Bars show the mean and 
standard deviation of the 4 technical replicates. Bottom – normalised intensity of semi-tryptic peptides and their parent 
tryptic peptides. The x-axis displays the position of these peptides along the protein sequence and the y-axis the normalised 
intensity. Tryptic peptides are shown above the x-axis and semi-tryptic peptides below.  

Also displayed are the semi-tryptic peptides mapping to DYCH1, for which the parent tryptic 

peptide was also identified. The position of these peptides within the protein sequence is 

displayed along the x-axis and their normalized intensity on the y-axis. Tryptic peptides are 

shown above the x-axis, and semi-tryptic below, for the No Perturbation condition and with 

the LiP treatment indicated by colour (see Legend). Demonstrated here is a reduction in 

normalized tryptic peptide signal with LiP concentration, with a corresponding increase in the 

signal contribution from the associated semi-tryptic peptide. Also demonstrated is little 
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change over conditions, corresponding to the peptides with a lower overall signal 

contribution, again representing the baseline semi-tryptic peptide signal.   
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Chapter Six: Conclusions and Future 

Work 
 

The aim of this thesis was to develop and refine the capacity of LiP-MS to provide omics 

scale insight into the structural components of proteostasis in primary human cells.  

A comprehensive understanding of the proteostasis network is paramount to a matched 

understanding of how these processes underpin human health, in particular due to the 

increasing prevalence of neurodegenerative diseases and the progressive loss of 

proteostasis with ageing. The maintenance of proteostasis is governed by dynamic changes 

to protein abundance, protein localization and protein structure. To gain a systems-level 

understanding of proteostasis and its breakdown, ideally, each of these features should be 

characterized at the omics scale. Therefore, this thesis was focused on the development of a 

technique, LiP-MS, as a proteomics method which can provide omics scale insight into the 

structural aspects of proteostasis in primary hMSCs.  

LiP-MS was chosen over other structural proteomics techniques due to pre-existing 

evidence in the literature of its ability to provide physiologically relevant protein structure 

information in complex biological samples, at the spatial resolution required to investigate 

many of the dynamic post-translational remodeling events that form part of, or trigger, the 

proteostasis network [19]. However, to the best of the author’s knowledge, at the outset of 

this study LiP-MS had not been applied or demonstrated at the systems-level to characterize 

functional processes in primary human cells.  

The cells used in this study are primary bone marrow-derived hMSCs. They have the 

advantage of biological relevance and are well suited to studying the effect of external 

perturbation, such as heat shock, at the cellular level. In addition, repeated in vitro passaging 

of hMSCs induces a state of replicative senescence, which is relevant to ageing. The 

comparison of donor-matched early passage hMSCs to late passage, predominantly 

senescent hMSCs can potentially provide insight into senescence-associated discrepancies 

in proteostasis. Furthermore, there is a specific need to understand proteostasis in hMSCs 

as they are frequently used in regenerative medicine. A high dosage is often required for 

hMSC-based therapeutics and so, due to the small number attainable in vivo, in vitro 

expansion of the cells is necessary.    

The first aim of this thesis was to establish the efficacy of LiP-MS in hMSCs. The meeting of 

this aim was contingent upon optimising aspects of the LiP-MS protocol for use in this 
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chosen system, focusing on the conditions of proteolysis (enzyme concentration, reaction 

time) and method of cell lysis. These are crucial in order to ensure that limited proteolysis is 

achieved, here meaning that LiP cleavage sites are dictated by protein structure, and an 

appropriate concentration is used where some cleavage occurs but not total degradation of 

the attendant proteins. This should manifest in the detected pools of proteolytic peptides, 

both tryptic and semi-tryptic (which are presumed to be predominantly the result of LiP-MS).  

The success of this optimisation has been shown in many ways. For example, principal 

component analysis in Chapters 4 (Figure 4.2) and 5 (Figure 5.3) has shown a clear 

separation of control and LiP treated samples, with Figure 5.3 in particular showing 

increasing separation with increasing LiP concentration. This clearly demonstrates how LiP 

treatment generates a different pool of peptide signal which separates out the experimental 

datasets on a global basis. It was further demonstrated by differences in the number of 

peptides identified by LiP treatment. The manner of this separation was also consistent with 

the model in which increased LiP removes tryptic peptides from the pool, and increases 

semi-tryptic ones, with a negative correlation demonstrated between enzyme concentration 

and number of tryptic peptides identified (Figure 5.4(a)), and a positive correlation between 

enzyme concentration and the number of the semi-tryptic peptides identified (Figure 5.4(b), 

Figure 4.1(b)).  

