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Proteins are the biomolecules that drive the functions of life. To fully appreciate and 

understand the role of protein diversity in health and disease, we must seek a deeper 

understanding of proteoforms - the molecular variants of canonical proteins. Although humans 

have around 20,000 protein-coding genes, millions of proteoforms arise through mutations, 

splicing, and post-translational modifications. My thesis work focuses on two proteoform types: 

missense mutations and phosphorylation. In Chapter 2, I demonstrate the utility of pooled mass 

spectrometry (MS)-based assays to measure solubility and thermal stability of missense 

mutations. Using ten disease-causing mutants of the human phosphoglucomutase 1 (PGM1) 

protein,  I achieved improved resolution using our pooled MS assays compared to previously 

published studies that relied on individually purified mutants. Scaling of this approach to larger 

mutant libraries and diverse biochemical assays will significantly enhance our understanding of 

how missense mutations affect protein function and contribute to variant classification in disease 

contexts.  Chapter 3 discusses proteoforms generated by phosphorylation, a post-translational 

 

 



modification that enables proteins to rapidly and reversibly alter their properties and functions. I 

investigate the phosphorylation signatures in response to osmotic, heat, and oxidative stresses. I 

identify shared and stress-type specific phosphorylation signatures that align with previously 

reported data.  I also identify phosphorylation sites on proteins known to localize to stress 

granules, providing a candidate list of stress granule phosphorylation sites for mechanistic 

investigation. Together, these chapters highlight the power of MS-based methods for 

characterizing proteoforms and their roles in health and disease.  
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CHAPTER 1.  INTRODUCTION 

1.1 Moving from the proteome to proteoforms 

There are 20,000 protein-coding genes in the human genome, but when variation at the 

levels of DNA (mutations), RNA (splicing, mistranslation, alternative start sites), and protein 

(post-translational modifications), are taken into account, the estimated number of proteoforms 

expands to the millions(Aebersold et al., 2018). Different proteoforms of the same protein can 

adopt different conformations and have different functions. Functional changes afforded by 

proteoforms are critically important for our understanding of cellular processes and disease, thus 

we must develop methods to survey proteoforms. However, the detection and characterization of 

proteoforms remains challenging. This necessitates the development of methods to identify and 

characterize proteoforms on a large scale using unbiased methods such as mass spectrometry 

(MS). 

 

1.2 Analysis of proteoforms arising from missense mutations  

A common type of proteoform is created by a missense mutation, whereby the canonical/ 

consensus amino acid is replaced by a different amino acid at a given position within the protein 

sequence.  The consequence of a missense mutation depends on its position within the protein 

sequence, and the biochemical differences between the original and substituted amino acids.  A 

missense mutation can have no effect (benign), or it can affect a variety of different protein 

attributes, including structure, function, and/or localization. Depending on the severity of the 

missense mutation, they can also potentially contribute to protein dysfunction and disease. 
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Unfortunately, the functional significance of most missense mutations in the human genome is 

unknown, and this adversely affects health outcomes(Starita et al., 2017). 

Previously, patient cohorts and family histories were used to determine variant effects. 

However, patients with novel or rare variants cannot receive the rapid diagnosis and tailored 

interventions afforded to those with large cohorts or detailed family histories. Variant effect 

annotations (pathogenic, benign, unknown significance), can be used by clinicians to diagnose, 

treat, and predict outcomes. Furthermore, the mechanism of variant dysfunction can provide a 

rich dimension of actionable information. Mechanisms of dysfunction can be represented by 

changes in biophysical properties (such as solubility, stability, modifications, localization, etc.) 

compared to the wild-type protein. For example, the treatment of cystic fibrosis is dependent on 

the type of variant dysfunction(Southern et al., 2023). Mutations to protein encoded by the 

Cystic Fibrosis Transmembrane Conductance Regulator (CFTR) gene can cause disruptions to 

salt homeostasis via several mechanisms of dysfunction. Depending on the position of the 

mutation, dysfunction can arise via issues with stability at the membrane, channel gating, 

conductance defects - for which there are different classes of drugs available(Southern et al., 

2023). Variant-specific therapies are employed to treat a diversity of diseases from cancer to 

sickel cell anemia and beyond. Mechanisms of dysfunction can be critically important for 

tailoring treatments and developing new therapeutics. For these reasons, new technologies are 

needed that enable large-scale functional analysis of protein variants. 

Until the  introduction of deep mutational scanning (DMS) by (Fowler et al., 2010) over 

15 years ago, variants were assessed using biochemical assays that often required purification of 

individual variants (classical biochemical assays, alanine scanning ect). These methods were 

time-intensive and laborious. However, in the past 15 years DMS has contributed to  tremendous 
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strides in the high throughput variant phenotyping using sequencing-based methods of variants in 

dozens of disease-relevant human proteins such as BRCA1, PTEN, and TP53(Funk et al., 2025; 

Matreyek et al., 2018; Starita et al., 2015).  While these assays provide information on 

pathogenicity, they cannot report protein-level properties such as mechanisms of dysfunction or 

protein inactivation (impairment in folding or interactions etc). In contrast, classical biochemical 

assays, while informative, are low throughput and often require protein purification.  

 

1.3 Recent advances in Mass Spectrometry to analyze proteoforms 

Conveniently, there are many MS-compatible biochemical assays that report on protein 

properties, such as solubility(Sridharan et al., 2022), thermal stability(Savitski et al., 2014), small 

molecule binding(Martinez Molina et al., 2013), protein-protein interactions(Roux et al., 2012), 

etc. These assays can potentially be scaled to library sizes comparable with DMS. In addition, 

there are many ways to create protein variants. These include cloning variant libraries for all 

possible mutations within a target proteins or even inducing errors in protein translations, 

through a process known as mistranslation, to create protein variants proteome-wide in a single 

sample(Berg et al., 2019; Cozma et al., 2023; Rodriguez-Mias et al., 2022; Zimmerman et al., 

2018). MS is a powerful technique that can provide protein-level readouts. It also offers insight 

into biochemical protein properties and modifications.  
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1.4 Importance of proteoforms that arise from phosphorylation 

Proteoforms can also arise via post-translational modifications (PTMs) such as 

phosphorylation, glycosylation, ubiquitinylation, acylation, and methylation, among 

others(Aebersold et al., 2018).  The addition of chemical groups to a protein via PTMs serves to 

dynamically regulate cellular processes and proteome organization. For example, the addition of 

ubiquitin group(s) on lysine residues can alter protein properties and alter the cell cycle control, 

signalling, autophagy, or proteasomal degradation(Damgaard, 2021).  Glycosylation results from 

the addition of polysaccharide groups to proteins. Glycosylation can protein properties such as  

protein folding, stability, and interactions, and is critical for cellular adhesion, immune response, 

and signalling(He et al., 2024). 

Phosphorylation occurs when an enzyme called a kinase catalyzes the transfer of a 

phosphate group from adenosine triphosphate to the amino acid side chain of a target 

protein(Ramazi & Zahiri, 2021). Phosphorylation primarily occurs at serine, threonine, or 

tyrosine (Ser, Thr, Tyr) residues in eukaryotes. This process involves the replacement of a neutral 

hydroxyl group with a negatively phosphate group in the amino acid side chain. The phosphate is 

also more hydrophilic and polar than the hydroxyl group. The biochemical changes afforded by 

phosphorylation serve as a rapid, reversible, and dynamic mechanism to alter protein properties 

without altering protein sequence. Phosphorylation can alter the stability, folding, activity, 

localization, or interactions of a protein(Bilbrough et al., 2022). For example, in an intermediate 

signalling protein called LYN kinase, phosphorylation of Tyr397 in the activation loop causes a 

conformational change in the ATP binding pocket(Xu et al., 1999) and also reduces the protein’s 

thermal stability(Potel et al., 2021).  Certain protein domains such as WW, forkhead, and 

14 

https://paperpile.com/c/zOoqRR/ZRfjn
https://paperpile.com/c/zOoqRR/3xR6q
https://paperpile.com/c/zOoqRR/6xFaK
https://paperpile.com/c/zOoqRR/BgkIU
https://paperpile.com/c/zOoqRR/Y5SMk
https://paperpile.com/c/zOoqRR/K3uu6
https://paperpile.com/c/zOoqRR/0igoE


Src-homology 2 recognize phosphorylated amino acids to enable protein binding interactions and 

formation of higher order protein complexes. 

Phosphorylation can also alter non-specific interactions between proteins (and other 

biomolecules). Hyperphosphorylation of residues located in intrinsically disordered protein 

regions can promote (and disrupt) protein-nucleic acid or protein-protein interactions that drive 

liquid-liquid phase separation (LLPS). For example, a nucleolar protein called Ki-67 has a 

disordered region (the central repeat domain) that has weak alternating charge blocks during 

interphase. However,  during mitosis these disordered regions are hyperphosphorylated which 

results in repeated and alternating charge blocks that promote phase separation. The 

hyperphosphorylated Ki-67  phase separates and localizes to the chromosome periphery to 

prevent chromosome coalescence during mitosis(Yamazaki et al., 2022). 

Additionally, phosphorylation serves as a method to rapidly transmit cellular signals 

through a process called phosphorylation signalling cascades. In this process, a stimulus causes 

the activation of the first kinase protein, the first kinase then phosphorylates a second kinase 

protein, the second kinase becomes activated and phosphorylates a third kinase and so forth. This 

serial propagation of phosphorylation signal continues until it reaches an effector protein that 

carries out a cellular response. A well-characterized example of this occurs when epidermal 

growth factor (EGF) binds a transmembrane receptor protein called epidermal growth factor 

receptor (EGFR, HER1). Binding of EGF to the EGFR (monomer or preformed dimer) causes a 

conformational change and rotation of the intracellular kinase domains within the EGFR 

homodimer(Purba et al., 2017). In this new position, the kinase domains phosphorylate specific 

tyrosine residues within the c-terminal protein tail(Yarden & Schlessinger, 1987). The 

combination and positions of the phosphotyrosine residues are recognized by different adaptor or 
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enzyme proteins which in turn activate one of several signalling pathways such as the 

ERK-RAS-MAPK, PI3K-AKT, PLCγ1-PKC, SRC, or JAK-STAT pathways(Wee & Wang, 

2017). These pathways terminate in effector proteins and result in regulation of numerous 

biological processes such as growth, proliferation, cell cycle, calcium signalling, survival and 

more(Wee & Wang, 2017).  

Phosphorylation signalling cascades are critical infrastructure for transmitting 

information and signals throughout the cell. Cascades are equally as important for adapting to 

changes in the cellular environment and for normal cellular functioning. Dysregulation of 

signalling cascades occurs in many diseases. For example, mutations causing the constitutive 

activation of a HER2 (ERB2) is a driving oncogenic mutation in several types of cancer(Cocco 

et al., 2019) and is the target of numerous chemotherapeutics.  Insight into the phosphorylation 

status of proteins can serve as a dynamic snapshot of how that protein contributes to processes 

within the cell. Since phosphorylation can be specific to cell type, environment, stress 

conditions, age etc., there is ongoing motivation to understand differences in phosphorylation 

states of all proteins.  

 

1.5 Historical methods in phosphoproteomics 

The field of protein phosphorylation was largely pioneered here at the University of 

Washington by Krebs and Fisher, who discovered that reversible protein phosphorylation is a 

regulatory mechanism(Fischer & Krebs, 1955; Krebs et al., 1958). The pair later received the 

Nobel prize in 1992 for that discovery. Much of that and subsequent work of subsequent decades 

utilized radiolabeled phosphorus P32 for visualization and study of phosphoproteins. The advent 
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of phosphorylation-specific antibodies in the 1980s enabled detection of phosphorylated proteins 

using western blots and, eventually, protein arrays. Since the advent of MS-based 

phosphoproteomics in S. cerevisiae in 2002 by (Ficarro et al., 2002), several advancements in 

sample preparation, instrumentation, annotation, and computation have enabled improved 

detection and quantification of phospho-sites.  

The main challenge in phosphoproteomics is the relatively low abundance of 

phosphorylated peptides compared to unphosphorylated peptides. Reproducible detection from 

small sample amounts has been achieved using bead-based phosphoproteomic enrichment 

strategies such as immobilized metal affinity chromatography(Zhou et al., 2013), metal-oxide 

affinity chromatography(Gates et al., 2010) and optimization thereof(Arribas Diez et al., 2021; 

Tsai et al., 2014). Automation of bead-based phosphopeptide enrichment methods(Bortel et al., 

2024; Chang et al., 2023; Leutert et al., 2019; Tape et al., 2014) offer vast improvements and 

eased sample handling for large experiments. Advancements in stable isotope reagents (such as 

stable amino acids in cell culture(Ong & Mann, 2007), and Tandem Mass Tags(Dayon et al., 

2008) have enabled multiplexed quantitative comparison of up to 35 samples in a single 

injection(Zuniga et al., 2024). Advancements in instrument acquisition types such as 

data-independent acquisition (DIA), multiple reaction monitoring (MRM), and parallel reaction 

monitoring (PRM), along with improved computational tools for scoring positional isomers such 

as Thesaurus(Searle et al., 2019), AScore(Barente & Villén, 2022; Beausoleil et al., 2006), 

PTMProphet(Shteynberg et al., 2019) have increased phosphopeptide identifications, sensitivity 

and localization. Together, these improvements have created several tour-de-force 

phosphorylation datasets in diverse sample types and conditions(Leutert et al., 2022; Ochoa et 

al., 2020; Potel et al., 2018).  
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However, as the identification and quantification of phospho-sites has drastically 

increased in the past two decades, we are in the dark as to the function, regulation and annotation 

of most of the phosphoproteome. Less than 5% of reported phosphosites have identified kinases, 

and less than 0.1% of phospho-sites have annotated functions(Needham et al., 2019).  One way 

scientists have tried to illuminate the dark phosphoproteome is through performing large 

perturbation experiments in diverse sample types and conditions This endeavour to uncover 

functions of the phosphoproteome will be critical for understanding cellular processes in health 

and disease states.  

 

1.6 Towards elucidating the role of phosphorylation in stress granules  

One fascinating example of a cellular compartment dynamically organized by PTMs is 

the stress granule, or SG(Hofweber & Dormann, 2019). SGs are a type of supramolecular 

condensate that forms as a result of stress, whereby mRNAs, translation initiation complexes, 

and other proteins within the cytosol partition to form condensates(Collier & Schlesinger, 1986; 

Kedersha et al., 2005). SGs benefit cells by sequestering and protecting proteins and mRNAs 

during stress conditions or by sequestering signalling proteins. Sequestration inhibits signalling 

pathways, altering signalling and metabolism in the cell under stress(Kedersha et al., 2013). SG 

dysregulation is implicated in a variety of diseases, which include viral infections, cancer 

metastasis, ALS, and Alzheimer’s disease(Riggs et al., 2020). Despite the importance in stress 

response, there is limited understanding of SG dynamics and function. 

