
 

 

 

 

MAXIMIZING PROTEOME RECOVERY AND DIGESTION EFFICIENCY  

FOR HIGH-THROUGHPUT BOTTOM-UP MASS SPECTROMETRY 

 

 

 

 

 

by 

 

 

Jessica Lynn Nickerson 

 

 

 

 

Submitted in partial fulfilment of the requirements  

for the degree of Doctor of Philosophy 

 

at  

 

Dalhousie University 

Halifax, Nova Scotia 

December 2022 

 

 

© Copyright by Jessica Lynn Nickerson, 2022 

  



ii 

 

Dedication 
 

 

 

 

To Dad 

 

 

The lessons and values that you instilled 

inspired every page 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



iii 

 

Table of Contents 

Dedication ................................................................................................................................................ ii 

Table of Contents .................................................................................................... iii 

List of Tables .......................................................................................................................................... vi 

List of Figures ....................................................................................................................................... vii 

Abstract ................................................................................................................................................... x 

List of Abbreviations Used .................................................................................................................... xi 

Acknowledgements .............................................................................................................................. xiv 

1. Introduction ........................................................................................................ 1 

1.1 An Introduction to Proteomics ........................................................................................................ 1 

1.1.1 -Omics ......................................................................................................................................................... 2 
1.1.2 MS-based Proteomics .................................................................................................................................. 5 
1.1.3 Multi-omics ................................................................................................................................................. 8 

1.2 The Proteomics Workflow ............................................................................................................... 9 

1.3 Protein Solubility and Precipitation Mechanisms ....................................................................... 10 

1.4 Proteolytic Digestion ....................................................................................................................... 18 

1.5 Automation and Miniaturization .................................................................................................. 29 

1.6 Summary of Thesis Goals .............................................................................................................. 31 

2. Rapid and Quantitative Protein Precipitation for Proteome Analysis            

by Mass Spectrometry ......................................................................................33 

2.1 Introduction .................................................................................................................................... 33 

2.2 Methods ........................................................................................................................................... 35 

2.2.1 Materials.................................................................................................................................................... 35 
2.2.2 Growth and Extraction of Yeast Proteome ................................................................................................ 35 
2.2.3 Acetone Precipitation: Varying Incubation Time and Temperature .......................................................... 35 
2.2.4 BCA Quantitation...................................................................................................................................... 36 
2.2.5 SDS PAGE Analysis ................................................................................................................................. 37 
2.2.6 Trypsin Digestion ...................................................................................................................................... 37 
2.2.7 In-Gel Digestion ........................................................................................................................................ 37 
2.2.8 LC-MS/MS Analysis ................................................................................................................................. 38 
2.2.9 Data Analysis ............................................................................................................................................ 38 

2.3 Results and Discussion ................................................................................................................... 39 

2.3.1 Rapid Precipitation at Room Temperature: Salt Trends ............................................................................ 39 
2.3.2 Higher Salt Increases Precipitation Kinetics in Acetone ........................................................................... 41 
2.3.3 Rapid Recovery of Dilute Samples ........................................................................................................... 43 
2.3.4 Temperature is Key to Rapid Recovery .................................................................................................... 44 
2.3.5 Characterization of the Pellet and Supernatant ......................................................................................... 46 

2.4 Conclusions ...................................................................................................................................... 51 



iv 

 

3. Critical Evaluation on the Repeatability of Sample Coverage and 

Quantitation in Bottom-Up Sample Preparation Strategies ..........................52 

3.1 Introduction .................................................................................................................................... 52 

3.2 Methods ........................................................................................................................................... 54 

3.2.1 Growth and Extraction of Yeast ................................................................................................................ 54 
3.2.2 Solution Digestion ..................................................................................................................................... 55 
3.2.3 In-gel Digestion ......................................................................................................................................... 55 
3.2.4 Sample Preparation in the ProTrap XG ..................................................................................................... 55 
3.2.5 Bottom-up LC-MS/MS Acquisition with Label-Free Quantitation........................................................... 56 
3.2.6 DIA-MS Data Analysis ............................................................................................................................. 56 

3.3 Results .............................................................................................................................................. 57 

3.3.1 Repeatability of Sample Coverage is Optimized in ProTrap XG Preparations ......................................... 57 
3.3.2 Quantitative Precision is Optimized by Sample Preparation in the ProTrap XG ...................................... 64 

3.4 Discussion ........................................................................................................................................ 69 

3.5 Conclusions ...................................................................................................................................... 71 

4. Multi-Omics in the ProTrap XG: Optimizing a Selective Precipitation 

Strategy for Mass Spectrometry Analysis of the Proteome, Peptidome, and 

Metabolome ......................................................................................................72 

4.1 Introduction .................................................................................................................................... 72 

4.2 Methods ........................................................................................................................................... 74 

4.2.1 Growth, Culture, and Lysis of Adherent Cell Line ................................................................................... 74 
4.2.2 Precipitation-based Metabolome Purification ........................................................................................... 75 
4.2.3 Targeted HILIC-MS Metabolomics Analysis ........................................................................................... 75 
4.2.4 Metabolomics Data Analysis .................................................................................................................... 76 
4.2.5 Protein Precipitation for Proteome Recovery in the ProTrap XG ............................................................. 76 
4.2.6 Sequential Peptidome Recovery and Preparation ...................................................................................... 76 
4.2.7 Bottom-up Proteome Sample Preparation ................................................................................................. 76 
4.2.8 LC-MS/MS of Sequentially Precipitated Pellets: DIA Acquisition with Label-Free Quantitation ........... 77 
4.2.9 Data Analysis of Bottom-up Protein Preparations and Intact Peptide Fractions ....................................... 77 

4.3 Results .............................................................................................................................................. 78 

4.3.1 Metabolomics Coverage and Quantitation is Optimized in the ProTrap XG ............................................ 78 
4.3.2 Proteomics Reveals Equivalent Coverage from Acetone and Methanol Precipitation .............................. 82 
4.3.3 Peptidomics Analysis is Enhanced by Protein Depletion with Acetone ................................................... 85 

4.4 Discussion ........................................................................................................................................ 87 