Moreover, evidence that these LiP sites were determined by protein structural features, and, 

as a corollary, that the cell lysis method used preserves protein structure, was provided both 

from investigation of the structural characteristics of the protein regions inhabited by LiP 

sites, and from investigation of the effect of external perturbation on the number and nature 

of LiP sites identified. For example, the LiP-MS experiment in Chapter 4 showed a 

substantial difference in the number of LiP peptides identified in proteome extracts treated 

with different heat conditions. Further to this, the LiP-MS experiment in Chapter 5 identified 

hundreds of proteins that were differentially accessible to the LiP protease before and after 

stress (Figure 5.8). The LiP peptides identified in each condition also had different structural 

characteristics, for example a prevalence of intrinsically disordered regions before stress 

(Figure 5.11) and lower protease-susceptibility scores (Nickpred) after stress (Figure 5.9).   

The next aim of this thesis was to use LiP-MS to identify protein structural alterations on a 

proteome-wide scale. This was achieved by perturbing cell lysates with heat treatment and 

investigating the effect of such perturbation on the LiP-MS peptide signal. Exposure of the 

proteome to heat results in a shallower protein folding energy landscape and so results in a 

rise in protein unfolding events. Increased protein unfolding was expected to result in 

increased LiP enzyme activity. This experiment revealed that the number of semi-tryptic 
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peptides with a significant change in signal was consistently increased from the normal to 

heated experimental conditions, thus implying that protein unfolding can indeed be detected 

through LiP-MS.  

The work detailed in Chapter 4 also highlighted the complications associated with semi-

tryptic peptides, due to their significant presence in the control conditions. Despite a general 

acceptance that a baseline of semi-tryptic peptides may be present in trypsin-only 

proteomics experiments, due to factors such as in-instrument cleavage, trypsin miscleavage 

and native protease activity, their prevalence in the MS dataset detailed in Chapter 4 was 

hard to explain, with a subset of semi-tryptic peptides displaying significantly higher signal in 

the control sample, when compared to the LiP treated sample. A suggested explanation for 

this was that, if there is indeed a baseline level of semi-tryptic peptides in all samples, 

additional PK cleavage could result in the generation of peptides that are either non-tryptic or 

too small for identification by MS, and this would be observed as a loss of semi-tryptic 

peptide signal with LiP treatment (Figure 4.7). However, if this represents the level of noise 

expected in semi-tryptic peptide analysis, the confidence with which LiP cleavage sites can 

be identified against this background signal is significantly impaired. 

The impact of search engine choice was determined through re-running the LiP-MS data 

through MaxQuant (previously, Mascot was used). This reduced the prevalence of reported 

semi-tryptic peptides in the dataset whilst maintaining the overall conclusions of the study; 

namely, that LiP activity increases with heat treatment and is expected to be due to 

additional unfolding. In fact, the number of semi-tryptic peptides found to be significantly 

changing with heat treatment increased substantially, with a high proportion found to be 

unique to the LiP condition. Despite this, a subset of semi-tryptic peptides still displayed 

significantly higher signal in the control sample.  

Finally, the “baseline” presence of semi-tryptic peptides in trypsin-only (LiP-MS control) 

experiments, and how this may be impacted by different experimental conditions, was 

investigated using the seven replicate experiment conducted using an immortalized hMSC 

cell line (Chapter 5: Addendum). Here, an average of 1150 semi-tryptic peptides were 

identified, representing approximately 5% of all peptides and this was not significantly 

affected by different experimental conditions (Figure 5.19). Semi-tryptic peptides were found 

to have significantly greater variance than their tryptic counterparts (Figure 5.20), and 

contribute significantly less to total protein signal (Figure 5.21). However, the contribution of 

semi-tryptic peptides to total protein signal did linearly increase with application of LiP and 

LiP enzyme concentration (Figure 5.24), consistent with expectation that increased 

proteinase K presence generates more non-tryptic cleavage activity. 
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Overall, through comparing LiP-treated samples to internal controls (trypsin only) and 

including strict statistical filtering of abundance changes (Benjamini Hochberg multiple 

testing correction, q<0.05), the global trends of semi-tryptic peptides in LiP-MS align with the 

LiP fingerprint model and can identify differences between perturbed samples. However, 

their signal is much noisier than their tryptic counterparts. Therefore, for the LiP-MS 

experiment conducted in Chapter 5, analysis was focused primarily on tryptic peptides. 