The protein composition of SGs is stress-type specific, but the regulatory mechanisms by 

which proteins are included/excluded from granules in different conditions remain unclear. 
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MS-based proximity labelling techniques such as APEX and BioID(Markmiller et al., 2018; 

Youn et al., 2018) have been used to identify proteins localized to stress granules. There is a 

database of RNA-condensate proteins that amalgamates dozens of studies with various types of 

genomic and proteomic evidence(Millar et al., 2023). While recent studies have shown that some 

PTMs such as phosphorylation, acetylation, methylation(Hofweber & Dormann, 2019) drive SGs 

formation and dissolution, no one has systematically studied phosphorylation in SGs in multiple 

stress types. Previous examination of SG phosphorylation has been site-specific, and thus 

required prior knowledge of sites to be measured. Fluorescence microscopy has been the primary 

method of interrogation, but it is limited by the availability of PTM-specific antibodies and 

multiplexing capacity. Other PTMs such as ubiquitination have been examined in multiple 

stresses and have stress-type specific signatures(Gwon et al., 2021; Maxwell et al., 2021). 

Given that ubiquitination and phosphorylation are commonly involved in PTM crosstalk, 

it is likely that phosphorylation is also involved in SGs. One phosphoproteomic study of stress 

granules was performed by(Wippich et al., 2013) and identified DYRK3 as a regulator of SG 

disassembly. However, no one has compared SG stress types to identify differences in 

phosphorylated proteins. Identification of candidate phosphosites in proteins known to localize to 

stress granules may provide insight into stress-type specific regulation.   

 

1.7 Organization of this thesis 

Following this introduction chapter (Chapter 1), this thesis comprises two projects 

employing MS to investigate proteoforms. In Chapter 2, I develop a method for determining the 

effect of missense mutations on protein thermal stability and solubility. Using disease-causing 
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variants of a human metabolic protein, phosphoglucomutase 1 (PGM1), I demonstrate how 

pooled MS-based assays compare to classical biochemical assays on purified protein variants. In 

Chapter 3, I investigate the differences in phosphorylation responses between human 

osteosarcoma cells (U2OS) in different stress conditions known to induce stress granules, such as 

heat, osmotic and oxidative stress. In addition to global analysis, I use computational tools and 

parse stress granule literature to determine if differentially abundant phosphorylation sites occur 

on proteins that localize within stress granules. Finally, in Chapter 4, I summarize my thesis 

work, discuss its impact, and discuss my hopes for future studies of proteoforms using MS.  
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CHAPTER 2. ASSESSING PGM1 PROTEIN VARIANTS 
USING MASS SPECTROMETRY-BASED PROTEOMICS 
This chapter is based on the following preprint expected to be uploaded to BioRxiv in March/ 
April 2025: 
 
Establishing mass spectrometry-based assays to assess the impact of protein variation in pooled 
format 
Sophie Moggridge, Kyle Hess, Matthew D. Berg, Ricard A. Rodriguez-Mias*, Judit Villén* 

Department of Genome Sciences, University of Washington, Seattle, USA 

Department of Genome Sciences, University of Washington 
*corresponding authors 

2.1 Abstract 

Protein variants arising from single amino acid substitutions contribute to many human 

diseases. These substitutions can affect protein properties such as structure, stability, activity, 

subcellular localization, and interactions with other biomolecules. Previous work has 

characterized the effects of substitutions using traditional biochemical assays with individually 

expressed and purified protein variants. Here, we have streamlined this laborious process by 

coupling biochemical assays to mass spectrometry analysis, enabling the characterization of 

multiple protein variants in a single experiment. To benchmark this approach, we selected a set 

of thirteen previously characterized missense variants of human phosphoglucomutase 1 (PGM1) 

and conducted protein solubility and thermal stability assays in a pooled format. Our mass 

spectrometry-based assays successfully recapitulate known PGM1 mutational effects on 

solubility and stability. Moreover, we achieve improved resolution compared to previously 

published results with purified variants. Future scaling of this approach to larger variant libraries 

combined with diverse biochemical assays will greatly enhance our understanding of how single 
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amino acid substitutions affect protein function and contribute to better classification of variants 

in the context of disease.  

 

2.2 Introduction 

Protein variants caused by single amino acid substitutions in 25% of human proteins have 

been documented to contribute to Mendelian disease(Amberger et al., 2019), many of which are 

monogenic((Apgar & Sanders, 2022; Kroncke et al., 2015). However, we have a limited 

understanding of how each possible mutation within a protein affects protein function. 

Mechanisms of protein dysfunction are diverse, and substitutions can affect many protein 

properties including structure, stability, activity, subcellular localization, and interactions with 

other biomolecules. Indeed, understanding the impact of mutations on protein function is used to 

guide treatment in diseases as diverse as breast and ovarian cancers (BRCA1/2 gene)(Dorschner 

et al., 2013), cystic fibrosis (CFTR gene)(Dickinson & Collaco, 2021), and Li-Fraumeni 

Syndrome (TP53 gene)(Fortuno et al., 2021), for example. Unfortunately, more than three 

quarters of all variants in ClinVar are classified as variants of unknown significance 

(VUS)(Fayer et al., 2021). Mutations with ambiguous mechanisms of dysfunction pose a 

challenge for therapeutic intervention and treatment. To gain a deeper understanding of 

mechanisms through which missense mutations cause dysfunction, protein-centric assays that 

explore multiple protein properties conducted for thousands of protein variants simultaneously 

are needed. 

High-throughput screening methods like deep mutational scanning(Fowler et al., 2010) 

have accelerated variant phenotyping. However, these methods do not measure protein variants 
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directly, thus limiting the protein properties that can be assayed and, therefore, deep mechanistic 

understanding. Conversely, traditional biochemical assays allow direct protein measurements but 

require protein purification and are low throughput. Biochemical assays that assess protein 

properties, including stability, post-translational modifications, and ligand binding, are 

compatible with mass spectrometry (MS) and can facilitate protein-centric analysis of mutational 

libraries. Previously, we applied these MS-based biochemical assays in combination with protein 

mistranslation to assay thousands of protein variants in the same lysate across the entire 

proteome(Rodriguez-Mias et al., 2022). In the present study, we aimed to apply these assays in a 

pool format to examine a well-defined set of genetically encoded protein variants within a single 

human protein, phosphoglucomutase 1 (PGM1). 

Here we present the application of MS-based proteomics methods to determine molecular 

consequences of disease-causing variants of human PGM1 in a pooled format. PGM1 is a 

cytosolic, monomeric and highly soluble protein that catalyzes the bi-directional interconversion 

of glucose 1-phosphate (utilized in glycogen metabolism and important for protein 

glycosylation) and glucose 6-phosphate (a substrate for glycolysis and pentose phosphate 

pathway).  Mutations in PGM1 can lead to PGM1-linked congenital disorder of glycosylation 

(PGM1-CDG)(Altassan et al., 2021). PGM1-CDG has multisystem phenotypes including 

cardiomyopathy, exercise intolerance, hypoglycemia, and physical malformations(Altassan et al., 

2021). PGM1 has clinically relevant variants for which the molecular effects were determined 

with classical biochemical assays(Beamer, 2020; Lee et al., 2014; Wong et al., 2016) and broadly 

fall into two categories: those affecting folding and aggregation and those affecting catalytic 

activity. We focused on 13 diesase-associated missense variants that alter fundamental 

biochemical properties of PGM1. 
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The pooling of PGM1 variants in the same lysate presented several challenges that were 

anticipated using conventional bottom-up proteomics. As with many bottom-up experiments,  it 

is not feasible to detect all peptides in a protein sequence using a single protease(Sun et al., 2022; 

Swaney et al., 2010) as peptides span a range of lengths and have variable ionization and 

fragmentation. Furthermore, a single amino acid substitution may introduce or eliminate protease 

cleavage sites or charges and significantly alter detection. Thus achieving full sequence coverage 

often requires the use of multiple proteases. The challenge is that while other assays may rely on 

the detection and quantitation of only one of several unique peptides in a protein, in our assay, 

each variant is represented by only one mutant peptide. Therefore the proximity to cleavage sites 

and ionization ability of one specific peptide dictates whether we can quantify the variant, as 

there are no other unique peptides for that variant. The second challenge in  measuring a pool of 

protein variants  is that the signal from the highly abundant wild-type peptides overwhelms the 

informative mutant peptides, impairing their detection.  For example, if a protein produces sixty 

tryptic peptides, only one peptide contains the amino acid substitution while the remaining 59 

peptides are identical to wild type. This issue exponentially grows with the size of the variant 

library, as the non-mutated peptides that are shared between variants are much more abundant 

than a single mutant peptide.  Taken together, these challenges affect signal-to-noise ratios, 

potentially affecting peptide detectability, quantifiability, and ultimately the number and types of 

mutations that can be covered in a mutational library. To circumvent these detection challenges 

for PGM1 variants from a pooled library, we employed multiple digestion enzymes and 

implemented a TMT-compatible targeted MS acquisition method.  

Here, we present an MS-based proteomics framework for profiling libraries of protein 

variants in a single experiment. As a proof of concept, we apply this framework to profile the 
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molecular consequences of multiple disease-causing variants of human phosphoglucomutase 1 

(PGM1) in a pooled format. Using a pooled recombinant DNA library of PGM1 variants 

expressed in Escherichia coli, we applied MS-based solubility and thermal stability assays to 

characterize the variants. We benchmarked our data against the previously published biochemical 

measurements and found good agreement. Our work supports the idea that pooled MS-based 

assays can be applied to investigate mechanisms of protein variant dysfunction and serve as a 

stepping stone toward more complex libraries. 

 

2.3 Results and Discussion  

To characterize the effects of mutations on PGM1 function, we employed mass 

spectrometry to measure the solubility and thermal stability of 13 missense variants of PGM1. 

These thirteen variants are pathogenic and cause PGM1 Congenital Disorder of 

Glycosylation(Altassan et al., 2021).These variants were selected as they have been purified and 

biochemically characterized, making them fantastic benchmarks for our assays. The general 

workflow of the sample preparation and assays is depicted in Figure 2-1A. In this workflow, a 

library of E. coli strains, each expressing a PGM1 variant, was grown in a pooled culture. 

Biochemical assays were conducted at the protein level and the variant peptides containing the 

single amino acid substitution were measured by MS. Variant peptide abundance was 

representative of the biochemical property of the variant protein. A sequence map illustrating 

protein features of PGM1 and mutated residues in the variants we studied is provided in Figure 

2-1B.  
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FIGURE 2-1. Exploring disease-associated PGM1 variants. (A) Experimental workflow for investigating the 
molecular mechanisms of variant dysfunction using pooled MS assays. A pooled library of 13 missense variants of 
PGM1 is expressed in E. coli, lysed, and assayed for  protein solubility and thermal stability. After each biochemical 
assay, samples are split in three aliquots and each is digested with one protease (trypsin, chymotrypsin, or LysC). 
Resulting peptides are labeled with TMT11 isobaric mass tags and analyzed by MS. (B) Representation of PGM1 
sequence highlighting protein features and mutation positions of the 13 variants analyzed. The colour of the variant 
represents the protease required for detection in our MS assays; trypsin (green), chymotrypsin (blue), LysC 
(magenta), and undetectable (grey). 

2.3.1 Library characterization and variant detection 

A typical TMT workflow with tryptic digestion, TMT-labelling, and data-dependent 

acquisition with standard SPS-MS3(McAlister et al., 2014) methods did not yield data that could 

be consistently matched to all PGM1 variants (data not shown). To increase coverage and 

quantification accuracy, we implemented digestion with multiple proteases and a targeted MS 

acquisition method. The library of protein variants was first assessed for coverage using trypsin 

digestion, and 7 out of 13 variants were reproducibly detected. Detection of additional variants 
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was achieved using chymotrypsin (two variants) and LysC (none). The utility of LysC was to 

improve the detection of E388K. However, this proved difficult.  Therefore, using these three 

digestion enzymes we could detect 9 out of the 13 total variants. We used a combination of DDA 

and targeted methods to identify the most intense and reproducible peptide precursors and 

fragment ions for each variant. While G330R, D263G, and D263Y should theoretically generate 

detectable peptides by chymotrypsin digestion, those peptides were not confidently identified 

despite targeting multiple charge states. We moved forward with the nine detectable variants for 

all further analyses.  

Given the successful identification of 9 out of 13 variant peptides in our library, we 

combined peptides after digestion with each of the enzymes (trypsin, LysC, or chymotrypsin). 

Quenched digests were mixed together and measured as a single MS sample, which enabled the 

detection of nine mutant peptides. While our approach allows us to measure many variants, we 

are unable to report for the wild-type protein as all the peptides are shared across all variants. In 

future studies, we propose to include measurements of the wild type protein by spiking in 

isotopically labelled wild-type protein. 

2.3.2 Implementation of a targeted MS acquisition method for the analysis of 
variants in pooled biochemical assays. 

 

We applied isobaric labelling with tandem mass tags (TMT) to multiplex the 

measurement of variants across multiple conditions as required by the biochemical assays 

(temperatures, replicates, buffers) in a single run.  Mass spectrometry analysis with the 

commonly used TMT-MS3 acquisition method for TMT-tagged peptides(Erickson et al., 2017; 

McAlister et al., 2014) (Supplementary Figure A1) failed to detect most of the PGM1 variant 
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peptides (Supplemental Figure A2). This failure could be due to the extremely low abundance of 

variant peptides relative to their wild-type counterparts. Previous work has shown that the 

improved sensitivity of targeted MS methods can also be applied to TMT-labeled 

peptides(Erickson et al., 2017); (Yu et al., 2023). As we were successful with most variants using 

a targeted assay, we chose to develop a targeted MS acquisition approach for the TMT-labelled 

variants. This method, which we call Targeted-SPS-MS3 (Supplementary Figure A1), serves as a 

bridge between the sensitivity of PRM methods and the multiplexed quantification of SPS-MS3 

acquisition methods. Upon comparison, our Targeted-SPS-MS3 method yields far more variant 

peptide scans per run, with significantly less MS2 interference in each isolation, compared to 

conventional SPS-MS3 methods (Supplementary Figure A2).  

2.3.3 Solubility of PGM1 variants 

Once we established the MS acquisition method (Targeted-SPS-MS3), we conducted 

several MS-based biochemical assays on the protein variants. We first assayed variant solubility, 

which serves as a proxy for protein folding and aggregation state, by quantifying the amount of 

soluble protein in various lysis buffers(Györkei et al., 2022; Listwan et al., 2009; Sridharan et al., 

2019). We quantified all nine variants of interest and reported their solubility ratios, which 

represent the relative variant peptide abundance extracted from E. coli under gentle lysis versus 

denaturing conditions (Figure 2-2A). Solubility ratios spanned a range of 0-0.8. We reproducibly 

resolved highly soluble variants (T19A, T115A, G121R) from less soluble variants (N38Y, 

Q41R, E377K, L516P) (Figure 2-2B).  
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FIGURE 2-2. Protein solubility of PGM1 variants. (A) Protein solubility assay workflow. Cells were lysed in 
either a gentle (non-denaturing) lysis buffer to obtain the soluble protein fraction or a denaturing lysis buffer to 
obtain the total protein fraction. Lysates were centrifuged and the abundance of each variant in the supernatant was 
measured by MS. A solubility ratio was calculated based on the abundance of each variant in the gentle lysis buffer 
relative to the denaturing lysis buffer. (B) Benchmarking pooled MS assay against a purified protein assay (Lee et 
al., 2014) to assess the solubility of 13 PGM1 variants. In our study, a pool of E. coli each expressing a different 
PGM1 variant was lysed in either a proprietary native buffer (BPER; green) or a PBS-based native buffer (blue). We 
conducted three replicates and represented the top 3 most intense scans for each peptide variant as data points. (C) 
Scatter plot comparing average PGM1 variant solubility measurements in our study by MS (y-axis) and an 
SDS-PAGE-based assay on purified variants (x-axis) by (Lee et al., 2014). Both assays were performed using BPER 
buffer.  