4.5 Conclusions ...................................................................................................................................... 88 

5. Effects of Common Denaturing Additives on Trypsin Activity and       

Stability .............................................................................................................89 

5.1 Introduction .................................................................................................................................... 89 

5.2 Methods ........................................................................................................................................... 91 

5.2.1 Initial Activity Assays ............................................................................................................................... 91 
5.2.2 Time Course Activity Assays .................................................................................................................... 91 



v 

 

5.2.3. Modeling Trypsin Deactivation Kinetics ................................................................................................. 92 

5.3 Results .............................................................................................................................................. 92 

5.3.1 Effects of Surfactants on Trypsin Stability ............................................................................................... 93 
5.3.2 Effects of Chaotropes on Trypsin Stability ............................................................................................... 98 
5.3.3 Effects of Organic Solvents on Trypsin Stability .................................................................................... 100 

5.4 Discussion ...................................................................................................................................... 102 

5.5 Conclusions and Future Work .................................................................................................... 104 

6. Maximizing Cumulative Trypsin Activity with Calcium at Elevated 

Temperature for Enhanced Bottom-Up Proteome Analysis ........................105 

6.1 Introduction .................................................................................................................................. 105 

6.2 Materials and Methods................................................................................................................. 107 

6.2.1. Trypsin Activity and Stability Assays .................................................................................................... 107 
6.2.2. Modeling Trypsin Deactivation Kinetics ............................................................................................... 107 
6.2.3. Bottom-Up Proteome Sample Preparation ............................................................................................. 108 
6.2.4. Bottom-Up LC-MS/MS Data Acquisition ............................................................................................. 108 
6.2.5. LC-MS/MS Data Analysis ..................................................................................................................... 109 
6.2.6. Data Availability .................................................................................................................................... 109 

6.3. Results ........................................................................................................................................... 109 

6.3.1. Cumulative Trypsin Activity is Maximized at 47 °C with 10 mM Calcium Ions .................................. 109 
6.3.2. Proteome Identifications Show High Similarity between Digestion Conditions ................................... 114 
6.3.3. Relative Quantitation Reveals Trypsin Cleavage Is Accelerated at Elevated Temperature with        

Added Calcium Ions ......................................................................................................................................... 118 

6.4. Discussion ..................................................................................................................................... 122 

6.5. Conclusions ................................................................................................................................... 126 

7. Future Work & Conclusions .........................................................................128 

7.1 Thesis Summary ........................................................................................................................... 128 

7.2 Future Work ................................................................................................................................. 131 

7.2.1 Rapid and quantitative organic solvent precipitation .............................................................................. 131 
7.2.2 Evaluating the Repeatability of Sample Preparation in the ProTrap XG ................................................ 132 
7.2.3 Precipitation-Based Multi-omics ............................................................................................................. 132 
7.2.4 Effect of Denaturants on Trypsin Activity .............................................................................................. 133 
7.2.5 Calcium-Assisted Rapid Digestion in the ProTrap XG ........................................................................... 133 

7.3 Conclusions .................................................................................................................................... 133 

Bibliography ..........................................................................................................135 

Appendix A ............................................................................................................172 

Required Copyright Reproduction Agreements .............................................................................. 172 

 

 



vi 

 

 

List of Tables 

 

Table 1.1 Precipitation conditions used in Cohn Fractionation [123].......................................... 15 

Table 2.1 Rate constant determination for room-temperature precipitation in the low-salt 

condition ...................................................................................................................... 43 

Table 5.1 Summary of trypsin deactivation kinetics and cumulative activity over time in the 

presence of select surfactants, organic solvents and chaotropic agents ....................... 93 

Table 6.1 Summary of trypsin deactivation rates at various temperatures in the presence or 

absence of calcium ions. ............................................................................................ 112 

 

  



vii 

 

List of Figures 
 

Figure 1.1 Arrow-pushing mechanism of peptide bond hydrolysis by trypsin............................. 19 

Figure 2.1 Workflow diagram of precipitation time course. ……………………………………36 

Figure 2.2 Influence of salt on protein precipitation..................................................................... 39 

Figure 2.3 Influence of salt types on precipitation efficiency ...................................................... 40 

Figure 2.4 Influence of salt concentration on precipitation recovery.. ......................................... 42 

Figure 2.6 Precipitation recovery of dilute samples. .................................................................... 44 

Figure 2.7 Bottom-up protein identifications from low- and room-temperature precipitation ..... 45 

Figure 2.8 Box-and-Whisker plots of structural properties of rapid precipitation pellets. ........... 46 

Figure 2.9 Venn diagrams comparing protein identifications from bottom-up LC-MS/MS 

analysis of pellets and supernatants. ........................................................................... 46 

Figure 2.10 Venn diagrams of protein identifications made from duplicate MS injections. ........ 47 

Figure 2.11 Venn diagrams comparing proteins identified from replicate MS injections . .......... 48 

Figure 2.12 Box-and-Whisker plots of protein properties following rapid precipitation. ............ 49 

Figure 2.13 Histogram of proteins identified from rapid precipitation. ....................................... 50 

Figure 2.14 Box-and-Whisker plots of protein properties following room-temperature 

precipitation. ............................................................................................................. 51 

Figure 3.1 Venn diagrams of bottom-up peptide and protein identifications from replicate 

preparations. ................................................................................................................ 58 

Figure 3.2 Summary of bottom-up peptide and protein identifications ........................................ 59 

Figure 3.3 Miscleavage analysis of peptides identified from each preparation strategy. ............. 61 

Figure 3.4 Correlation of qualitative repeatability with peptide properties.. ................................ 63 

Figure 3.5 Assessment of quantitative repeatability for peptides with no missing values.. ......... 65 

Figure 3.6 Violin plots of peptide coefficients of variation. ......................................................... 67 

Figure 3.7 Correlation plots of peptide intensities across replicate pairs. .................................... 68 

Figure 4.1 Metabolomics coverage following various precipitation strategies. ........................... 79 



viii 

 

Figure 4.2. Heatmap of average metabolite intensities. ................................................................ 82 

Figure 4.3 Bottom-up protein identifications from triplicate preparations. .................................. 83 