The final aim of this thesis was to use LiP-MS to provide a global structural readout of the 

response to stress in hMSCs. Stress was induced through the application of heat shock and 

LiP-MS was performed on the perturbed and unperturbed cells. Relative quantification of 

protein abundance revealed no significant stress-induced changes, aligning with previous 

data produced in the Swift lab which indicates the role of protein in the early stress response 

is predominantly post-translational [10]. However, statistical analysis of the LiP peptide data 

led to the identification of hundreds of proteins with potential stress-induced protein 

structural alterations.  

Examination of the structural properties of these peptides using Nickpred revealed 

significantly lower protease susceptibility scores in a subset of this data, suggesting that 

heat-induced protein unfolding has been captured in the stressed cells. Moreover, GO 

enrichment analysis of structurally altered proteins found a significant enrichment for many 

known cellular stress response pathways such as “protein folding chaperone” and “protein 

import into nucleus”.  

This indicates that, despite the absence of significant changes in protein abundance in the 

cells, LiP-MS is able to capture the dynamics of the cellular response to stress through the 

identification of protein conformational alterations that form a crucial part of the proteostasis 

network. Furthermore, a subset of LiP peptides that were differentially accessible before and 

after stress mapped to phosphorylation sites, a PTM that is functionally critical and plays a 

substantial role in the cellular response to stress. Stress response factors highlighted in the 

GO enrichment analysis were then further investigated through LiP peptide mapping, 

revealing stress-induced structural alterations (differential protease accessibility) at PTM 

sites, ATP binding sites and, in the case of molecular chaperones, client-protein binding 

sites. 

An alternative behavior highlighted in this experiment was that of significantly higher tryptic 

peptide abundance in the LiP treated samples compared to the controls (~400 peptides), 

which is the opposite of the conventional LiP peptide fingerprint. A working hypothesis 

consistent with this observation was that this may be indicative of protein aggregation or 

protein complex formation. This hypothesis was supported somewhat by analysis of the 
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intrinsic structural properties of the highlighted proteins and protein regions, with evidence of 

decreased disorder (Figure 5.11) and protein solubility (Figure 5.12). Furthermore, the 

presence of significantly changing peptides with this behaviour was increased twentyfold 

after stress. This supports the hypothesis, as heat stress is known to induce protein 

aggregation and thus will likely increase the prevalence of proteolytic-resistant protein 

aggregates. Finally, these proteins were over-represented as complex components, with 

stress response-associated protein complexes highlighted.  

Historically, LiP has most frequently been used to assess the structure of individual proteins, 

either in purified samples or lysates in which the protein of interest has been spiked [161, 

162, 165]. More recent advances saw the technique act as a proteome-wide probe of protein 

structure. For example, LiP-MS was used to investigate protein thermostability through 

heating cell lysates to increasing temperatures and quantification of the corresponding LiP 

signal [19, 166].  

The most comprehensive LiP-MS study (published within the time frame of research 

conducted for this thesis) demonstrated the efficacy of the technique in probing the 

proteostatic response to thermal and oxidative stress in yeast and nutrient adaption in E.coli 

[167]. Analysis of the protein abundance data revealed little change, whilst many LiP 

peptides were identified, mapping to hundreds of proteins with potential stress-induced 

structural alterations, just as in the work conducted in this thesis. Also similarly, functional 

enrichment analysis performed for these proteins highlighted many pathways known to be 

correlated with yeast osmotic or heat stress. This was followed by comparison of LiP 

peptides with reported phosphosites, identifying a subset of LiP peptides that overlapped or 

were in proximity to (within 10 amino acids) of phosphopeptides. Finally, the activation of 

molecular chaperones was inferred through peptide mapping to the substrate or ATP binding 

site of disaggregase chaperone Hsp104. 

The work conducted in this thesis, through protocol optimization and robust data handing, 

has expanded this principle further, now demonstrating the capacity of LiP-MS to provide 

structural insights into the stress response in primary human cells.  

After the research conducted in this thesis was concluded, a study was published by the 

Picotti lab using LiP-MS to characterize structural changes to the proteome in the 

cerebrospinal fluid (CSF) of Parkinson’s Disease (PD) patients [225]. LiP-MS analysis was 

performed on CSF from a well characterized cohort of patients with PD and an age matched 

cohort of healthy donors. In this instance, LiP peptides were identified using a multiple linear 

regression model, including coefficients to account for the variability resultant from age, sex, 

protein abundance, tryptic-only peptide abundance and cohort membership. This highlighted 
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88 LiP peptides from 76 parent proteins (out of a total 7144 peptides from 859 proteins) with 

a significant cohort effect (corrected p value < 0.05). GO enrichment analysis of these 

proteins revealed they were significantly enriched for processes that have been typically 

associated with PD, such as synapse maintenance and acetylcholine metabolism [226].  