We compared our MS solubility results to previously published measurements from Lee 

et al. (2014). In that study each PGM1 variant was extracted in the same BPER buffer, but the 

relative abundance of the soluble and insoluble fractions were determined using SDS-PAGE and 

densitometry. Our results showed high correlation with these previously published data (Figure 

2-2C, Spearman correlation R = 0.93).  However, our MS-based method provided greater 

resolution of solubility values. This increase in resolution is expected given the higher 

quantitative capability of mass spectrometry compared to gel band densitometry.  

Next, we wanted to explore how the buffer composition affects solubility. Given that the 

BPER non-denaturing buffer composition is proprietary, we performed the same solubility assay 

in a PBS-based lysis buffer with a defined composition referred to as ‘native lysis buffer’ (Figure 

2-2B). The variant with a glutamic acid to lysine mutation had dramatically lower solubility in 

the BPER buffer than the native lysis buffer (E337KBPER= 0.11, E377KNative = 0.40). It is possible 
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that the native buffer mitigates the effects of the charge switch in the active site, whereas BPER 

does not, resulting in higher variant solubilities. Without knowing the BPER composition, it is 

difficult to speculate how solubility is differentially affected in these buffers. Taken together, our 

findings illustrate that additional information can be gathered by assaying protein variants in 

multiple buffer conditions.  

2.3.5 Thermal stability of PGM1 variants  

Next, we measured the thermal stability of each variant using the thermal proteome 

profiling method(Savitski et al., 2014) as another dimension of protein stability. The method 

measured the extent to which heat treatment causes individual proteins to unfold and precipitate 

out of solution. Lysate from a pool of E. coli expressing PGM1 variants was heated to a range of 

commonly used temperatures (Figure 2-3A). We then separated the soluble protein fraction, 

quantified the abundance of each variant at each temperature condition, and constructed 

sigmoidal melting curves(Franken et al., 2015). We determined the melting temperature (Tm) for 

each variant, defined as the temperature at which 50% of the variant protein is soluble. 
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FIGURE 2-3. Protein thermal stability of PGM1 variants. (A) Workflow for characterizing thermal solubility of 
protein variants. Lysate from the variant library was diluted to 2.5 mg/mL and aliquoted into ten tubes, each 
subjected to a different temperature for five minutes. Soluble protein was extracted from each tube and MS was used 
to quantify the variants across the temperature range. Melting temperature (Tm) was determined from melting 
curves as the temperature at which half the protein variant was soluble (as reported by the corresponding variant 
peptide). This assay was performed in triplicate. (B) Thermal stability and change in change in Gibb’s Free Energy 
𝚫𝚫G for protein variants. Tm measurements of pooled PGM1 variants (blue) benchmarked against data from 
thermal denaturation circular dichroism performed on individually purified variants ((Lee et al., 2014); green). For 
each of the three replicates, the top three3 most intense variant scans were selected and are represented as points. 
Predicted 𝚫𝚫G between the unfolded and folded states in the mutant versus wildtype protein (𝚫𝚫GMut→WT) 
calculated using mutfunc(Wagih et al., 2018) (C) Scatter plot comparing average PGM1 variants thermal stability 
measurements from a pooled MS assay (this study) versus those made from individually purified variants measured 
by thermal denaturation circular dichroism (Lee et al., 2014).   (D) Scatterplot comparing the average measurements 
obtained by MS for the thermal stability and solubility assays. 

We obtained Tms for nine out of ten detectable PGM1 variants, from 44°C to 57°C 

(Figure 2-3B). We classified PGM1 variants into three groups according to their thermal 

stability: stable (Tm > 53°C) T19A; moderately stable (Tm between 49°C and 53°C) D62H, 

G121R; and not stable (Tm < 49°C) T115A, N38Y, G291R, Q41R, E377K. Variant L516P 

showed low solubility at room temperature (as shown in the solubility assay, Figure 2-2B). 

One metric commonly used to predict the effect of a point mutation on protein stability is 

the change in the difference of Gibb’s free energy between the unfolded and folded state in the 

wild-type versus the mutant protein (𝚫𝚫GMut→WT). We calculated the 𝚫𝚫GMut→WT of all PGM1 
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variants and found only partial agreement with the previously determined Tms(Lee et al., 2014) 

(Figure 2-3B). This highlights the importance of conducting experimental determinations of 

protein stability to assess variant dysfunction.  

We compared the thermal stability results from our pooled variant MS-based method to 

published data obtained by circular dichroism spectroscopy (CD) on purified variants(Lee et al., 

2014). The relative ranking of variant thermal stabilities was similar between the two methods 

(Spearman correlation r = 0.975, Figure 2-3C). We found that despite the expanded range of 

temperatures used in the CD assay, the reported CD Tms spanned a narrower range (50 to 57°C) 

than obtained with our MS-based assay (44 to 57°C). The differences between the two assays 

may be due to differences in analytical technique, buffer composition, and/or protein 

concentration. 

The MS-based assay was able to better detect difficult-to-purify variants, such as E377K, 

Q41R, and N38Y, which were not measured by CD due to their low expression and propensity to 

aggregate. Furthermore, our MS-based assay differentiated the Tms of several variants, which 

were previously reported to be identical by CD. We speculate the Tm difference between 

methods was due to the addition of 2 mM magnesium in our buffer versus no magnesium in the 

previously reported CD measurements.  

We also observed Tm differences for variants with mutations near the catalytic 

phosphoserine (S117) compared to CD results. We observed a Tm for the G121R variant of 

50.1°C and a Tm for T115A of 48.0°C, while CD measurements reported identical Tms for both 

variants. T115A was shown to have increased structural disorder compared to G121R(Lee et al., 

2014), but the catalytic activity of T115A was only mildly impacted compared to G121R. 
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Without structural data for T115A, it is difficult to pinpoint the structural features responsible for 

the likely differences in thermal stabilities between these variants. We belirve that exploring 

thermal stabilities of variants in buffers with and without PGM1 cofactor (Mg2+) and substrate 

(glucose-1-phosphate) may uncover evidence of dysfunction relating to binding and/or catalysis. 

 As expected, we found good correlation between Tm and solubility  measurements for 

the PGM1 variants (Spearman correlation R = 0.667; Figure 2-3D). However, the observed 

differences for the D62H and G291R variants suggest that the assays can be complementary. The 

D62H variant has moderate thermal stability (TmD62H = 50.2°C), but relatively low solubility 

(SolD62H_BPER = 0.46). Conversely, G291R has moderate solubility (SolG291R_BPER = 0.67), and low 

thermal stability (TmG291R = 46.3°C).  

2.4.6 Application of MS methods to mutational scanning of proteins 

Proteins harbor diverse functions and there are several ways in which a single amino acid 

mutation can alter a protein’s structural and biochemical properties, causing dysfunction. 

MS-based assays afford many improvements to characterize protein variants compared to 

classical biochemical or genomics methods. Compared to biochemical methods, MS allows for 

the simultaneous measurement of an entire variant library without purification. Compared to 

mutational approaches that rely on DNA sequencing, MS-based assays provide a direct readout 

of protein properties and mechanism of dysfunction rather than requiring assays that maintain the 

genotype-phenotype link.  

Even at the scale of nine protein variants, the pooled MS-based method we present here 

offers significant utility compared to classic biochemical assays on individual variants. 

Expression and measurement of variants in a pooled format saves considerable time and money 
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compared to purification. Furthermore, our MS-based assays have higher sensitivity than circular 

dichroism or SDS-PAGE densitometry, so much less material is required. This improved 

sensitivity affords the measurement of poorly soluble proteins that cannot be purified and 

measured by circular dichroism.  Furthermore, by mass spectrometry one can collect many 

measurements of mutant peptides, whereas the previously described low-throughput methods 

take only a single measurement. Together the benefits provide a higher throughput method for 

determining mechanisms of protein variant dysfunction. One could imagine prioritizing variants 

using VAMP-seq(Matreyek et al., 2018) and then running several pools of a dozen variants 

through our MS-based assays.   

Despite the many advantages of MS-based assays for protein mutational scanning, 

considerable challenges remain for wide-scale implementation. Peptides have varying masses, 

charges, cleavage sites, and ionization efficiencies; thus some peptides are not detectable by MS. 

Another challenge that exists in implementing MS-based methods is the low abundance of 

variant peptides compared to the high abundance non-informative backbone peptides. This issue 

escalates with increasing library size and with the use of multiple proteases. For the small variant 

library presented here, we have circumvented this issue by developing a targeted MS acquisition 

method that combines the multiplexed quantification of SPS-MS3 methods with the high 

selectivity and sensitivity of parallel reaction monitoring. Our method works for comparing a 

dozen variants, at a time, and could be used to assay more if the libraries were split into sub 

pools with a bridging channel. This approach would still offer considerable advantage over 

methods requiring protein purification. In order to scale these assays up to hundreds or thousands 

of variants, additional method tailoring would be required.  
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Genetically encoded peptide barcodes called Flycodes(Egloff et al., 2019; Matsuzaki et 

al., 2021) have been used to determine protein binding characteristics in hundreds nanobodies. 

Flycodes aere short peptide sequences with demonstrated detectability in the mass spectrometer 

that ideally do not influence the protein of interest. We envisage that Flycodes could be used to 

assay other properties besides binding, and could be applied to the thermal stability and 

solubility assays described in this paper. These peptide barcodes could also be measured using 

alternative protein sequencing methods(Chinnaraj et al., 2025; Motone et al., 2024). High 

throughput protein-based methods for variant scanning, like those presented in our study, will 

further our understanding of the molecular basis of disease  

 

2.5 Conclusions 
In this study, we demonstrate that pooled MS-based assays for determining protein 

variant solubility and stability provide comparable results to traditional biochemical methods 

without the effort required to purify variants. The exquisite sensitivity of MS enables the 

measurement of unstable and poorly expressed variants that cannot be measured by other 

methods. We demonstrate the utility of protein-centric approaches to study variant effects and 

curtail many bottlenecks in traditional biochemical variant analyses and deep mutational 

scanning. Although additional improvements will be required to implement these methods for 

large libraries of protein variants, our work provides a proof of concept for using MS for variant 

scanning at the protein level. By integrating data from assays that report on different protein 

properties, a more detailed view of the molecular mechanisms underlying the dysfunction of 

disease-associated variants can be obtained. In this regard, high throughput protein assays 

coupled with MS detection are well-positioned as the next frontier in mutational scanning. 
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2.8 Methods  

2.8.1 Library plasmid design  

The plasmid library was ordered from Twist Biosciences in a pET-28a(+) (Novagen) plasmid 

backbone with N-terminal His-tag and a thrombin cleavage site. Codon-optimized PGM1 variant 

sequences were cloned between NdeI and XhoI sites under the control of the T7-lacO promoter.  

2.8.2 Expression of PGM1 mutant library in E. coli 

Expression was carried out as previously described (Lee et al., 2014). The pooled plasmid library 

was transformed into T7 Express lysY competent E. coli (NEB C3010I) using the manufacturer’s 

protocol. Following overnight growth at 37°C, cells were grown to OD600 of 0.6 - 0.8. The 

culture was then cooled to 19°C and PGM1 expression was induced overnight at 220 rpm 

agitation with 0.2 mM IPTG (isopropyl β- d-1-thiogalactopyranoside). Cells were split into 25 

mL (5.6 mg dry) or 50 mL (11.2mg dry) aliquots and centrifuged for 10 mins at 7200 x g, rinsed 

with ice-cold PBS, and pellets were snap-frozen in liquid nitrogen and stored at -80°C.   

2.8.3 Solubility assay 

One E. coli pellet expressing PGM1 library (5.6 mg) was thawed on ice and resuspended in 100 

μL of either native buffer, denaturing buffer, or BPER buffer (ThermoFisher Scientific). Buffer 

compositions were as follows: Native buffer (1x phosphate-buffered saline, 0.25x cOmplete™ 
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protease inhibitor cocktail (Roche), 2 mM MgCl2, 50 units/mL benzonase, 0.02 μg/μL 

lysozyme); denaturing buffer (100 mM HEPES, 100 mM NaCl, 8 M urea, 2 mM MgCl2, 0.25x 

cOmplete™ protease inhibitor cocktail (Roche), 50 units/mL benzonase, 0.02 μg/μL lysozyme); 

BPER buffer (ThermoFisher Scientific), 0.25x cOmplete™ protease inhibitor cocktail (Roche), 2 

mM MgCl2, 50 units/mL benzonase, 0.02 μg/μL lysozyme). Resuspended pellets were split into 

three replicates and buffer was added to each for a total volume of 500 μL per replicate. For the 

lysis with BPER, the cell suspension was pipetted until homogenous and incubated for 10 min at 

room temperature, lysates were clarified by centrifugation at 15,000 x g for 5 min at 4°C, and 

450 μL of supernatant was recovered. For the native and denaturing lysis, samples were 

thoroughly vortexed and nutated at room temperature for 20 min,  before cells were lysed on wet 

ice using sonication at 30% power for eight rounds of 30 seconds, with 30 seconds of rest in 

between. Lysates were clarified by centrifugation at 15,000 x g for 5 min at 4°C and 450 μL of 

supernatant was recovered. In order to have uniform buffer composition for digestion, each 

lysate was diluted with equal parts of the other two lysis buffers (without benzonase and 

lysozyme) and quantified using the Pierce™ BCA protein assay (ThermoFisher Scientific). 

Equal volumes of protein were digested for each replicate and buffer condition.  

2.8.4 Thermal stability assay 

E. coli expressing PGM1 library pellet (11.2mg) was thawed on ice and resuspended in 1 mL of 

native lysis buffer (1x phosphate-buffered saline, 0.25x cOmplete™protease inhibitor cocktail 

(Roche), 2 mM MgCl2, 0.02 μg/μL lysozyme). Lysis was carried out in bulk, samples were 

thoroughly vortexed and nutated at room temperature for 20 min. Cells were lysed on wet ice 

using sonication at 20% power for ten rounds of 30 seconds, with 30 seconds rest in between. 