Figure 4.4 Label-free bottom-up protein quantitation analysis.. .................................................. 85 

Figure 4.5 Endogenous peptidome coverage from various protein depletion strategies. ............. 87 

Figure 5.1 Effect of sodium dodecyl sulfate on trypsin activity and stability. ............................. 94 

Figure 5.2 Effect of sodium deoxycholate on trypsin activity and stability. ................................ 97 

Figure 5.3 Effect of sodium laurate on trypsin activity and stability. ........................................... 98 

Figure 5.4 Effect of chaotropes on trypsin activity and stability. ................................................. 99 

Figure 5.5 Effect of organic solvents on trypsin activity and stability. ...................................... 102 

Figure 5.6 Summary of cumulative trypsin activity in the presence of denaturants……………105 

 

Figure 6.1 Effect of calcium ions and temperature on initial trypsin activity. ........................... 110 

Figure 6.2 Time course assessment of trypsin activity. .............................................................. 111 

Figure 6.3 Effect of calcium concentration of trypsin stability. ................................................. 111 

Figure 6.4 Second-order kinetics models of trypsin de-activation ............................................. 112 

Figure 6.5 Cumulative trypsin activity across a 16 h time course. ............................................. 113 

Figure 6.6 Venn diagram comparing in-silico digestion with identified peptides. ..................... 115 

Figure 6.7 Qualitative bottom-up proteome identifications from experimental digests.. ........... 115 

Figure 6.8 Miscleavage analysis of bottom-up proteome identifications.. ................................. 116 

Figure 6.9 Venn diagrams of bottom-up peptide identifications between experimental and  

control digests. .......................................................................................................... 117 

Figure 6.10 Venn diagrams of bottom-up protein identifications between experimental and 

control digests. ........................................................................................................ 117 

Figure 6.11 Venn diagrams of bottom-up protein identifications contributed by fully-cleaved 

peptides. .................................................................................................................. 118 

Figure 6.12 Relative quantitation of fully-cleaved, singly miscleaved, and doubly miscleaved 

peptides.. ................................................................................................................. 119 

Figure 6.13 Tukey Box-and-Whisker plots of relative peptide quantitation. ............................. 120 



ix 

 

Figure 6.14 Evaluation of cleavage specificity in rapid digest. .................................................. 121 

Figure 6.15 Characterization of miscleaved peptides. ................................................................ 122 

Figure 6.16 Histogram of the protein identification rates as a function of abundance. .............. 125 

 

  



x 

 

Abstract 
 

With current mass spectrometry and bioinformatics platforms, proteome analysis is at the 

forefront of characterizing complex biological systems. Through deep qualitative coverage 

combined with precise quantitation, proteomics represents a powerful tool in the pursuit of 

understanding disease-driving mechanisms and elucidating precise therapeutic approaches. 

However, the stringency of proteomics output is limited by the coverage and precision afforded 

by front-end preparation strategies. Much of the current proteomics literature relies on the 

maximum potential of state-of-the-art MS acquisition technologies without leveraging optimal 

front-end processing. Furthermore, many of the existing sample preparation strategies (reviewed 

in Chapter 1 of this thesis) impart a trade-off between recovery, digestion efficiency, and precision.  

The present thesis aims to evaluate the factors limiting front-end workflows and propose 

practical alternatives that maximize coverage, quantitative precision, and throughput. Organic 

solvent-based precipitation as a means of proteome purification has often been overlooked based 

on conflicting reports of efficiency. Following previous work from this group, Chapter 2 of this 

thesis assesses the rate-limiting variables associated with protein precipitation and demonstrates a 

rapid and robust approach to precipitation-based proteome recovery. Chapter 3 provides an 

evaluation of the repeatability of a precipitation-based bottom-up proteome workflow on the basis 

of sample coverage and the precision of peptide quantitation. Chapter 4 evaluates the potential of 

the enhanced precipitation approach towards multi-omics preparations.  

Bottom-up proteome strategies rely on robust enzymatic digestion with trypsin. Many 

common proteomics additives, however, impede the enzyme’s stability. Chapter 5 of this thesis 

characterizes the effects of several denaturing additives, demonstrating that these solubilizing 

agents are included at the expense of proteolytic efficiency. A wide variety of alternative digestion 

approaches have been described towards improved throughput over the conventional overnight 

incubation, although the limited validation reduces their potential for precise quantitation. Chapter 

6 of this thesis characterizes the effects of elevated temperature in combination with the stabilizing 

effects of calcium ions towards a rapid approach to complete digestion while demonstrating the 

implications for bottom-up proteome analysis. Future studies, summarized in Chapter 7, suggest 

the application of the described rapid precipitation and enzymatic digestion to the development of 

targeted assays in large-scale clinical settings.  
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1. Introduction 
 

 

1.1 An Introduction to Proteomics 
 

The diverse field of proteomics provides a powerful means of investigating biological systems, 

relying heavily on sophisticated separations, mass spectrometry platforms, and bioinformatics 

technologies to characterize protein expression. Proteomics has grown rapidly over the last several 

decades, stemming from protein mapping by way of two-dimensional gel electrophoresis and 

evolving with improved capabilities of mass spectrometry [1]. Since John Fenn’s adaptation of 

electrospray ionization (ESI) towards the ionization of biological macromolecules [2], liquid 

chromatography coupled to tandem mass spectrometry (LC-MS/MS) and subsequently capillary 

electrophoresis with tandem mass spectrometry (CE-MS/MS) platforms have been the gold 

standard for proteome analysis [3]. MS-based protein identification was conventionally performed 

by sequencing smaller protein segments generated by enzymatic digestion in a process known as 

bottom-up proteomics. With improvements in MS sensitivity and resolution, the capacity for direct 

MS characterization of intact proteins (i.e., top-down proteomics) has become increasingly 

popular.  

To maximize the potential of modern MS instrumentation to characterize complex protein 

systems, fast, robust, and reliable front-end sample preparation strategies are also needed. The 

structural heterogeneity across a proteome mixture is large, with molecular weights spanning 5-

500 kDa [4,5], a range of solubility differences between cytosolic and membrane proteins, charge 

states ranging from highly negative to highly positive, and varying degrees of intrinsic disorder. 