Furthermore, the CSF analysis was complemented by LiP-MS of post-mortem brain tissue 

samples from a separate, smaller cohort of 5 PD patients and 5 healthy controls. Of the 76 

LiP proteins highlighted in CSF, 27 were also detected in the brain, with 16 also shown to 

have LiP-MS-indicated structural alterations between control and PD. Of the 88 LiP peptides 

highlighted in CSF, 11 were also detected in the brain and 8 showed similar patterns 

between control and PD. Further, three LiP proteins detected in the brain data were linked to 

PD associated genes, for example, apolipoprotein E (APOE) [227].   

Another avenue of investigation explored in this study was to characterize the variability of 

the human CSF structural proteome. Overall, 6.5% of the proteins detected had at least one 

region that displayed high levels of structural variability across healthy patients. This was 

unique from changes due to sequence alterations, cleavages or PTMs and the structurally 

altered proteins were from a variety of cellular functional pathways.  

Contrary to previous LiP-MS experiments performed in yeast and E.coli, the differential 

peptide abundance analysis in this study was performed only using fully tryptic peptides. The 

justification provided for this was that fully tryptic peptides had “lower noise than that of half-

tryptic peptides”, but no more information was provided. This is supportive of the conclusions 

drawn in this thesis regarding the unreliability of semi-tryptic peptides in LiP-MS of human 

samples. This is exciting work that aligns with the conclusions of this thesis and 

recommendations from this paper can be incorporated into future work. Indeed, an 

interesting continuation of the work in this thesis would be to use LiP-MS to characterize 

structural proteome changes in early passage and senescent hMSCs. An outline of this 

future experiment is shown in Table 6.1.  
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Table 6.1: Future experimental design. Donor-matched early and late passage hMSCs would be subjected to heat stress 
(indicated in this schematic through the red/orange shading). Each sample of each condition would be subject to (a) LiP 
treatment followed by tryptic digestion or (b) tryptic digestion only (Control).  

 

 

Donor-matched early and late passage (replicative senescence) hMSCs from multiple 

donors would be subject to heat shock, with unstressed and stressed cells from each 

condition then either LiP treated or digested only with trypsin (control) before analysis by 

MS. LiP peptides in this instance would be identified through multiple regression analysis in 

order to account for donor to donor variance, as in the LiP-MS PD paper discussed above 

[225] and in previous work with hMSCs in the Swift lab [10]. Taking into account the lessons 

learned from this thesis, only tryptic peptides would be used in the LiP peptide analysis.  

This would enable multiple structural comparisons. For example, LiP-MS of unstressed early 

passage and senescent hMSCs would enable assessment of both inter-donor structural 

proteome variability and senescence-induced alterations to native protein structure. 

Furthermore, one could compare the structural implications of stress in early passage and 

senescent cells, both with respect to protein unfolding and aggregation events and with 

respect to the stress response, as characterized through conformational and abundance 

changes in components of the proteostasis network.   

Moving forward, LiP-MS has the potential to provide fresh insight into the mechanisms of the 

cellular response to stress through identifying previously undescribed, functionally critical 

protein structural changes, the presence and consequences of which can then be further 

investigated using orthogonal biochemical techniques.  
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Appendix 

 

Figure A.1 : Tryptic peptide intensity log2 distribution, MaxQuant processed data for Chapter 4. For the normal condition, 
53% of 𝑋𝑖 values fell between -1 and 1. This number was 87% in the intermediate condition and 68% in the heated condition. 
47% of peptides in the normal condition had 𝑋𝑖<-1, 10% in the intermediate condition and 31% in the heated condition. The 
graph on the bottom right shows the 𝑋𝑖 values for all conditions plotted together, this time displayed as a violin plot.   
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Figure A.2: Semi-tryptic peptide intensity log2 distribution, MaxQuant processed data for Chapter 4. For the normal condition, 
57% of 𝑋𝑖 values fell between -1 and 1. This number was 54% in the intermediate condition and 48% in the heated condition. 
19% of peptides in the normal condition had 𝑋𝑖>1, 40% in the intermediate condition and 32% in the heated condition. The 
graph on the bottom right shows the 𝑋𝑖 values for all conditions plotted together, this time displayed as a violin plot.   

 