Lysates were clarified by centrifugation at 15,000 x g for 10 min at 4°C. Samples were split into 
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three replicates and kept on ice while protein quantification was performed using Pierce™ BCA 

protein assay Kit (ThermoFisher Scientific). The lysate was diluted in native lysis buffer to 2.5 

μg/μL. TPP sample preparation was similar to the previously described method (Savitski et al., 

2014). For each of the three technical replicates, 100 μL of 2.5 μg/μL lysate was added to ten 

PCR tubes on ice. Samples were pre-equilibrated at 37°C for 5 min. Lysates were treated for 5 

min at the following temperatures: 37.0°C, 37.7°C, 39.5°C, 42.4°C, 46.3°C, 50.1°C, 53.8°C, 

57.6°C, 61.5°C, and 64.4°C. Following temperature treatment, samples were incubated for 5 min 

at 25°C. Soluble protein extraction was performed by centrifuging PCR tubes at 21,000 x g for 

30 min at 4°C. The soluble portion was recovered from each PCR tube and diluted with an equal 

volume of urea buffer (100 mM HEPES, 100 mM NaCl, 8 M urea, 2 mM MgCl2,).  An extra 

control channel, which was subjected to the lowest temperature treatment (37°C) was used for 

protein quantification using the Pierce™ BCA protein assay kit.  

2.8.5 Proteomic sample preparation 

2.8.5.1 Reduction and Alkylation 

Following solubility and thermal stability assays, all lysate samples were reduced with 

dithiothreitol (DTT; 5 mM final concentration) at 55°C for 30 min with agitation at 300 rpm and 

subsequently alkylated with iodoacetamide (final concentration 15 mM) at RT in the dark for 30 

min without agitation. Alkylation was quenched with an additional 5 mM DTT and incubated for 

30 min at room temperature with agitation at 300 rpm.  
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2.8.5.2 Desalting and Digestion 

Reduced and alkylated lysates were split into three before digestion and cleanup. Solubility 

samples were desalted by the manual SP3 method(Hughes et al., 2019). Thermal stability 

samples were cleaned up and digested with an automated implementation of the SP3 

protocol(Leutert et al., 2019). Samples were split in thirds for three separate digestions by 

different enzymes. Digestion occurred in 50 mM HEPES at a ratio of 1:25 enzyme to protein (by 

mass) using either trypsin (Promega), LysC (Wako Chemicals) or chymotrypsin (Promega) for 4 

hours at 37°C. Digestions were quenched by acidification, and peptides were dried and stored at 

-20°C.  

2.8.5.3 TMT labelling and MCX cleanup 

For each condition and replicate, 10 μg of dried peptides were resuspended in 30% ACN and 

labelled with 80 μg of TMT11plex (ThermoFisher), as per manufacturer's instructions. The TMT 

labelling scheme for both assays can be found in Supplementary Table Ai. Labelling was 

quenched with hydroxylamine to a final concentration 1.25%, dried and frozen. Samples were 

resuspended in 0.1% TFA, and cleaned up using mixed-mode cation exchange material on stage 

tips(Ishihama et al., 2006).  Briefly, 20 μL pipette tips were packed with eight cookies of 

Empore™ polystyrene-divinylbenzene, reversed-phase sulfonate solid phase extraction discs 

(3M). Tips were conditioned with 30 μL of each: 100% ethanol; 100% acetonitrile (ACN); 75% 

ACN, 5% NH4OH; 75% ACN, 1% AcOH, 0.1% trifluoroacetic acid (TFA). After adding the 

solution, tips were centrifuged at 420 x g until only a small amount of liquid remained above the 

cookies. Dried TMT-labelled peptides (10 μg) were resuspended in 100 μL 4% formic acid, 3% 

ACN and added to the tips. Tips were washed twice with 120 μL of 0.1% TFA, followed by two 
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washes with 60 μL of 75% ACN-AcOH. Peptides were eluted with 60 μL 75% ACN, 5% 

NH4OH and dried. Labelling efficiency was determined to be > 98%. 

2.8.6 LC-MS/MS analysis of peptides 

Dried peptides were resuspended in 4% formic acid (FA), and 3% ACN to a concentration of 0.5 

μg/μL. Samples were measured on an Orbitrap Eclipse (ThermoFisher Scientific) tribrid mass 

spectrometer with an in-line EASY-nLC™ 1200 System (ThermoFisher Scientific) fitted with a 

100 μm ID × 3 cm precolumn packed with Reprosil C18 3 μm beads (Dr. Maisch GmbH) and a 

100 μm ID × 30 cm analytical column packed with Reprosil C18 1.9 μm beads (Dr. Maisch 

GmbH) housed into a column heater set at 50°C. Peptides were separated by reverse-phase 

chromatography at 400 nL/min on a 60 min gradient with the following solvents: A (0.1% FA), 

B (0.1% FA, 80% ACN): 0-2 min 3-13% B; 2-34 min 13-30% B; 34-42 min 30-50% B; 42-44 

min 50-90% B;  44-49 min 90% B; 49-50 min 90-3% B; 50-60 min 3%B.  

2.8.7 SPS-MS3 acquisition 

Standard SPS-MS3 acquisition was adapted from(McAlister et al., 2014) and employed a 

high-resolution MS1 scan in the orbitrap, followed by MS2 in the ion trap and high-resolution 

MS3 scans of selected precursors in the orbitrap. Acquisition starts with a full MS1 scan on the 

Orbitrap (scan range 400–1600 m/z; resolution 120,000; 100% Standardized AGC target 4 × 105; 

and maximum injection time 50 ms). We used dynamic exclusion of 30 sec and cycle time of 3 

sec. The MS2 consisted of collision-induced dissociation (CID); fragmentation-based quadrupole 

ion trap analysis; scan speed Rapid; 100% Normalized AGC target 1 × 104; isolation window 0.7 

m/z; NCE 36% with fixed mode; and maximum injection time of 50 ms. Synchronous precursor 

isolation of the most intense MS2 ions was carried out and an MS3 scan with high collision 

41 

https://paperpile.com/c/zOoqRR/twzyl


dissociation (HCD) fragmentation was analyzed in the Orbitrap (resolution 30,000; 2 m/z 

isolation window, mass range 100–500 m/z; 100% Normalized AGC target 5 × 104;  NCE 55%; 

and auto injection time setting; and maximum number of SPS ions 10).  

2.8.8 Targeted-SPS-MS3 acquisition  

Our Targeted-SPS-MS3 acquisition method comprises MS1, MS2 and MS3 scans all carried out 

in the Orbitrap mass analyzer and leverages targeted mass inclusion lists for the MS2 and MS3 

scans, as well as a mass trigger list for the MS3 scans to select PGM1 variant peptide precursors. 

The method starts with a full MS1 scan in the Orbitrap (400-1800 m/z; resolution 120,000; 

normalized AGC target 100%, and auto setting for maximum injection time). Using a target mass 

filter in unscheduled mode and 25 ppm mass tolerance, precursors matching our inclusion list 

(see Supplemental Table Aii) were selected and up to 4 precursors per cycle were subjected to 

subsequent MS2 and MS3 data-dependent scans. The MS2 analysis of precursors consisted of 

collision-induced dissociation (CID) (isolation window 0.8 m/z, fixed collision NCE  35%) 

acquired in the Orbitrap (resolution 30,000, 100% normalized ACG target, and automatic 

injection time setting). A mass trigger filter was applied (Supplementary Table Aii) such that 

only precursors that produced diagnostic MS2 fragment ions and a 25 ppm tolerance were 

selected for a subsequent MS3 scan. For these precursors, MS3 scan proceeded by synchronous 

precursor selection of a maximum of 5 fragment ions listed in MS2 targeted mass filter 

(Supplementary Table Aii) (0.8 m/z MS isolation window), HCD fragmentation (NCE 55%), and 

analysis of reporter ions in the Orbitrap (50,000 resolution, scan range 100-500 m/z, normalized 

ACG target 200%, maximum injection time 500 ms). 
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2.8.9 Mass spectrometry data analysis 

Each raw file was searched three times for each of the three proteases: trypsin, LysC and 

chymotrypsin. All MS data were searched using Comet version 2019.01.2(Eng et al., 2013, 

2015) against the  E. coli K12 protein sequence database with PGM1 added (wild type sequence 

and thirteen additional entries containing each single amino acid variant). Comet parameters for 

all searches included 50 ppm precursor mass tolerance, 2 allowed missed cleavages, fragment 

bin tolerance 0.02 Da, digest mass range 600-5000 m/z, maximum precursor charge 6, maximum 

fragment charge 5, variable methionine oxidation modification, constant modifications of 

cysteine carbamidomethyl, TMT11 n-terminal, and TMT11-lysine. Reporter ion intensities were 

processed using IsobaricQuant(Hogrebe et al., 2022) with the following parameters: 

most_intense ion for search method, search.ppm 20ppm, search.ppm.1 20ppm, search.ppm.2 

20ppm, precSignalWindow 1, ms2 precursor window 2.5, ms1 depth search 10, topX 10.  

2.8.10 Bioinformatics  

2.8.10.1 General 

Bioinformatic analyses were performed using R (version 4.1.1 2021-08-10). Hinges on boxplots 

correspond to the first and third quartiles, whiskers correspond to 1.5 IQR.    

2.8.10.2 Solubility Analysis 

For solubility samples, data were filtered (precursor mass error 1 < PPM < 11 based on 

instrument performance, Comet (XCorr >= 1, msnTotalSignal(MS3)>= 10,000, 

totalSignalSPSWind >= 100,000, expect < 0.01). Normalization was performed to correct for any 

variability in starting sample amounts for replicates in the same solubility buffer. Normalization 
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factors were calculated from runs with the SPS-MS3 method, by dividing the total TMT reporter 

intensity measured at the MS3 for all peptide spectral matches assigned to E. coli proteins for 

each replicate by the mean of the total reporter intensity for all replicates of the same buffer. For 

each variant, solubility ratios were calculated using the top 3 most intense MS3 scans. Solubility 

ratios for the given variant peptide were calculated as the reporter ion intensity in a given 

replicate divided by the mean reporter ion intensity in the three denaturing samples.   

2.8.10.3 Thermal Stability Analysis 

This data consisted of three separate MS runs, each run was a replicate of a TPP melting 

experiment. For TPP samples, data were filtered as follows: precursor mass error based on 

instrument performance (1 < PPM < 11); IsobaricQuant(totalSignalSPSWind >= 5,000, TMT126 

channel (37.0°C) MS3 intensity > 0). Peptide intensity was not normalized between replicates. 

For each variant, the top 3 most intense MS3 scans were used for melting temperature 

determination in each replicate. Unlike conventional TPP data processing, the PSM intensities 

for a given replicate were not summed prior to curve fitting - each curve represents a single MS3 

scan. Melting curves and Tms were calculated using the Bioconductor TPP package (Childs et 

al., 2020). The analyzeTPPTP function was used to generate Tms (method = meltcurvefit, 

normalize=FALSE, startPars (Pl = 0, a=550, b=10), splineDF(3:7)). Melting curves were filtered 

to have r_sq > 0.75.  

2.8.10.4 Prediction of protein stability 

Values for 𝚫𝚫GMut→WT  also called DDG were calculated using the mutfunct tool(Wagih et al., 

2018) on PGM1-1 structure (UniProt ID: P36871).  
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CHAPTER 3. PHOSPHORYLATION IN STRESS RESPONSE 

3.1 Abstract 

To understand stress-type specific phosphosignalling, we measured the proteome and 

phosphoproteome of SGs under diverse stress conditions in human osteosarcoma (U-2 OS) 

engineered cell line with a GFP-fused stress granule marker, Ras GTPase-activating 

protein-binding protein 1 (G3BP1). Using mass spectrometry, we quantified stress-specific 

changes to the total proteome and phosphoproteome in response to oxidative stress (sodium 

arsenite), osmotic stress (sorbitol), and heat stress in six biological replicates per condition. 

Comparing regulated phosphosites reported in the literature with our data confirmed several 

expected phosphorylation events. Moreover, we identified 158 candidate phosphosites on 

proteins that potentially localize to SGs and may be involved in SG regulation. These data serve 

as a foundation for further investigation and understanding of SG biology.  

 

3.2 Introduction  

Phosphorylation is a post-translational modification critical for normal cellular processes, 

the propagation of signals through cells, and responses to the environment. Phosphorylation is a 

reversible process and serves as a dynamic way for proteins to rapidly respond to stimuli. While 

phosphorylation is critical for normal cellular processing, aberrant phosphorylation can 

contribute to disease. A deep understanding of signalling and phosphorylation in health and 

disease creates avenues for developing new therapeutics. Unfortunately, despite the importance 

of phosphorylation, less than 0.1% of all reported phosphosites have annotated 

functions(Needham et al., 2019).  
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Responding to stress is a normal part of cellular functioning. Prolonged stress exposure, 

however, can lead to cellular death and contribute to disease. We decided to investigate the 

proteome and phosphoproteome response to three types of stresses: osmotic stress, heat stress, 

and oxidative stress. These types of stressors are physiologically relevant cellular states.  

Hyperosmotic stress (henceforth called osmotic stress) occurs when an osmolyte or solute 

concentration is higher extracellularly than intracellularly. If the solute is membrane 

impermeable, the cell shrinks as water fluxes out to increase intracellular solute 

concentration(Reinehr & Häussinger, 2006). Shrinkage causes mechanical stress on the 

cytoskeleton of the cell, and the cell upregulates genes involved in the synthesis and transport of 

osmolytes. Cells also respond by upregulating growth arrest and DNA damage (GADD) genes, 

p53, and pro-inflammatory cytokines(Brocker et al., 2012).  Transcription, translation and the 

cell cycle are also arrested. Renal and gastrointestinal cells have adapted to dramatic fluctuations 

in osmotic pressures. However, many other types of cells are susceptible to osmotic stress during 

inflammation and in numerous disease conditions (encephalopathy, diabetes, hypernatremia 

etc.(Brusilow & Cooper, 2011; Neuhofer, 2010).  

Oxidative stress occurs when reactive oxygen species (ROS) accumulate inside the cell. 

While cells have mechanisms to tolerate low levels of ROS generated as byproducts of 

enzymatic processes, high levels of ROS can damage nucleic acids, amino acids, and cellular 

structures(Pizzino et al., 2017) and cause disease. Unchecked oxidative stress is causative of 

cancers and numerous cardiovascular, neurological, respiratory, and renal diseases.  

Under stress conditions, cytosolic proteins and RNA condense to form membrane-less 

organelles called stress granules. SG formation  is a reversible process whereby proteins and 

mRNA dissolve upon removal of the stressor (Figure 1A, schematic of SG formation). The 
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formation of stress granules benefits cells as they protect RNA and proteins from degradation, 

alter RNA processing, and disrupt cellular signalling. Dysfunction of stress granule formation/ 

dissolution can contribute to the pathology of several neurodegenerative diseases and cancer and 

can even be exploited by viruses for infection.  

The identity of protein and RNA components within SGs is stress–type specific(Advani 

& Ivanov, 2020; Hofmann et al., 2021; Kedersha et al., 2005), leading to different SG subtypes. 

While mechanisms of initiation and disassembly/ resolution for different subtypes and some core 

shared proteins are known, the identity of protein components between stress granule subtypes is 

largely unexplored(Advani & Ivanov, 2020). Even if SGs contain similar proteins, they may 

differ in proteoforms, that is, the combination of post-translational modifications on the protein. 