This diversity contributes biases in sample recovery when subjecting the sample to various 

manipulations associated with front-end proteome workflows. This is especially concerning when 

considering the vast dynamic range of a proteome, spanning ~10 orders of magnitude. Often, the 

most interesting analytes are those present in low abundance, and so it is critical that preparative 

workflows conserve the entire proteome, especially as sample sizes diminish to as low as a single 

cell. 
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1.1.1 -Omics 

Proteomics is just one of several “-omics” initiatives, referring to fields of study to 

comprehensively examine the diverse classes of molecules from biological systems (e.g., 

genomics: DNA, transcriptomics: mRNA, proteomics: proteins/proteoforms, metabolomics: 

metabolites). Genomics, for example, grew from simple DNA sequencing into a highly ambitious 

goal of sequencing the full set of DNA expressed in a given organism. The Human Genome Project 

was formerly established and undertaken between 1990-2003, being far quicker than anyone had 

anticipated [6]. Proteomics emerged shortly after the Human Genome Project was initiated to 

characterize the biologically functional products encoded by the genome. Similarly, 

transcriptomics characterizes the complete set of RNA transcripts produced by the genome. Omics 

fields of study have since expanded to include glycomics, lipidomics, metabolomics, and others, 

with growing interest in multi-omics analyses (e.g., metabolomics + proteomics) enabling 

increased coverage of complex cellular processes.  

Genomics encompasses the physical and functional mapping, study, and altering of the 

genes expressed by an organism. The full DNA sequence of an individual encodes a diverse array 

of biological functions, affording insight into disease-driving mechanisms. The field of genomics 

had its earliest origins in the 1960’s as Robert Holley elucidated the first nucleic acid sequence of 

transfer RNA [7]. This was followed by Walter Fiers who determined the first sequence of a gene 

in the 1970’s [8,9]. In 1977, Frederick Sanger reported the chain-termination sequencing method 

(also known as Sanger sequencing), relying on chemical chain-termination followed by both gel 

electrophoretic analysis [10]. While Next Generation DNA sequencing techniques emerged in the 

early 2000’s (and continue to evolve) [11,12], the Sanger method is still widely used today, 

including for the analysis of the SARS-CoV-2 virus [13]. In 1985-1986, The Human Genome 

Project was proposed, with the aim of sequencing the complete human genome (>3 billion base 

pairs) [14–16]. This huge initiative, often referred to as Biology’s Moonshot represented one of the 

largest scientific collaborations, relying on the efforts of hundreds of researchers from 20 

international sites [17,18]. The first draft was released in 2001 [19], comprising 90 % of the total 

genome, followed by what was deemed an “essentially complete” version in April of 2003 [20]. 

Additional refinements were reported recently in May 2021, with a final gapless assembly most 

recently released in January 2022 [21].  
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 The published human genome, combined with the efficiency and accessibility of Next 

Generation genome sequencing techniques have been invaluable in medicine, from deconvoluting 

the genetic basis of diseases to predicting drug response. Genetic sequencing is nearly a standard 

of care for several malignancies, enabling precision and personalized medicine approaches for the 

targeted treatment of heterogeneous diseases. Mutations in the BRCA (BReast CAncer) gene, for 

example, are highly informative markers in breast, ovarian and pancreatic cancer [22–24]. 

Unfortunately, the genome does not completely encode the diverse array of biological functions. 

While functional genomics technologies are available to explore the relation between gene, RNA 

and protein products, the very nature of transcription and translation results in a set of proteins that 

are more complex than the genome that encodes them. The additional heterogeneity of the 

proteome arises in part from alternative splicing events, open reading frames in mRNA translation, 

and single nucleotide polymorphisms (SNP). This is further compounded by post translational 

modification (PTM) of the protein. While the human genome encompasses roughly 20,000 genes, 

the number of distinct forms of proteins (i.e., proteoforms) could potentially be 2 orders of 

magnitude higher [25]. The study of proteins comes with the added challenge of differential 

expression. While genomics analysis benefits from polymerase chain reaction (PCR) amplification 

to maximize sensitivity [26], the differential expression of proteins in human plasma is estimated 

to span 10 orders of magnitude [27], complicating the detection of low-abundance analytes.  

 The term “proteome” was coined by Wilkins in 1994 to describe the total complement of 

proteins encoded by a given genome. While the term has only been formally defined for less than 

thirty years, the earliest proteomics experiments date back to the 1970’s whereby two-dimensional 

(2D) gel electrophoresis (GE) was employed by O’Farrell to map E. coli proteins [28]. The method 

of 2D GE separates proteins in the first dimension by isoelectric focusing and subsequently 

according to molecular weight, resulting in a 2D map of spots, each representing a distinct protein.  

Protein identification/characterization relies largely on the determination of the primary amino 

acid sequence, which first relied on chemical approaches such as Edman degradation [29] or 

alternatively, subjecting the protein spots to immunoassays, such as Western blotting [30] wherein 

the identity of a protein is confirmed by selective interaction with an antibody. Eventually, these 

techniques gave way to MS-based strategies for protein sequencing. While gel-based methods for 

protein identification continue to be exploited today [31,32], their limited throughput motivated 

alternative strategies for larger scale goals of deep proteome profiling.  
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Protein detection by mass spectrometry was not widely utilized until the advent of soft 

ionization techniques, namely, matrix-assisted laser desorption/ionization (MALDI) [33] and ESI 

[2]. In 1987, Tanaka demonstrated ionization of proteins using MALDI with metal particles 

suspended in a glycerol matrix. Subsequent efforts showed that higher molecular weight proteins 

were more effectively ionized from nicotinic and cinnamic acid matrices [34]. In addition to 

desorptive methods for ionization of biological molecules, in 1989 John Fenn effectively coupled 

electrospray ionization (first described by Dole et al., [35]) to a mass spectrometer for effective 

detection of intact proteins. Tanaka and Fenn shared the Nobel Prize in 2002. The ability to ionize 

such large, non-volatile biological molecules from the liquid phase enabled the invaluable direct 

coupling with liquid phase separations.  