PTMs such as acetylation, methylation, ADP ribosylation, ubiquitination and phosphorylation 

have been identified in SGs(Hofweber & Dormann, 2019). Ubiquitination has been the most 

heavily studied of PTMs in SG. U2 OS cells were shown to have stress-specific ubiquitination 

signatures, and ubiquitination is critical for priming cells to recover from heat stress(Gwon et al., 

2021; Maxwell et al., 2021; Pan et al., 2024). Phosphorylation, while being the most common 

cellular PTM, has been relatively understudied in SGs.  

Given that several kinases and phosphorylation sites are implicated in SG biogenesis, that 

SGs are hypothesized to disrupt canonical signalling pathways(Kedersha et al., 2013), and the 

timescale of phosphorylation aligns with that of SG formation, we predict that phosphorylation is 

much more prevalent in SGs than previously reported. Identifying proteins (and phosphorylation) 

in SGs has historically been challenging for several reasons. First, SGs are highly dynamic and 

stress-type specific, so it is critical that no method introduces additional cellular stress and 

confounds results. Reagents commonly used for cross-linking (formaldehyde) and ascorbate 
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peroxidase proximity labelling (hydrogen peroxide) can induce a stress response. Secondly, SGs 

are hard to isolate because they are membraneless. The cellular context and concentration are 

critical to SG composition. Therefore, one cannot use lysate-based fractionation or affinity 

purification methods. Despite these potentially confounding stress effects, labs have used 

cross-linking and oxidation-dependent proximity labelling approaches (APEX). To circumvent 

these issues, other labs have employed proximity BioID, TurboID, miniTurboID, and 

uMAP(Dionne & Gingras, 2022; Pan et al., 2024; Schreiber et al., 2024) to identify SG 

components. Lastly, phosphorylated peptides have relatively low abundance compared to the rest 

of the proteome and are hard to detect by MS without enrichment. Previous examination of SG 

PTMs has been site-specific, and thus required prior knowledge of sites to be measured. 

Fluorescence microscopy has been the primary interrogation method, but it is limited by the 

availability of PTM-specific antibodies and multiplexing capacity.   

In this study, we present data on the stress response in cells under oxidative (sodium 

arsenite), heat (42℃), and hyperosmotic (sorbitol) stress conditions. First, we present global 

differences in phosphorylation under different stress conditions to identify shared and 

stress-specific responses. Second, we use publicly available SG databases and datasets to identify 

phosphorylation sites on proteins that localize to stress granules. Third, using computational 

prediction scores, we predict whether these candidate SG phosphosites would alter phase 

separation behaviour or whether they may just be signalling proteins sequestered into SGs 

without a biophysical role in SG formation/ dissolution. These data provide a resource for 

phosphorylation sites that could potentially localize to SGs and can be used for follow-up studies 

using proximity-labelling techniques.  
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3.3 Results & Discussion 

3.3.1 Experimental overview 

We first examined the difference between stress response types in the global 

phosphoproteome (Figure 3-1a) in human osteosarcoma (U-2 OS) cells expressing a core stress 

granule marker protein, G3BP1, fused to GFP (Gwon et al., 2021). Cells were exposed to either 

oxidative stress (0.5 mM sodium arsenite), heat stress (42⁰C), hyperosmotic stress (0.4 M 

sorbitol) or control conditions for one hour. Live cell imaging confirmed the formation of SGs in 

stress conditions. Samples were harvested,  digested and split into samples bound for whole 

proteome or phosphopeptide sample preparation before acquisition by mass spectrometry. 

From these data, we quantified over seven thousand phosphosites in each treatment 

condition  (Figure 3-1b). The vast majority of identified phosphosites were localized to serine 

(>75%), a small portion on threonine (~17%), with very few sites on tyrosine (< 8%) (Figure 

3-1c). This distribution is consistent with what has been previously reported for ratios of 

phosphoserine, phosphothreonine and phosphotyrosine using metal affinity phosphopeptide 

enrichment(Khoury et al., 2011).  

We were interested in identifying phosphorylation events involved in response to stress. 

The regulation was calculated using the phosphosite abundance fold change normalized to the 

corresponding protein-level fold change. Here, we report more than 300 significantly regulated 

phosphosites per stress type (Figure 3-1d). Strikingly, arsenite stress mostly up-regulates 

phosphosites, whereas heat and sorbitol stress up and down-regulate phosphosites. Mechanisms 

to explain these differences in directionality response remain unclear.  

 

49 

https://paperpile.com/c/zOoqRR/Leu8m
https://paperpile.com/c/zOoqRR/6IVuC


 

FIGURE 3-1. Proteomics and phosphoproteomics of U-2 OS cells under various stress conditions. (A) 
Experimental workflow for investigating the phosphorylation response in U-2 OS cells to osmotic (200mM 
sorbitol), oxidative (0.5mM sodium arsenite), and heat stress (42℃). (B) Identifications from global proteome and 
phosphoproteome experiments. (C) Distribution of phosphorylated residues identified in each condition. (D)  
Significantly regulated phosphoPeptide isoforms identified in each stress condition relative to control.   

3.3.2 Shared and stress-type specific phosphorylation responses 

To understand differences in stress-type phosphorylation responses, we performed 

hierarchical clustering of all observed phosphosites (Figure 3-2a). Three clusters (6, 13, and 17) 

are highlighted for further analysis to determine phospho-regulation distinct to specific stresses 

and regulation that are shared in all stress conditions. Distributions of z-scores across sample 

types were visualized in line plots and coloured by distance from the cluster centre (Figure 3-2b). 

This patterning shows that phosphosites in cluster 6 are part of a shared stress response, indicated 

by an increase in abundance in all stresses compared to the control.  

To dig deeper into phosphorylation differences between shared and stress-type-specific 

responses, we performed Fisher exact tests on the enrichment of Kyoto Encyclopedia of Genes 

and Genomes (KEGG) pathways and gene ontology (GO) term enrichment (cellular 

compartment, biological processes and molecular functions) (Figure 3-2c).  
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Figure 3-2. Overview of phosphorylation response to stress (A) Heatmap of phosphosites observed in all 
conditions. Phosphosites were row-normalized and z-score is displayed. Clustering was performed by *euclidean 
distance, with defined 21 clusters. (B) Line plot of relative z-scores for designated clusters, lines coloured by 
distance from centre value. (C) Enrichment of Gene Ontology annotations in designated clusters. Significance cutoff 
B-H FDR < 0.05 (D) Boxplots displaying log2 phosphosite intensities observed in different stress conditions. 
Protein names are designated in the grey bolded header.   

Cluster 6, which is composed of phosphosites that increase in abundance to all stresses, is 

enriched for phosphosites on proteins involved in mRNA processing and metabolic processes, 

locomotion, cell junctions and adhesions. Stress-specific phosphorylation responses were 

observed in clusters 13 and 17. Phosphosites in cluster 13 decrease in abundance in response to 

sorbitol stress only. Enrichment in KEGG pathways involved in purine and pyrimidine 

metabolism are consistent with reported regulation of osmolyte synthesis in osmotic 

stress(Brocker et al., 2012). Enrichment of sites on proteins involved in transcription and 

translation is also expected given that osmotic stress halts both processes. 

Phosphosites in cluster 17 increase in abundance in response to arsenite stress only and 

are enriched for phosphosites on proteins involved in organellar fission. This is consistent with 

reported reduction of mitochondrial biogenesis (fission and fusion) in response to oxidative 
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stress(Iqbal & Hood, 2014). This cluster is also enriched for phosphosites on proteins related to 

DNA ligation and cell cycle, both anticipated outcomes of DNA damage from oxidative 

stress(Mladenov et al., 2016; Young & Woodside, 2001).  

In addition to recognizing gene ontologies shared between stress responses, we were 

interested in identifying regulation at the phosphosite-level, both novel and expected sites. First, 

we examined phosphosites that were previously annotated in stress response pathways. Examples 

of significantly regulated phosphosites representative of each cluster are shown in Figure 3-2d. 

An example of a phosphosite with a shared stress response from cluster 6 is phosphorylation at 

Ser-82 (pSer-82) in heat shock protein 27 (HSP27, also known as heat shock protein beta-1 

HSPB1). HSP27 is a molecular chaperone involved in stress response(Almeida-Souza et al., 

2010), cytoskeletal dynamics, and differentiation.  In response to stress, phosphorylation of 

HSP27 at Ser82 by MAPKAPK2/3/5 occurs, resulting in reduced oligomerization size of 

HSP27(Gurgis et al., 2014), and decreased chaperone function. We observe a significant, 

regulated increase in pSer-82 on HSP27 in all stress conditions. This is consistent with 

previously reported phosphorylation analysis showing an increase in pSer82 in response to 

sorbitol (Boyd et al., 2023), heat (Landry et al., 1992; Reinhardt et al., 2007), and 

arsenite(Landry et al., 1992; Vertii et al., 2006). Together these data show that the general stress 

induces phosphorylation response in our experiment aligns with previous reports. In cluster 13 

(Figure 3-2d), there is a decrease in phosphorylation in response to sorbitol stress. An example of 

this is at position pSer-255 in heat shock protein HSP 90-beta (HSP90 also known as 

HSBP90AB1). In response to sorbitol stress, we observed a significant negative regulation of 

pSer-255 in HSP90. Weidenauer and Quadroni (2021) showed that the pSer-255 site alters 

interaction partners, secretion and conformation(Weidenauer & Quadroni, 2021). Their data also 
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show that the pSer-255 site is not regulated in response to heat or oxidative stress conditions. In 

cluster 17, we observe an expected and arsenite-specific upregulation of phosphosites pSer-403 

and pSer-404 in lamin A (LMNA). Lamin A proteins provide structural support within the 

nucleus by forming intermediate filaments(Shimi & Goldman, 2014). This is a regulatory site 

that Akt1 phosphorylates in mature lamin A or by PKC in prelamin. Upregulation seen in 

pSer-404 is known to be a regulatory site linked to oxidative stress and impacts protein 

degradation and inhibit transcription(Shimi & Goldman, 2014). We demonstrated that we see 

expected results for key regulatory sites involved in stress-specific responses.  

3.3.2 Phosphorylation sites on proteins known to localize to stress granules 

Many kinases have been shown to be involved in SG dynamics(Krisenko et al., 2015; Li 

et al., 2020; Wippich et al., 2013), further suggesting the importance of phosphorylation in SGs. 

Examples include is the phosphorylation of elongation initiation factor 4 alpha (eIF4𝛂), which 

drives the formation of non-canonical pre-initiation complexes leading to the formation of 

SGs(Panas et al., 2016) and dual specificity tyrosine-phosphorylation-regulated kinase 3 

(DYRK3) which is necessary for stress granule disassembly(Wippich et al., 2013). However, to 

our knowledge, no one has done a large-scale analysis of phosphorylation in SGs. Towards this 

end, we endeavoured to build a list of phosphosites on proteins that localize to SGs to serve as a 

foundation for further experiments using proximity labelling or localization techniques. .  

SG formation was confirmed by fluorescence microscopy (Figure 3-3a), by the 

appearance of G3BP1-GFP condensation consistent with SG formation. While SG formation via 

p-eIF2alpha - dependent mechanisms occurs for both arsenite and heat shock stress, we observe 

visually distinct SG phenotypes (size and number of granules), which, at minimum, suggest 

differences in coarsening rates between stresses or potentially protein/proteoform-level 
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differences. We observed no granules in the control conditions but did observe granules in the 

oxidative, osmotic and heat stress conditions. Interestingly, we saw a difference in size and 

number of granules between conditions. Where osmotic stress had the greatest number of 

granules, but they were all quite small. Temporal dynamics of stress granule formation could be 

explored using live cell imaging to quantify SGs over time.  

Figure 3-3. Phosphorylation in proteins known to localize to stress granules (A) schematic showing how 
phosphorylation may disrupt or promote interactions required for liquid-liquid phase separation. (B) Imaging of U-2 
OS cells expressing G3BP1-GFP. Cells were stressed for one hour, and GFP channel and brighfield images are 
overlaid. (C)  Predicted functional score of phosphorylation sets subsetted by regulation and whether sites occur on 
proteins that localize to SGs. (D)  Residue-level disorder score of phosphorylation sites subsetted by direction of 
regulation and protein annotations in the SG database. (D)  Boxplots displaying log2 phosphosite intensities 
observed in different stress conditions. 
 

Our data thus far has examined stress responses across the cell. To investigate 

phosphorylation sites that could be involved in stress granules, we filtered our data using a subset 

from the RNA granule database(Millar et al., 2023; Youn et al., 2019). We used a database of 

284 proteins of tier 1 database hits that have been identified by colocalization studies in stress 

granules. In this study we identified 680 unique phosphosites on 120 proteins known to be in 
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stress granules. We utilized a phosphosite functional score prediction(Ochoa et al., 2020) that 

was developed using machine learning on over six thousand proteomics datasets. In running the 

score prediction against sites identified in our data, we found that phosphosites that are regulated 

and belong to proteins found in stress granules have higher predicted function than unregulated 

sites in SGs and within the whole cell (Fig 3-3b). These data suggest that many sites within stress 

granules warrant further investigation as they may contribute to SG biogenesis or disruptions of 

signalling cascades by sequestration of phosphoproteins in SGs.  

We found several interesting examples of phosphorylation sites on proteins that localize 

to SGs (Supplemental Table B-i). An example in our list of potential SG phosphosites is 

eukaryotic translation initiation factor 4B (EIF4B) (Fig 3-3c). EIF4B is a component of the 

translation initiation complex and is necessary for mRNA to bind to ribosomes. Phosphorylation 

at Ser-406 and Thr-420 by RPS6KA1/2 increases affinity for EIF3 and contributes to the 

formation of the translation initiation complex(Ali et al., 2022). We see an increase in pSer-418 

in arsenite conditions and a decrease in sorbitol. This sorbitol-specific signature is not surprising, 

given that others have shown that stress granule formation from osmotic stress proceeds through 

the EIF4(Hofmann et al., 2021).  

Ubiquitin carboxyl-terminal hydrolase 10 (USP10) is an important deubiquitinase. In 

some stress conditions, it condenses with G3BP(Kedersha et al., 2016). We observe 

stress-specific phosphorylation on Ser-218 (Figure 3-3d) (a significant decrease in heat only) and 

on Ser-226 (a significant up-regulation in heat and arsenite conditions). These sites do not have 

an annotated function, but they could be responsible for stress type differences in SG biogenesis. 

It must be noted that the database of SG proteins we used consists primarily of stress 

granules induced by oxidative stress. Given that the SG composition differs between stresses it is 
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possible that we are biased against proteins that uniquely localize to osmotic shock SGs or heat 

shock SGs. Another phosphoprotein of note is eukaryotic translation initiation factor 4E-binding 

protein 1 (EIF4EBP1). This protein is not listed in the SG database, but it is of particular interest 

due to its role in translation initiation. Phosphorylation of EIF4EBP1 reverses the repression of 

translation initiation(Patel et al., 2002). Interestingly, we see a downregulation of 

phosphorylation at Ser65 (by DYRK2, MAPK1, MAPK3 and MTOR) and Thr-70 (by MTOR), 

key sites that impact translation initiation, in all conditions. In our data (Fig 3-3e), sorbitol has 

the greatest downregulation at these sites, indicating that translation initiation may be more 

inhibited in sorbitol compared to other stresses. When not phosphorylated, it is ubiquitinated, 

leading to degradation.  We note that we observe three significantly regulated phosphosites on 

proteins that localize to SGs which have not been reported previously (not in PhosphoSitePlus). 