While Fenn’s work paved the way for modern proteomics methodologies, it was two 

decades earlier that Hunt employed tandem MS to determine the amino acid sequence of trace 

proteins following enzyme and/or chemical digestion, with liquid chromatography (LC) 

fractionation to simplify the resulting mixture [36]. It was stated that the total time for this process 

“rarely exceeds 4 or 5 days”. Indeed, MS‐based proteome sequencing has come a long way. With 

electrospray ionization (ESI) extending MS toward larger biomolecules, direct sequencing of 

intact proteins quickly followed, forging the “top-down” approach [37]. Given the limitations of 

MS resolution and high sample complexity, detection of digested peptides was more efficient. The 

modern era of bottom‐up proteome analysis [38] was therefore established, coupling MS with 

separation platforms, together with bioinformatic approaches [39] that leveraged the information 

compiled in expanding protein sequence databases [40]. Rounding the toolbox for bottom‐up 

proteome analysis were front‐end strategies to facilitate protein extraction, digestion, and 

purification [41]. The current section focuses on MS acquisition strategies; sections 1.3 & 1.4 

provide descriptions of the variables influencing protein solubility and enzymatic digestion, 

respectively.  
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1.1.2 MS-based Proteomics* 

Currently, bottom‐up MS can rapidly profile proteomic mixtures, with ~100-200 unique 

protein identifications per minute [42–44]. With such capacity, the Human Proteome Project, 

proposed by Williams in 1996, is now approaching completion. At present, over 90 % of the 19,873 

protein entries have been catalogued with high stringent MS data representing a minimum of two 

non‐nested peptides reported at a false discovery rate (FDR) <1 % [45]. However stringent, the 

detection of a protein based on surrogate peptides inherently leaves a void in the capacity of the 

HPP to fully disclose expressed gene products. 

 Several MS acquisition strategies have been developed to accommodate the diverse goals 

of proteome experiments. For example, discovery-based studies and whole-sample profiling rely 

on untargeted/shotgun approaches. These experiments have conventionally been achieved by data-

dependent acquisition (DDA), which subjects the most intense precursors detected by MS1 to 

fragmentation and MS2 detection. These tandem MS spectra are searched against a spectral library 

generated from an in-silico digest of the indicated proteome sample [46,47]. Matched spectra are 

filtered globally based on a false positive rate (usually 1 %) and individually based on a scoring 

system [48,49].  

Advances in the scan speed and sensitivity of mass spectrometry instrumentation enable a 

broader approach, data-independent acquisition (DIA). In DIA workflows, every precursor ion 

from the MS1 scan is subject to fragmentation. Contrasting with DDA, this provides tandem MS 

detection of all ions within a selected m/z range, theoretically enabling deeper qualitative 

characterization and more accurate quantitation [50,51]. However, the simultaneous fragmentation 

of several precursors produces complex tandem MS spectra, posing challenges with data analysis. 

The sequential fragmentation employed in DDA facilitates MS2 spectra containing fragment ions 

from a single precursor, making peptide identification easier. DIA spectra are processed by one of 

two approaches—spectrum- or peptide-centric. As reviewed by Halder et al. [52], in a spectrum-

centric approach, DIA-MS spectra are converted to pseudo-DDA MS/MS spectra, which can 

subsequently be searched against a spectral library of an in silico digest [53,54]. The alternative, 

 
* Section 1.1.2 is based on the published article Nickerson J.L., Baghalabadi V., Rajendran S.R.C.K., Jakubec 

P.J., Said H., McMillen T.S., Dang Z., Doucette A.A. Recent advances in top-down proteome sample processing 

ahead of MS analysis. Mass Spectrom. Rev. 2021 doi: 10.1002/mas.21706.  
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peptide-centric approach simulates a spectral library based on the input protein sequence. These 

predictive strategies are now benefitting from Deep Learning approaches based on large DDA 

datasets and are facilitated by various algorithms such as Pecan [55] and DIA-NN [56] analysis 

platforms. As reviewed by Krasny et al., DIA offers significant enhancements in identification 

repeatability compared to DDA, which is more prone to missing a given peptide from one run to 

the next based on variances in the elution profile [57]. This enhanced qualitative identification rate 

inherently improves quantitative results, whereby the reduced frequency of missing values 

increases the precision of peptide and protein quantitation. A 2017 update on the Human Proteome 

Project reported organ-specific protein databases to facilitate the application of DIA-MS strategies 

for disease investigations [58]. 

The enhancements in sensitivity and scan speed that are enabling the use of DIA-MS 

approaches are also facilitating broader quantitative strategies. In a targeted quantitation approach, 

complex samples may be surveyed for a particular protein, e.g., a diagnostic biomarker, by way of 

multiple reaction monitoring (MRM) [59]. In these strategies, only the precursors of interest are 

subject to fragmentation, which optimizes the sensitivity for a small fraction of the complex 

sample. Such MRM assays are often employed in biomarker detection and for accurate 

quantitation [60–62]. By contrast, untargeted quantitation has traditionally relied on isotopic 

labelling strategies. The repeatability of MS acquisition impedes the comparison of a precursor’s 

intensity from one run to the next, so comparative samples may be differentially labeled, pooled, 

and analyzed simultaneously for a direct comparison of MS1 peak areas. Such labeling strategies 

include Stable Isotope Labelling of Amino Acids in Cell Culture (SILAC) [63], reductive dimethyl 

labelling [64], and tandem mass tagging (TMT) [65] for relative quantitation as well as Isobaric 

Tags for Relative and Absolute Quantification (iTRAQ) [66], Quantification conCATamer 

(QconCAT) [67], and internal standard approaches for absolute quantitation [68]. These labeled 

relative quantitation approaches provide benefits with multiplexing (up to 18 samples with the 

TMT strategy); however, they are limited by variances in labeling efficiency, throughput, and cost. 

The enhanced repeatability of DIA-MS approaches provides high agreement in identifications as 

well as precursor ion intensities across LC-MS/MS runs (with reported coefficients of variation of 

<10 % [69,70]). By this, label-free quantitation facilitates a low-cost approach to precise 

quantitation, with particular benefits for large scale analysis, or challenging systems such as single 

cell analyses. However, the run-to-run instrumental variance should be assessed with respect to 
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labelling efficiencies to determine whether a labeled or label-free approach would provide the 

greatest quantitative accuracy for a given platform. 

Thus far, the presented descriptions of MS acquisition have assumed a bottom-up approach, 

where intact proteins are digested into lower molecular weight peptides for easier detection and 

data analysis. The alternative approach to MS-based proteome characterization, namely top-down 

proteomics, eliminates the step of enzymatic digestion, instead performing tandem MS of the intact 

protein. Such large molecules pose challenges for tandem MS analysis by resisting fragmentation, 

which has led to low sequence coverage. Several advances in fragmentation strategies have been 

reported recently, including sequential ETD and HCD, collisionally activated dissociation, and 

mesh fragmentation [71–73]. The associated enhanced sequence coverage offers advantages in 

confidence of protein identification and detecting correlated post translational modifications. 

Deconvolution of MS1 and MS2 spectra of intact proteins is challenging owing to wide charge 

state envelopes and variable fragmentation efficiency. Despite these challenges, several strategies 

for protein identification based on top-down spectra have been developed, relying on shotgun 

annotated databases [74,75], fragment ion mapping [76], long peptide sequence tagging [77], and 

spectral alignment [78,79]. Given the numerous post translational events that can decorate a 

protein, including phosphorylation, glycosylation, acetylation, sumoylation, top-down proteomics 

allows a wholistic view of the distinct form of the protein. A protein exhibiting all of its final post-

translational modifications was coined proteoform by Smith and Kelleher in 2013 [80]. With all 

possible degradation products, sequence variants, and permutations of PTMs, the complexity of 

the human proteome is orders of magnitude greater than the encoding genome. These 

modifications have high relevance in cell-to-cell communication, proliferation, and thereby 

influence a protein’s role in driving functional mechanisms such as disease states. Given the 

functional discrepancy between a protein and its complement of proteoforms, a Human Proteoform 

Project has launched, proposed by Smith et al. in 2021 [81], with the goal of characterizing the 

drivers of human health and disease at the proteoform level. To date, 61,770 proteoforms have 

been characterized from 5705 proteins coded by 4689 genes [82], reflecting the increase in 

heterogeneity between the genome and the functional proteome.  

The peptidome represents an interesting fraction of the proteome, comprising the products 

of endogenous enzymatic reactions. There has been an interest in characterizing these analytes 

since proteomics emerged, particularly in neurobiology [83] and the immune system [84]. The 
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inherent low abundance and diversity of endogenous peptides poses challenges in sample 

preparation, detection, and data analysis, however, advances in LC-MS and bioinformatics 

platforms are enabling peptide characterization based on MS/MS spectra despite low 

concentrations and without the constraint of trypsin specificity [85–88]. The Human 

Immunopeptidome Project was launched in 2015 with the objective of mapping the entire 

complement of peptides produced by human leukocyte antigen (HLA) molecules [89,90].  

 

1.1.3 Multi-omics 

Following the successes of the human genome project and the progress in the field of 

proteomics, scientists continue to probe deeper into the complexity of human biology by way of 

many other omics fields. Transcriptomics, for example, represents the study of RNA transcripts, 

enabling an understanding of differential gene expression [91] and emerged around the same time 

as proteomics. While the genome, transcriptome and proteome reflect the drivers of many 

biological processes, the metabolome provides an opposite perspective, representing the end 

products of completed cellular functions. By this, metabolomics—first described in 1999 by 

Nicholson [91]—most accurately evidences the current physiology of the cells under investigation. 

Metabolomics strategies have often employed GC-MS, benefitting from its high resolving power. 

However, LC-MS approaches are favored for the enhanced sensitivity, throughput, and mitigated 

derivatization. Advances in metabolome technologies are enabling its application in disease 

diagnostics [92], precision medicine [93] and drug interaction studies [94].  

Each of the omics fields that have been described exhibit different advantages and 

limitations while enabling unique perspectives into the complex workings of a biological system. 

Typically, any of these -omics workflows target the recovery and detection of a particular fraction 

of the sample. However, multi-omics approaches are gaining popularity due to the rich information 

obtained by combining the profiles of the genome, transcriptome, proteome, and/or metabolome. 

As reviewed by Huang et al., recent advances in data integration have been vital in the progress of 

multi-omics [95]. With sample quantities often being limited, single sample preparation workflows 

are being developed to recover and prepare multiple “omes” simultaneously, however throughput 

seems to be a remaining limitation. A 2016 study by Quinn et al. described an integrated 

genome/metabolome pipeline that enabled multi-omics analysis in <48 h [96]. In 2021, Bechmann 

et al. claimed to develop a single sample preparation workflow to recover the proteome and 
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metabolome from mouse adrenal tissue, however, the sample was aliquoted for differential 

treatment following cell lysis [97]. A 2016 review by Bock et al. highlights recent preparative 

approaches to multi-omics analyses on single cells [98]. These diverse integrative approaches 

clarify the connections between the genome and final phenotype and have great potential in 

understanding disease mechanisms and drug interactions [99,100].  

 

1.2 The Proteomics Workflow 
 

Proteome analysis generally relies on rigorous front-end workflows to quantitatively 

recover all proteins from a complex biological matrix with sufficient purity for effective ionization 

and detection by mass spectrometry. The structural heterogeneity across a proteome demands 

robust catch-all approaches to solubilization, often relying on MS-incompatible denaturants (e.g., 

surfactants, chaotropes), which are subsequently depleted before MS analysis. Given the 

complexity and dynamic range of proteome samples, detection efficiency is optimized by 

fractionating the sample. This is achieved through a variety of approaches spanning 

chromatography, electrophoresis, or membrane filters. Many workflows benefit from multi-

dimensional combinations of these separations to maximize peak capacity and thereby the depth 

of sample coverage. In the case of a bottom-up workflow, fractionation steps may occur before or 

after enzymatic digestion (offline) and are often directly coupled to the MS source (online). 