They are as follows: (GENE_psite; ATXN2L_pS485, BAG3_pT307, NUP98_pS705). 

3.4 Conclusion 

​ In this study, we provided a list of candidate phosphosites that may localize to 

stress granules. There are caveats to these predicted sites, as they are biased towards proteins that 

localize to oxidative SGs. It is quite likely that we are missing many proteins that are only 

localised to SGs in heat or osmotic conditions. Furthermore, we identified sites on proteins that 

localize the SGs, but we cannot determine from this data whether the phosphorylated form 

actually partitions into granules. This is particularly important as phosphorylation is known to 

alter protein subcellular localization. The next step towards elucidating the SG phosphoproteome 

will be to perform proximity labelling experiment, with miniTurboID fused to G3BP1, a core SG 

marker protein. Prey protein pulldown can then be split for proteome and phosphoproteome 

enrichment. These data will result in a resource detailing the proteome and phosphoproteome in 
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SG composition in multiple stresses. From there we suggest performing phosphopeptide 

enrichment on proximity labelled SGs in various conditions to confidently localize sites. Kinase 

inhibitor assays and phosphomimetic could then be used to determine if the phosphosite is acting 

functionally in SG biogenesis.  
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3.5 Methods 

3.5.1 Tissue culture, stress and harvesting 

We used human osteosarcoma (U-2 OS) cells expressing a core stress granule marker 

protein, G3BP1, fused to GFP (Gwon et al., 2021). I processed 6 biological replicates per stress 

condition. Cells were cultured in 150mM plates at 37⁰C, 5% CO2 in media containing DMEM 

(high glucose, with sodium pyruvate, Gibco) supplemented with 10% fetal bovine serum(Gibco) 

and 50 I.U/mL penicillin-streptomycin (Gibco). Two hours before stress, fresh media was added. 

Cells at ~80% confluence were exposed to either oxidative stress (0.5 mM sodium arsenite), heat 

stress (42⁰C), or hyperosmotic stress (0.4M sorbitol), or control (37⁰C) for one hour. Stressed 

cells were briefly washed with 10mL of Dulbecco’s phosphate-buffered saline and then 

flash-frozen with liquid nitrogen to preserve signalling.  

3.5.2 Imaging 

SG formation was confirmed by live-cell imaging using fluorescence microscopy by the 

appearance of G3BP1-GFP condensation consistent with SG formation. We observed no 

granules in the control conditions but did observe granules in the oxidative, osmotic and heat 

stress conditions. Images were in the GFP channel at 200x magnification and exposed for 8019 

ms. Images were normalized and processed using FIJI software(Schindelin et al., 2012).  
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3.5.3 Proteomic Sample preparation 

3.5.3.1 Lysis 

Frozen 150 mm petri plates containing cells were briefly thawed on ice for 2 min. 500 μL of lysis 

buffer (8M urea; 50 mM HEPES pH 8.0; 75 mM NaCl) was added to each plate prior to scraping 

and transferring to clean eppendorf tubes. plates and cells were collected by scraping on ice.  

Cells were lysed on wet ice using sonication at 30% power for at least five rounds of 30 seconds, 

with 30 seconds of rest in between. Lysates were clarified by centrifugation at 20,000 x g for 10 

min at 15°C. Clarified lysates were diluted with sterile water up to 1mL final volume in order to 

reduce urea concentrations to be compatible with downstream methods.  Lysates were quantified 

using the Pierce™ BCA protein assay (ThermoFisher Scientific). Equal volumes of protein were 

digested for each replicate and treatment condition.  

3.5.3.2 Reduction, Alkylation and Digestion 

Lysate samples were reduced with dithiothreitol (DTT; 5 mM final concentration) at 55°C for 30 

min with agitation at 300 rpm and subsequently alkylated with iodoacetamide (final 

concentration 15 mM) at RT in the dark for 30 min without agitation. Alkylation was quenched 

with an additional 5 mM DTT and incubated for 30 min at room temperature with agitation at 

300 rpm and then stored at -20°C. Lysates were thawed on ice and 200 μg of protein was diluted 

to achieve appropriate digestion buffer concentrations (final concentration 50 mM ammonium 

bicarbonate; 1.3 M urea; 8.38 μM HEPES, 12.56 μM NaCl, 5 μg/mL trypsin). Samples were 

digested with shaking at 300 rpm for 16 hours at 37°C.  Digestions were quenched using 

trifluoroacetic acid (TFA) to reach an acidic pH less than 3. Peptides were centrifuged at  20,000 
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x g for 10 min at 4°C, pelleted material was discarded. Peptides were then dried and stored at 

-20°C. 

3.5.3.3 Desalting 

Digests were resuspended in 1% TFA and sonicated for three minutes. Samples were desalted 

using 60mg HLB Oasis plates (Waters) attached to a vacuum manifold. The plate was 

conditioned with 1 mL each of 100% methanol; 100% acetonitrile (ACN); 75% ACN, 0.5% 

acetic acid; 50% ACN, 0.5% acetic acid. The plate was rinsed three times with 1 mL of 0.1% 

TFA. Peptides were loaded onto the plate to be bound by the matrix. Sample wells were washed 

three times with 1mL of 0.1% TFA, and then eluted in 800uL of 75% ACN, 0.5% acetic acid. 

Peptides were then dried and stored at -20°C. 

3.5.4 Whole proteome (WP) peptide processing 

3.5.4.1 WP LC-MS 

Dried peptides samples (from step 3.5.3.3) were resuspended in 4% formic acid (FA), and 3% 

ACN to a concentration of 0.1 μg/μL and sonicated for five minutes. Samples were measured on 

an Orbitrap Eclipse (ThermoFisher Scientific) tribrid mass spectrometer with an in-line 

EASY-nLC™ 1200 System (ThermoFisher Scientific) fitted with a 100 μm ID × 3 cm precolumn 

packed with Reprosil C18 3 μm beads (Dr. Maisch GmbH) and a 100 μm ID × 30 cm analytical 

column packed with Reprosil C18 1.9 μm beads (Dr. Maisch GmbH) housed into a column 

heater set at 50°C. Peptides were separated by reverse-phase chromatography at 400 nL/min on a 

120 min gradient with the following solvents: A (0.1% FA), B (0.1% FA, 80% ACN): 0-93 min 
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7-38% B; 93-103 min 38-55% B; 103-104 min 55-95% B; 104-109 min 95% B;  109-110 min 

95-3% B; 110-120 min 3% B.  

3.5.4.2 WP MS Acquisition  

MS/ MS acquisition for the whole proteome employed a high-resolution MS1 scan in the 

orbitrap, followed by high-resolution MS2 scans of selected precursors in the orbitrap. 

Acquisition starts with a full MS1 scan on the Orbitrap (scan range 375-1500 m/z; resolution 

120,000; RF lens 35%, absolute AGC target 4.000e5). We used monoisotopic peak 

determination, a filter intensity threshold of 5.0e4, included charge states 2-6, dynamic exclusion 

of 30 sec and cycle time of 3 sec. The MS2 consisted of higher-energy collisional dissociation 

(HCD) fragmentation analyzed in the Orbitrap (resolution 30,000; 1.6 m/z isolation window,   

NCE 30%; standard ACG target, absolute ACG value 5.00e4,  auto maximum injection time 

mode; and one microscan).  

3.5.4.3 WP MS Analysis 

Each raw file was searched with trypsin protease. All MS data were searched using Comet 

version 2019.01.2(Eng et al., 2013, 2015) against the human proteome (uniprot organism id 

9606, retrieved 2023-09-22).  Comet parameters for all searches included 20 ppm precursor mass 

tolerance, 2 allowed missed cleavages, fragment bin tolerance 0.02 Da, digest mass range 

600-5000 m/z, maximum precursor charge 6, maximum fragment charge 5, variable 

modifications (methionine oxidation, N-terminal acetylation, STY phosphorylation), constant 

modification of cysteine carbamidomethyl. Extraction and quantification of peptide intensities 

was obtained using an in-house implementation of modest Feature Finder(Argentini et al., 2016) 

with the following parameters: peak search scan window 20, peak search RT window 30, peak 
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search ppm tolerance 10 ppm, peak search noise scan window 20, peak search noise MZ window 

25, peak search max missed scans 2, peak search min scans 1. 

3.5.5 Phosphoproteome peptide processing 

3.5.5.1 Phosphoproteome enrichment 

Dried peptides (250 μg from step 3.5.3.3) were resuspended in 900 μL 80% ACN, 0.1% TFA and 

sonicated for five minutes. Automated R2P2 phosphorylation enrichment was performed(Leutert 

et al., 2019) using the following parameters: 850 μL of peptide solution was mixed with 1X (70 

μL = 5%) of beads; bound beads were washed three times with 80% ACN, 0.1% TFA  and eluted 

in 50% ACN, 2.5% ammonium hydroxide and were immediately quenched with 60 μL  of 

neutralization buffer (75% ACN, 10% formic acid).  

3.5.5.2 Bead removal with C8 filters 

Pipette tips (200 μL) were fitted with two cookies (layers) of C8 solid phase extraction discs 

(3M). Filters were preconditioned with 60 μL each of methanol; 100% ACN; 70% ACN, 0.25% 

acetic acid. Phosphopeptide samples were passed through the filters and collected in clean tubes. 

Filters were then chased with 50 μL of 70% ACN, 0.25% acetic acid and eluate was collected. 

Peptides were dried and stored at -20°C. 

3.5.5.3 Phosphopeptide LC-MS 

Dried peptides samples (from step 3.5.5.2) were resuspended in 4% formic acid (FA), and 3% 

ACN to a concentration of 0.1 μg/μL and sonicated for five minutes. Samples were measured on 

an Orbitrap Eclipse (ThermoFisher Scientific) tribrid mass spectrometer with an in-line 

EASY-nLC™ 1200 System (ThermoFisher Scientific) fitted with a 100 μm ID × 3 cm precolumn 
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packed with Reprosil C18 3 μm beads (Dr. Maisch GmbH) and a 100 μm ID × 30 cm analytical 

column packed with Reprosil C18 1.9 μm beads (Dr. Maisch GmbH) housed into a column 

heater set at 50°C. Peptides were separated by reverse-phase chromatography at 400 nL/min on a 

90 min gradient with the following solvents: A (0.1% FA), B (0.1% FA, 80% ACN): 0-72 min 

3-34% B; 72-73 min 34-60% B; 73-74 min 60-95% B; 74-79 min 95% B;  79-80 min 95-3% B; 

80-90 min 3% B.  

3.5.5.4 Phosphopeptide MS Acquisition  

MS/ MS acquisition for the phosphoproteome samples employed a high-resolution MS1 scan in 

the orbitrap, followed by high-resolution MS2 scans of selected precursors in the orbitrap. 

Acquisition starts with a full MS1 scan on the Orbitrap (scan range 375-1500 m/z; resolution 

120,000; RF lens 35%, absolute AGC target 4.000e5). We used peptide monoisotopic peak 

determination, a filter intensity threshold of 2.5e4, included charge states 2-6, dynamic exclusion 

of 30 sec with a mass tolerance ± 15ppm and cycle time of 3 sec. The MS2 consisted of 

higher-energy collisional dissociation (HCD) fragmentation analyzed in the Orbitrap (resolution 

50,000; 1.6 m/z isolation window,   NCE 30%; normalized ACG target 200%, absolute ACG 

value 1.00e5,  maximum injection time 86ms; and one microscan).  

3.5.5.5 Phosphopeptide MS Analysis 

Each raw file was searched with trypsin protease. All MS data were searched using Comet 

version 2019.01.2(Eng et al., 2013, 2015) against the human proteome (uniprot organism id 

9606, retrieved 2024-03-21).  Comet parameters for all searches included 20 ppm precursor mass 

tolerance, 4 allowed missed cleavages, fragment bin tolerance 0.02 Da, digest mass range 

600-5000 m/z, maximum precursor charge 6, maximum fragment charge 5, variable 
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modifications (methionine oxidation, N-terminal acetylation, STY phosphorylation), constant 

modification of cysteine carbamidomethyl. Results were filtered using Percolator(Käll et al., 

2007) using a 1% FDR (PSM-level).  Phosphosite localization was performed using an in-house 

implementation of AScore(Beausoleil et al., 2006) to filter phosphopeptides with AScore > 13. 

Extraction and quantification of peptide intensities was obtained using an in-house 

implementation of modest Feature Finder(Argentini et al., 2016) with the following parameters: 

peak search scan window 20, peak search RT window 30, peak search ppm tolerance 10 ppm, 

peak search noise scan window 20, peak search noise MZ window 25, peak search max missed 

scans 2, peak search min scans 1. 

3.5.6 Bioinformatics  

3.5.6.1 General 

Bioinformatic analyses were performed using R (version 4.1.1 2021-08-10). Hinges on boxplots 

correspond to the first and third quartiles, whiskers correspond to 1.5 IQR.    

3.5.6.2 Analysis 

Phosphosite data was filtered for a localization score AScore > 13. For phosphosite data, the 

biological replicates within each treatment were median normalized using correction factors 

obtained from the summed intensities from the whole proteome data.  Statistical hypothesis 

testing was performed using the Protti package(Quast et al., 2022). Significance of regulation 

was determined using a moderated t-test. Missingness was assigned as either complete, missing 

not at random (MNAR site present in < 25% of replicates), missing at random (MAR site present 

in at least half of the replicates, adjusted downward). Significantly regulated sites were imported 
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into Perseus(Tyanova et al., 2016) for further processing. Filters were applied such that site 

needed to be identified in at least three of six replicates. ANOVA using permutation based FDR 

of 0.05 with 250 randomizations was performed between the treatment types and data was 

filtered for FDR < 0.05. Z-scores were calculated for each p-site followed by hierarchical 

clustering of sites by Euclidean distance using average linkage. Fisher exact tests were used to 

determine significance of enrichment of annotated categories within clusters.  
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CHAPTER 4: CONCLUSION 

4.1 Summary of thesis work  
This thesis work has focused on investigating proteoforms originating at the levels of 

DNA and post-translational modification. I have shown that the properties of single amino acid 

variants can be measured in pooled format using mass spectrometry, and our results recapitulate 

those from biochemical assays on purified variants.  I also characterized the phosphorylation 

response in three different stress conditions and used publicly available data to nominate 

candidate phosphosites that could potentially localize to stress granules. The work and methods 

presented in this thesis are a small part of a larger movement in the proteomics community 

migrating towards proteoform measurements.  