Depending on the experiment and the exploited instrumentation, these workflows can vary 

greatly—some being optimized for a broad approach aiming for a snapshot of the whole sample 

(untargeted, shotgun), while others select for specific analytes of interest (targeted). 

 Proteome samples can include tissue specimens, body fluids (e.g., urine, blood, saliva) or 

cultured cell lines. These complex matrices necessitate robust front-end sample preparation to 

selectively and quantitatively recover the proteome, deplete interferences, digest (for bottom-up 

workflows), and fractionate for optimal MS characterization. The structural/chemical 

heterogeneity across a complex proteome poses challenges associated with solubility and biased 

manipulation based on size or hydrophobic character. MS instrumentation is affording increasingly 

robust identification and quantitation accuracy, demanding equivalent stringency from sample 

preparation while the scale of current proteome initiatives favors increased throughput and 

automation. The challenges and recent advances in front-end sample processing are described here, 

with a focus on the controlling variables of solubility and digestion.  
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1.3 Protein Solubility and Precipitation Mechanisms 
 

Proteome workflows largely take place in solution, which necessitates careful 

consideration of the heterogeneous solubility properties across a complex proteome sample. A 

native protein adopts a secondary and tertiary folded state that minimizes the Gibb’s free energy 

of its primary amino acid sequence in water [101]. With the H-bonding network of polar residues 

and the peptide backbone being stabilized in both the folded and unfolded state, folding towards 

the minimal free energy is largely entropically driven. The Hydrophobic Effect describes the 

tendency of hydrophobic amino acid residues to be buried at the interior of the folded structure, 

while more polar residues interact favorably with the aqueous solvent. When hydrophobic residues 

are exposed to the polar aqueous solvent, the surrounding water molecules become highly ordered. 

By this, when these residues become buried within the folded structure, the disorder of the solvent 

increases. The combination of increased entropy and stabilizing van der Waals interactions [102] 

affords a thermodynamically favorable energy of reaction, optimizing the intermolecular 

interactions between the protein and solvent. Complete protein solvation relies on the formation 

of stabilizing intermolecular interactions between surface of the protein and surrounding water 

molecules, comprising the solvation layer. These interactions include hydrogen bonding (e.g., at 

asparagine and glutamine residues) and ion-dipole interactions at charged residues (e.g., aspartic 

acid, glutamic acid). This layer of solvating water has been reported to contribute a radius of 

several angstroms between the protein and bulk solvent. The influence of complete solvation on 

protein function has also been discussed [103,104]. 

 Protein solvation is inherently complex, with recent works describing an influence on water 

dynamics extending into the bulk solvent. Thus, it is unsurprising that co-solutes have a direct 

influence on protein stability in solution. The influence of ionic strength (µ, given by Equation 1.1, 

where ci is the concentration of an ion, and zi is its charge) on solvating protein-water interactions 

has been researched since the 1950’s and can be understood through the Debye-Hückel theory. In 

1923, Debye and Hückel characterized the ordering of dilute electrolyte whereby ions in solution 

are surrounded by a stabilizing cloud of oppositely charged ions through Coulombic interactions 

[105]. The result is an overall shielding effect, which decreases the activity of the electrolyte in 

solution. Similarly, Coulombic ion-ion interactions will occur between dissolved electrolyte and 

charged residues on a protein. This ordering results in an overall shielding effect, where the 
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effective concentration of the charged species is most accurately expressed through the activity 

coefficient. The activity coefficient (γx) is given by Equation 1.2, where αx is the diameter of the 

hydrated ion in picometers. The product of the activity coefficient with the ion’s concentration 

(Equation 1.3) gives the activity of the ion. 
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By reducing the activity (i.e., effective concentration) of charged residues on the protein’s surface, 

the electrostatic free energy is minimized, promoting the protein’s solvation. This process is 

commonly known as salting in. By contrast, at high ionic strength, electrolyte in solution imposes 

the opposite effect, favoring protein-protein interactions by way of salting out, which can be 

instrumental in inducing protein precipitation (discussed in further detail shortly).  

 While salting in enhances protein solubility by stabilizing charged (polar) residues, other 

proteins, specifically membrane-associated proteins, are folded to optimize hydrophobic 

interactions with the lipid bilayer. This hydrophobic character makes membrane proteins 

particularly challenging to solubilize in aqueous buffers, considering the entropic costs of solvating 

non-polar residues. However, membrane proteins make up approximately one third of the human 

proteome and are of high biological interest due to their roles in intercellular signaling, drug 

interactions, and immune responses.  

Various additives have been employed to optimize the solubility across complex proteome 

samples, the most common being surfactants, such as sodium dodecyl sulfate (SDS). Above the 

critical micelle concentration, surfactants effectively denature proteins by disrupting the tertiary 

and secondary structure in favor of ionic interactions between charged residues and the polar head 

group as well as hydrophobic interactions between non-polar residues and the twelve-carbon chain 
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on the surfactant [106]. The resulting protein-SDS complex continues to be the subject of 

molecular dynamics studies, showing differences based on concentration of both the protein and 

the surfactant as well as across protein type, temperature, and ionic strength [107]. In 1980, 

Tanford et al. proposed a “beads on a string” model wherein the unfolded protein became wound 

around SDS micelles through ionic interactions between charged residues and the surfactant’s 

sulfate group [108]. Ten years later, Lundahl suggested that all protein-bound SDS molecules 

formed a cylindrical micelle around which the unfolded protein would form a helical structure 

[109]. Also in 1990, Guo employed small angle neutron scattering to investigate protein-SDS 

binding interactions, which lead to their proposed correlated necklace model [110,111]. More 

recently, a molecular dynamics simulation by Winogradoff et al. characterized two mechanisms 

of secondary structure disruption [112], both of which were initiated by a single SDS molecule 

disrupting inter-beta strand Hydrogen bonding. Both initial pathways were shown to precede the 

formation of a non-native helical structure around SDS micelles at sufficient concentrations, 

supporting the long standing “beads on a string” and “necklace” descriptions. 