4.2 Impact, scalability, and the future of profiling single amino acid 
variants by MS.  

In Chapter 2, I presented an MS-based method for measuring single amino acid protein 

variants' biochemical properties (thermal stability and solubility). This proof-of-concept study 

illustrated the utility of applying MS-based assays to disease-associated protein variants to 

determine dimensions of PGM1 dysfunction.  This protein-level property readout could not be 

achieved using traditional sequencing-based methods. I addressed challenges with variant 

detection using a novel MS acquisition method that combined the quantitative multiplexing 

capabilities of tandem mass tag synchronous precursor selection acquisition with the sensitivity 

of parallel reaction monitoring.  

The first step in scaling up this method would be to increase the size of the variant library 

to hundreds or even thousands to be comparable to the throughput and depth of library coverage 

afforded by sequencing-based deep mutational scanning methods. Even in my modest library of 
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thirteen variants, I was unable to detect all tryptic variant peptides as some were of inappropriate 

length or had poor ionization for MS.  Adding two proteases with different specificities 

(chymotrypsin and lysC) increased but did not fully cover the variant library. Peptide variant 

detection will also become increasingly complex with library size.  For example, PGM1 yields 

61 tryptic peptides, but only 1 out of 61 peptides contains the informative single amino acid 

variant. Therefore, my variant readout must be at the peptide level, as the 60 remaining peptides 

belong to the wild-type PGM1 “backbone” and will be shared across the rest of the library. The 

signal from highly abundant backbone peptides dominates the signal from the informative 

variant peptides, necessitating a targeted acquisition method we described. The relative ratio of 

backbone to variant peptides grows exponentially with library size. One clever way to overcome 

this is to use cleavable peptide barcodes, as had been proposed by a previous graduate student in 

the lab, Dr. Ian Smith(Smith, 2022). These would be C-terminal barcodes that do not affect 

solubility or thermal stability. Following assay selection, barcodes would be cleaved and 

enriched before measurement by MS, thus removing non-informative backbone peptides.   

Beyond scaling the library size of PGM1 variants, we could envisage assaying other 

disease-relevant proteins. Our modular method of coupling functional protein assays with 

Targeted-SPS-MS3 acquisition could also be extended to additional assays of variant behaviour 

that reflect underlying disease biology. These could be properties such as metabolite binding, 

protein-protein interactions, or phosphorylation status. Complementary data from multiple 

MS-based functional assays would ultimately contribute to large multidimensional maps of 

protein variant function that serve to aid in annotating rare variants and deepen our 

understanding of the human proteome.   
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4.3 Stress-type specific phosphorylation: Impact and next steps.  
In Chapter 3, I presented work examining phosphorylation response to short-term (1 

hour) oxidative, osmotic and heat stress in human osteosarcoma cells.  Clustering of 

phosphorylation responses co-regulated in different stresses revealed shared and distinct 

signatures of the three stresses. Phosphorylation signatures on known regulatory sites in our 

stress conditions agreed with published data. I was particularly interested in the role of 

phosphorylation in SGs. SG phosphosite localization is challenging as classical subcellular 

fractionation techniques such as sucrose density gradients or cross-linking are not amenable to 

phase-separated organelles. Because of challenges associated with the isolation of SGs, I decided 

to use the cell-wide phosphorylation dataset to try and predict which phosphosites could be 

localized to SGs.   

I referenced published datasets of the SG proteome that were generated using 

computational predictions, physical association, genetic, and cell biological evidence(Youn et al., 

2019). I created a list of 158 candidate phosphosites that are significantly regulated in stress and 

occur on proteins known to localize in SGs.   

This candidate list provides an excellent foundation for understanding differences in 

stress-specific SG responses. However, there are limitations to this approach. First, we cannot 

confidently say that the phosphosites are localized to stress granules, as PTMs alter subcellular 

localization. Secondly, there are drawbacks to the published data we are referencing. Most of the 

studies are limited to oxidative stress, so it is possible that some proteins that are specific to heat 

SGs or osmotic SGs are being excluded, and we are missing potential phosphosites. Furthermore, 

the largest proximity dataset in the RNA granule database reports the SG proteome in the 

absence of stress, claiming that the condensates pre-exist in the cytosol without stress.  
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I have tried several computational analyses to identify shared features of candidate 

phosphosites, including structural predictions(Alphafold(Jumper et al., 2021), FuzDB(Hatos et 

al., 2022), metapredict (Emenecker et al., 2022)), kinase-substrate enrichment analysis(Wiredja 

et al., 2017), and motif enrichment. However, these analyses are preliminary and not yet included 

in this text. There are other tools I would like to explore, including metapredict residue disorder 

prediction using substituted phosphomimetic residues. I would also like to explore these data at 

the level of phosphoisoforms to determine the combinatorial impact of multiply phosphorylated 

peptides.  

My goal for the remainder of my time in Genome Sciences is to combine miniTurboID 

proximity labelling with phosphopeptide enrichment in all three stress conditions. The ultimate 

goal of this project is to create a resource of SG-localized proteins and phosphopeptides in 

multiple stress types. SGs are implicated in various neurodegenerative diseases, cancer, viral 

infection, aging, and environmental stress. My project and data provide a foundation for others to 

investigate specific signalling mechanisms in SG regulation and dysfunction and ultimately 

annotate functional phosphosites.  

4.4 Concluding remarks 
In summary, I have presented two distinct projects that examine proteoforms. One 

method examines the biophysical properties of disease-associated protein variants. The other 

examines the stress-specific differences in phosphorylation response in U2-OS cells and uses 

publicly available data to predict which phosphosites may belong to stress granules. While vastly 

different, these two projects contribute to the larger effort in proteomics to transition from 

protein-level readouts to proteoform-level readouts.   
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Supplementary Figure A1. Schematic of SPS-MS3 acquisition strategies. The SPS-MS3 
acquisition method (McAlister et al., 2014) entails a full MS1 (orbitrap OT), and several MS2 
scans (linear ion trap LIT), where the number of MS2 scans is limited by duty cycle time. Ten 
ions are isolated by synchronous precursor selection (SPS) for MS3 in the OT. Our novel 
targeted SPS-MS3 method entails a full MS1 scan. If target masses are detected, a targeted MS2 
scan is triggered in the OT. MS2 fragment masses are linked in the target list to MS1 precursors. 
If MS2 fragment masses belonging to the corresponding precursor target are detected, five of 
these MS2 ions undergo SPS and a full MS3 is performed. If, at any point, no targets are 
identified in the MS1 or MS2 scans, the duty cycle is reset. 
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Supplementary Fig A2. Comparison of metrics between regular and targeted SPS-MS3. All 
scans matching PGM1 variant peptides are shown and no filtering was applied. XCorr represents 
the goodness of fit of experimental versus theoretical spectra in the Comet database search. The 
Y axis represents the precRepIntRatio value from the IsobaricQuant package. It indicates the 
cleanliness of MS2 isolation by reporting the proportion of intensity within the MS2 isolation 
window that belongs to fragment peaks (Hogrebe et al., 2022). 

 

Supplementary Table Ai. TMT labelling scheme for samples. 

 Condition 

Label Solubility Thermal Stability 

TMT126 BPER_Rep1 37 ℃ 

TMT127N BPER_Rep2 37.7 ℃ 

TMT127C BPER_Rep3 39.5 ℃ 

TMT128N Native_Rep1 42.4 ℃ 

TMT128C Native_Rep2 46.3 ℃ 

TMT129N Native_Rep3 50.1 ℃ 
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 Condition 

Label Solubility Thermal Stability 

TMT129C Denaturing_Rep1 53.8 ℃ 

TMT130N Denaturing_Rep2 57.6 ℃ 

TMT130C Denaturing_Rep3 61.5 ℃ 

TMT131N NA 64.4 ℃ 

TMT131C NA all temperatures pooled 

 

Supplementary Table Aii. MS1 and MS2 mass targets for Targeted-SPS-MS3 acquisition 
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variant enzyme sequence MS1 charge MS1 m/z MS2 ion MS2 charge MS2 m/z 

T19A trypsin TQAYQDQKPGASGLR 3 693.3847 y7 1 657.3678 

T19A trypsin TQAYQDQKPGASGLR 3 693.3847 y11 2 693.3886 

T19A trypsin TQAYQDQKPGASGLR 3 693.3847 y9 2 571.8458 

T19A trypsin TQAYQDQKPGASGLR 3 693.3847 b4 1 693.3769 

T19A trypsin TQAYQDQKPGASGLR 3 693.3847 b6 1 936.4624 

N38Y chymo QSSANYAEY 2 631.2985 b2 1 445.2608 

N38Y chymo QSSANYAEY 2 631.2985 b3 1 532.2928 

N38Y chymo QSSANYAEY 2 631.2985 b4 1 603.33 

N38Y chymo QSSANYAEY 2 631.2985 b5 1 717.3729 

N38Y chymo QSSANYAEY 2 631.2985 b6 1 880.4362 

Q41R trypsin SIISTVEPAQR 3 477.2786 y5 1 600.31 

Q41R trypsin SIISTVEPAQR 3 477.2786 y4 1 471.2674 
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variant enzyme sequence MS1 charge MS1 m/z MS2 ion MS2 charge MS2 m/z 

Q41R trypsin SIISTVEPAQR 3 477.2786 b2 1 430.2863 

Q41R trypsin SIISTVEPAQR 3 477.2786 b3 1 543.3704 

Q41R trypsin SIISTVEPAQR 3 477.2786 b5 1 731.4501 

Q41R trypsin QEATLVVGGDGR 3 477.5982 y7 1 659.3471 

Q41R trypsin QEATLVVGGDGR 3 477.5982 y6 1 560.2787 

Q41R trypsin QEATLVVGGDGR 3 477.5982 y5 1 461.2103 

Q41R trypsin QEATLVVGGDGR 3 477.5982 b4 1 659.3562 

Q41R trypsin QEATLVVGGDGR 3 477.5982 b5 1 772.4402 

Q41R trypsin SIISTVEPAQR 2 715.4142 y8 1 887.4581 

Q41R trypsin SIISTVEPAQR 2 715.4142 y4 1 471.2674 

Q41R trypsin SIISTVEPAQR 2 715.4142 b2 1 430.2863 

Q41R trypsin SIISTVEPAQR 2 715.4142 b5 1 731.4501 

Q41R trypsin SIISTVEPAQR 2 715.4142 b7 1 959.5611 

D62H trypsin QEATLVVGGHGR 3 484.9422 y6 1 582.3107 

D62H trypsin QEATLVVGGHGR 3 484.9422 y5 1 483.2423 

D62H trypsin QEATLVVGGHGR 3 484.9422 b3 1 558.3085 

D62H trypsin QEATLVVGGHGR 3 484.9422 b4 1 659.3562 

D62H trypsin QEATLVVGGHGR 3 484.9422 b5 1 772.4402 

T115A chymo AASHNPGGPNGDF 2 735.3522 b2 1 372.2444 
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variant enzyme sequence MS1 charge MS1 m/z MS2 ion MS2 charge MS2 m/z 

T115A chymo AASHNPGGPNGDF 2 735.3522 b3 1 459.2765 

T115A chymo AASHNPGGPNGDF 2 735.3522 b4 1 596.3354 

T115A chymo AASHNPGGPNGDF 2 735.3522 b5 1 710.3783 

T115A chymo AASHNPGGPNGDF 2 735.3522 b5 2 355.6928 

G121R trypsin AIGGIILTASHNPR 3 550.3281 y8 1 895.4744 

G121R trypsin AIGGIILTASHNPR 3 550.3281 y7 1 782.3904 

G121R trypsin AIGGIILTASHNPR 3 550.3281 b4 1 528.3343 

G121R trypsin AIGGIILTASHNPR 3 550.3281 b5 1 641.4184 

G121R trypsin AIGGIILTASHNPR 3 550.3281 b6 1 754.5024 

D263G chymo EDFGGHHPGPNLTY 3 590.6197 b6 1 872.41 

D263G chymo EDFGGHHPGPNLTY 3 590.6197 b7 1 1009.4689 

D263G chymo EDFGGHHPGPNLTY 3 590.6197 b7 2 505.2381 

D263G chymo EDFGGHHPGPNLTY 3 590.6197 b9 2 582.2752 

D263G chymo EDFGGHHPGPNLTY 3 590.6197 b11 2 687.8231 

D263Y chymo EDFGGHHPYPNLTY 3 625.967 b6 1 872.41 

D263Y chymo EDFGGHHPYPNLTY 3 625.967 b7 1 1009.4689 

D263Y chymo EDFGGHHPYPNLTY 3 625.967 b7 2 505.2381 

D263Y chymo EDFGGHHPYPNLTY 3 625.967 b9 2 635.2961 

D263Y chymo EDFGGHHPYPNLTY 3 625.967 b11 2 740.844 
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variant enzyme sequence MS1 charge MS1 m/z MS2 ion MS2 charge MS2 m/z 

G291R trypsin SGEHDFGAAFDGDR 3 570.5954 y8 1 808.3584 

G291R trypsin SGEHDFGAAFDGDR 3 570.5954 y3 1 347.1674 

G291R trypsin SGEHDFGAAFDGDR 3 570.5954 b3 1 503.2663 

G291R trypsin SGEHDFGAAFDGDR 3 570.5954 b4 2 320.6662 

G291R trypsin SGEHDFGAAFDGDR 3 570.5954 b5 2 378.1797 

G330R chymo QQTGVRRF 3 407.5736 y2 1 322.1874 

G330R chymo QQTGVRRF 3 407.5736 y6 2 368.2167 

G330R chymo QQTGVRRF 3 407.5736 b3 1 587.335 

G330R chymo QQTGVRRF 3 407.5736 b2 3 162.7673 

G330R chymo FQQTGVRRF 3 456.5964 y2 1 322.1874 

G330R chymo FQQTGVRRF 3 456.5964 y7 2 432.2459 

G330R chymo FQQTGVRRF 3 456.5964 b2 1 505.2972 

G330R chymo FQQTGVRRF 3 456.5964 b7 1 1046.5944 

G330R chymo FQQTGVRRF 3 456.5964 b7 2 523.8009 

G330R chymo QQTGVRRF 2 610.8567 y4 1 577.3569 

G330R chymo QQTGVRRF 2 610.8567 y2 1 322.1874 

G330R chymo QQTGVRRF 2 610.8567 b2 1 486.2874 

G330R chymo QQTGVRRF 2 610.8567 b3 1 587.335 

G330R chymo QQTGVRRF 2 610.8567 b5 1 743.4249 
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variant enzyme sequence MS1 charge MS1 m/z MS2 ion MS2 charge MS2 m/z 

G330R chymo FQQTGVRRF 2 684.3909 b7 1 1046.5944 

G330R chymo FQQTGVRRF 2 684.3909 b7 2 523.8009 

E377K trypsin SFGTGSDHIR 3 435.8965 y6 1 684.3424 

E377K trypsin SFGTGSDHIR 3 435.8965 y3 1 425.2619 

E377K trypsin SFGTGSDHIR 3 435.8965 y2 1 288.203 

E377K trypsin SFGTGSDHIR 3 435.8965 b2 1 464.2707 

E377K trypsin SFGTGSDHIR 3 435.8965 b3 1 521.2921 

E388K LysC LSLC[57]GEESFGTGSDHIRK 4 613.573 y11 2 717.3886 

E388K LysC LSLC[57]GEESFGTGSDHIRK 4 613.573 y10 2 673.8725 

E388K LysC LSLC[57]GEESFGTGSDHIRK 4 613.573 y9 2 600.3383 

E388K LysC LSLC[57]GEESFGTGSDHIRK 4 613.573 y4 2 391.7635 

E388K LysC LSLC[57]GEESFGTGSDHIRK 4 613.573 b4 1 703.401 

L516P trypsin LSGTGSAGATIRPYIDSYEK 3 848.7952 y8 1 1243.6408 

L516P trypsin LSGTGSAGATIRPYIDSYEK 3 848.7952 y5 1 870.4406 

L516P trypsin LSGTGSAGATIRPYIDSYEK 3 848.7952 y4 1 755.4137 

L516P trypsin LSGTGSAGATIRPYIDSYEK 3 848.7952 b12 2 651.3724 

L516P trypsin LSGTGSAGATIRPYIDSYEK 3 848.7952 b16 2 895.4859 



APPENDIX B: SUPPLEMENTAL MATERIAL FOR 
CHAPTER 3 

 
Supplementary Table B-i. Candidate phosphosites in stress granules. The treatment columns 
provide information on the regulation of that site. Significance (significant or not significant NS) 
is determined based on the modified t-test. The direction of regulation is given by up, down or 
none. Data missingness is all complete, where the site is identified in at least three of the six 
biological replicates.  

 
UniProt 
accession 

Residue 
position Protein Gene Arsenite Sorbitol Heat 

C9JLW8 S21 FAM195B MCRIP1 significant_up significant_none significant_up 

C9JLW8 T16 FAM195B MCRIP1 significant_up significant_up significant_up 

O00571 S594 DDX3 DDX3X significant_up NS_none NS_none 

O43379 S1048 WDR62 WDR62 NS_none significant_down NS_none 

O43379 T1053 WDR62 WDR62 NS_none significant_down NS_none 

O60832 S494 dyskerin DKC1 NS_none significant_down NS_none 

O60832 S485 dyskerin DKC1 NS_none NS_none significant_down 

O75152 T762 ZC3H11A ZC3H11A significant_up significant_up significant_up 

O75152 S761 ZC3H11A ZC3H11A significant_up significant_up significant_up 

O75821 T38 eIF3-delta EIF3G NS_none significant_down NS_none 

O95817 T285 BAG3 BAG3 significant_up NS_none significant_down 

O95817 S173 BAG3 BAG3 NS_none NS_none significant_down 

O95817 S381 BAG3 BAG3 significant_up significant_up significant_up 

O95817 S377 BAG3 BAG3 significant_up significant_up significant_up 

O95817 S279 BAG3 BAG3 NS_none significant_down significant_down 

O95817 S291 BAG3 BAG3 NS_up NS_none significant_down 

O95817 S275 BAG3 BAG3 NS_none significant_down significant_down 

O95817 S289 BAG3 BAG3 significant_up NS_none significant_down 

O95817 S386 BAG3 BAG3 significant_none significant_up significant_up 

O95817 T307 NA BAG3 significant_up NS_none NS_none 

P04792 S82 HSP27 HSPB1 significant_up significant_up significant_up 
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UniProt 
accession 

Residue 
position Protein Gene Arsenite Sorbitol Heat 

P07814 S883 EPRS EPRS1 NS_none NS_none significant_down 

P10636 S717 Tau MAPT NS_none significant_down significant_down 

P10636 S713 Tau MAPT NS_none significant_down significant_down 

P10636 S721 Tau MAPT NS_none significant_down significant_down 

P18615 S115 RDBP NELFE significant_up significant_none significant_up 

P18615 S181 RDBP NELFE significant_up NS_none NS_none 

P23443 S447 p70S6K RPS6KB1 significant_up significant_up significant_up 

P23443 T444 p70S6K RPS6KB1 significant_up significant_up significant_up 

P23588 S497 EIF4B EIF4B significant_up significant_up NS_none 

P23588 S498 EIF4B EIF4B significant_up NS_none NS_none 

P23588 T420 EIF4B EIF4B significant_up NS_none NS_down 

P23588 S425 EIF4B EIF4B significant_up NS_none NS_down 

P23588 S422 EIF4B EIF4B significant_up NS_none NS_none 

P23588 S418 EIF4B EIF4B significant_up significant_down NS_none 

P23588 S409 EIF4B EIF4B significant_up NS_none significant_down 

P23588 S406 EIF4B EIF4B NS_none NS_none significant_down 

P23588 S430 EIF4B EIF4B significant_up NS_none significant_down 

P23588 T450 EIF4B EIF4B NS_up significant_up NS_up 

P35611 S431 ADD1 ADD1 significant_up NS_none NS_none 

P35611 S436 ADD1 ADD1 significant_up NS_down NS_none 

P38919 S12 DDX48 EIF4A3 significant_up significant_down NS_none 

P49756 S677 RBM25 RBM25 NS_none significant_down NS_down 

P49756 S683 RBM25 RBM25 significant_up NS_down NS_down 

P49790 S333 NUP153 NUP153 significant_up significant_up significant_up 

P49790 S338 NUP153 NUP153 significant_up significant_up significant_up 

P49790 S334 NUP153 NUP153 significant_up NS_up significant_up 

P50579 S60 METAP2 METAP2 significant_up NS_none NS_none 

P51114 T483 FXR1 FXR1 NS_none NS_none significant_down 
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UniProt 
accession 

Residue 
position Protein Gene Arsenite Sorbitol Heat 

P51114 S478 FXR1 FXR1 NS_none NS_none significant_down 

P51114 S485 FXR1 FXR1 NS_none NS_none significant_down 

P51114 S420 FXR1 FXR1 NS_none NS_none significant_down 

P51114 T411 FXR1 FXR1 NS_none NS_none significant_down 

P51116 S603 FXR2 FXR2 NS_none significant_down significant_down 

P51116 S601 FXR2 FXR2 NS_none significant_down significant_down 

P51116 S520 FXR2 FXR2 significant_up NS_down NS_none 

P51116 S533 FXR2 FXR2 significant_up NS_down NS_none 

P52292 S62 KPNA2 KPNA2 significant_up significant_up significant_up 

P52948 S1060 NUP98 NUP98 significant_up significant_up significant_up 

P52948 T1070 NUP98 NUP98 significant_up significant_up significant_up 

P52948 S888 NUP98 NUP98 NS_none significant_down NS_none 

P52948 S608 NUP98 NUP98 NS_none NS_up significant_up 

P52948 S623 NUP98 NUP98 significant_up NS_none significant_up 

P52948 S714 NUP98 NUP98 significant_up NS_none NS_up 

P52948 S705 NA NUP98 significant_up NS_up NS_up 

P52948 S934 NUP98 NUP98 NS_up NS_none significant_up 

P55884 S78 eIF3-eta EIF3B NS_none NS_none significant_down 

P55884 S95 eIF3-eta EIF3B significant_down NS_down NS_down 

P62753 T241 S6 RPS6 NS_none significant_down NS_none 

P62753 S247 S6 RPS6 NS_none NS_down significant_down 

P62753 S240 S6 RPS6 NS_none significant_down significant_up 

P62753 S244 S6 RPS6 NS_none significant_down NS_none 

Q04637 T205 eIF4G EIF4G1 significant_none NS_none significant_down 

Q04637 S1187 eIF4G EIF4G1 significant_up NS_none significant_down 

Q04637 T207 eIF4G EIF4G1 NS_none NS_none significant_down 

Q04637 S1194 eIF4G EIF4G1 significant_up significant_down significant_down 

Q04637 S1185 eIF4G EIF4G1 significant_up significant_down significant_down 
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UniProt 
accession 

Residue 
position Protein Gene Arsenite Sorbitol Heat 

Q04637 T211 eIF4G EIF4G1 NS_none NS_none significant_down 

Q07955 S201 SF2 SRSF1 NS_none significant_down NS_none 

Q12906 S506 NFAT90 ILF3 significant_down NS_none NS_none 

Q12906 S382 NFAT90 ILF3 NS_none significant_down NS_none 

Q12906 T364 NFAT90 ILF3 significant_up NS_none NS_none 

Q13242 S211 SFRS9 SRSF9 NS_none significant_down significant_down 

Q13242 S216 SFRS9 SRSF9 NS_none significant_down significant_down 

Q13769 S312 FMIP THOC5 NS_none NS_none significant_down 

Q13769 S314 FMIP THOC5 NS_none NS_none significant_down 

Q14694 S226 USP10 USP10 significant_up NS_none significant_up 

Q14694 S218 USP10 USP10 NS_down NS_down significant_down 

Q14978 S623 NOLC1 NOLC1 significant_up NS_none significant_down 

Q14978 S622 NOLC1 NOLC1 significant_up NS_none NS_none 

Q14978 T607 NOLC1 NOLC1 significant_up NS_none NS_none 

Q14978 T610 NOLC1 NOLC1 significant_up NS_none NS_none 

Q15637 S89 SF1 SF1 NS_none NS_down significant_up 

Q15654 S142 TRIP6 TRIP6 significant_up NS_none NS_none 

Q15654 T153 TRIP6 TRIP6 significant_up NS_none NS_none 

Q16637 T25 SMN SMN1 NS_none significant_down significant_down 

Q16637 S28 SMN SMN1 NS_none significant_down significant_down 

Q16637 S31 SMN SMN1 NS_none significant_down significant_down 

Q6Y7W6 S26 TNRC15 GIGYF2 significant_up NS_none NS_none 

Q6Y7W6 S30 TNRC15 GIGYF2 significant_up NS_none NS_none 

Q6Y7W6 T382 TNRC15 GIGYF2 NS_none significant_down NS_none 

Q6Y7W6 S236 TNRC15 GIGYF2 significant_up significant_up significant_up 

Q6Y7W6 S340 TNRC15 GIGYF2 NS_none NS_down significant_down 

Q6Y7W6 S335 TNRC15 GIGYF2 NS_none NS_down significant_down 

Q6Y7W6 S337 TNRC15 GIGYF2 NS_none NS_down significant_down 
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UniProt 
accession 

Residue 
position Protein Gene Arsenite Sorbitol Heat 

Q6Y7W6 S160 TNRC15 GIGYF2 significant_up NS_none NS_up 

Q7Z2W4 S275 ZAP ZC3HAV1 NS_none NS_none significant_down 

Q7Z2W4 T273 ZAP ZC3HAV1 NS_none NS_none significant_down 

Q7Z417 S212 82-FIP NUFIP2 NS_none significant_down significant_down 

Q7Z417 S214 82-FIP NUFIP2 NS_none significant_down significant_down 

Q7Z417 T220 82-FIP NUFIP2 significant_up NS_down NS_none 

Q7Z434 S165 MAVS MAVS NS_none NS_none significant_up 

Q8ND56 S178 
alphaSNB
P(A) LSM14A significant_up NS_none significant_none 

Q8ND56 S216 
alphaSNB
P(A) LSM14A NS_none significant_down NS_none 

Q8ND56 S192 
alphaSNB
P(A) LSM14A NS_none significant_down NS_none 

Q8ND56 S183 
alphaSNB
P(A) LSM14A NS_none significant_down NS_none 

Q8NE71 S140 ABCF1 ABCF1 NS_none significant_down NS_none 

Q8NE71 S109 ABCF1 ABCF1 NS_none significant_down significant_down 

Q8NE71 T108 ABCF1 ABCF1 NS_none significant_down significant_down 

Q8NE71 S105 ABCF1 ABCF1 NS_none significant_down significant_down 

Q8NI27 T1285 THOC2 THOC2 significant_down NS_down NS_none 

Q8NI27 T1288 THOC2 THOC2 significant_down NS_down NS_none 

Q8TB72 S136 Pumilio-2 PUM2 NS_none significant_down NS_none 

Q8WWM7 S335 ataxin-2L ATXN2L significant_up significant_up NS_none 

Q8WWM7 S423 ataxin-2L ATXN2L significant_up NS_none significant_none 

Q8WWM7 S339 ataxin-2L ATXN2L significant_up NS_none significant_down 

Q8WWM7 S680 ataxin-2L ATXN2L significant_up significant_up NS_none 

Q8WWM7 S491 ataxin-2L ATXN2L significant_up NS_up NS_none 

Q8WWM7 S485 NA ATXN2L significant_up significant_up NS_none 

Q8WWM7 S496 ataxin-2L ATXN2L significant_up NS_none NS_none 

Q8WWM7 S56 ataxin-2L ATXN2L significant_up NS_up NS_none 

Q96HA1 S179 POM121 POM121 NS_none significant_up significant_up 
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UniProt 
accession 

Residue 
position Protein Gene Arsenite Sorbitol Heat 

Q96HA1 S188 POM121 POM121 NS_none significant_none significant_up 

Q96I25 S155 RBM17 RBM17 NS_none significant_down NS_none 

Q96R06 S66 SPAG5 SPAG5 significant_up NS_none NS_none 

Q96T37 S656 RBM15 RBM15 NS_none significant_down NS_none 

Q96T37 S659 RBM15 RBM15 NS_none significant_down NS_none 

Q96T37 S680 RBM15 RBM15 NS_up significant_up significant_up 

Q96T37 S765 RBM15 RBM15 NS_none significant_down NS_none 

Q99700 S758 ataxin-2 ATXN2 NS_none significant_down NS_none 

Q99700 S772 ataxin-2 ATXN2 NS_none significant_down NS_none 

Q9BYJ9 S291 YTHDF1 YTHDF1 significant_up NS_none NS_none 

Q9H0D6 S487 XRN2 XRN2 significant_up significant_up NS_none 

Q9H0D6 S448 XRN2 XRN2 significant_up significant_none NS_none 

Q9H0D6 S499 XRN2 XRN2 NS_none significant_down significant_down 

Q9H0D6 S501 XRN2 XRN2 NS_none significant_down significant_down 

Q9H0D6 S475 XRN2 XRN2 NS_none significant_up NS_none 

Q9UPU9 S272 SAMD4 SAMD4A significant_up significant_up NS_none 

Q9UPU9 S420 SAMD4 SAMD4A significant_down NS_none significant_down 

Q9Y520 T1244 PRRC2C PRRC2C significant_down significant_down NS_none 

Q9Y520 S1242 PRRC2C PRRC2C significant_down significant_down NS_down 

Q9Y520 S636 PRRC2C PRRC2C significant_up significant_up significant_none 

Q9Y520 S633 PRRC2C PRRC2C significant_up significant_up significant_up 

Q9Y520 S187 PRRC2C PRRC2C significant_up significant_none NS_none 

Q9Y520 S926 PRRC2C PRRC2C significant_up significant_down NS_up 

Q9Y520 T2682 PRRC2C PRRC2C significant_up NS_none NS_down 

Q9Y520 S2685 PRRC2C PRRC2C significant_none NS_none significant_down 

Q9Y520 S1246 PRRC2C PRRC2C NS_none significant_down NS_none 
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