 Ionic surfactants contribute invaluably to proteome sample preparation, whether it be for 

cell lysis, protein solubilization/denaturation, or SDS PAGE (polyacrylamide gel electrophoresis) 

separation. However, the amphiphilic character that makes them amenable to protein stabilization 

also makes them incompatible with the favored reversed phase chromatography and of even 

greater consequence, electrospray ionization [113]. Electrospray works by de-solvating ions within 

an aerosol at high potential through sequential Coulombic fission events [114]. By this, the solutes 

occupying the outer surface of the solvent droplet enter the gas phase allowing subsequent 

detection by mass spectrometry. The solvation of hydrophobic species is entropically unfavorable, 

eliciting highly ordered/rigid structure among surrounding water molecules. Thus, it becomes 

favorable for the hydrophobic tail of surfactants such as SDS to occupy the air-water interface of 

an electrospray droplet, significantly reducing the ionization efficiency of peptide/protein analytes 

[113]. In combination with ion suppression, surfactants also deactivate the enzymes exploited for 

proteolysis in bottom-up workflows and disrupt chromatographic separation of the proteome 

sample, causing major challenges in later steps of a proteome workflow. 

 The reduced efficiency of downstream preparative steps and ultimately, MS detection 

imposed by ionic surfactants necessitates near-quantitative depletion. Previous work from the 

Doucette group has demonstrated that MS signal intensity is optimized when SDS is depleted 
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below ~10 ppm [115]. Conventional strategies include sample dilution to below the SC50 [116], 

dialysis [117], precipitation with KCl [118], and chromatographic strategies [119,120]. However, 

these pose major throughput limitations (with dialysis taking multiple days) and largely fail to 

remove protein-bound surfactant. In-gel digestion was widely adopted but is limited by low 

throughput, variable sample recovery, and inherent incompatibility with top-down approaches. 

Some of the most common approaches to SDS removal rely on protein precipitation—a century-

old approach—which is a central theme of this thesis. Effective protein precipitation has been 

induced by a variety of strategies, driven by excessive ionic strength (i.e., salting out) or the 

addition of organic solvents. The present section discusses the thermodynamics controlling protein 

precipitation and the recent contributions presented by the Doucette group to optimizing the 

technique for high recovery and high throughput in bottom-up or top-down proteome workflows.  

 At sufficient ionic strength, electrolytes are associated with reducing protein solubility in 

a process known as salting out. In addition to the salt concentration, the type of electrolyte plays a 

significant role in determining its effect on protein solubility. In 1888, Franz Hofmeister described 

the effects of various salt species on the solubility of proteins, elucidating what is now known as 

the Hofmeister series [121]. It has long been explained that the most hydrated anions (those with 

a high charge density—kosmotropes, e.g., CO3
2−, SO4

2−, etc.) promote the ordering of water, 

decreasing the amount of water available to form solvating interactions with the protein. This loss 

in entropy promotes protein aggregation through the hydrophobic effect and Coulombic 

interactions. By contrast, chaotropic anions are characterized by a lower charge density (e.g., 

ClO4
−, SCN−, etc.), which favors the disruption of the water’s hydrogen bonding network, 

increasing the free energy of the solvent, and thereby contributing a net solubilizing effect.  

The mechanism of salting in/out has long been debated, and was recently reviewed by 

Hyde et al. [122]. They describe that the inclusion of salt reduces the entropic penalty associated 

with the ordered structure of water surrounding the protein in favor of ion-dipole interactions 

between water and dissolved electrolyte. By this, the protein surface is de-solvated and stabilized 

through protein-protein ionic interactions and the hydrophobic effect, which leads to large-scale 

aggregation.  

 The pH of the solvent system can also be exploited to manipulate protein solubility. The 

diverse acid/base character of the twenty amino acids results in different net charges across 

proteins depending on the pH of the solution. The thermodynamics of protein folding favor the 
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exposure of charged residues at the outer surface of the folded structure, enabling ion-dipole 

interactions with solvating water molecules. Charged residues also enhance protein solubility by 

contributing electrostatic repulsions. This is why proteins are least soluble at or near their 

isoelectric point. By this, a protein’s solubility has been observed to reach a minimum at its 

isoelectric point (pI) [123]. Isoelectric precipitation has been exploited for commercial 

preparations (e.g., cheese, pharmaceuticals) and historically contributes to the method of Cohn 

fractionation (described in greater detail below). However, it poses practical limitations with the 

recovery of complex proteome mixtures, lending favor to alternative means of precipitation for 

MS-based proteome workflows.  

Almost 20 years after Hofmeister’s characterization of the salting out effects exhibited 

across salt types, Mellanby et al. studied the efficiency of precipitation and described the earliest 

use of organic solvent (ethanol) to induce protein precipitation [124]. The addition of organic 

solvent reduces the dielectric constant of the solvent system compared to that of pure water [125]. 

Coulomb’s Law describes the force (F) between two point charges in a particular medium and is 

given by Equation 1.4, where ɛo is the permittivity of a vacuum, ɛr is the permittivity of the 

medium, q1 and q2 are the charges on two particles, and r is the distance between the two charged 

species. From Coulomb’s Law, a reduced dielectric constant imparts stronger Coulombic forces 

(F) (either attractive or repulsive) between charged particles in solution [126]. The strengthened 

electric field promotes aggregation between oppositely charged proteins through ionic 

interactions. Furthermore, in the presence of organic solvent, water-solvent interactions (e.g., 

hydrogen bonding and dipole-dipole) become more favorable than solvating water-protein 

interactions. The preferential interaction of water with the organic solvent is thought to promote 

dehydration of the protein’s solvation layer. With less water available to solvate the protein, 

precipitation is favored entropically through protein-protein hydrophobic interactions. 
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 In a classic 1907 study, Mellanby et al. provide extensive discussion on the precipitation 

conditions that showed a controlling influence on protein recovery [124]. They found that 

precipitation efficiency is optimized at cold temperatures (tested down to 0 °C) using high 

concentrations of ethanol. They also described a dependence on protein concentration, where 
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samples with greater protein content precipitated more readily and under milder conditions. Their 

investigation on precipitation time was of practical interest, as they show the effect of precipitation 

time on protein recovery, but also the negative impact that long incubations have on the pellet’s 

solubility. Interestingly, Mellanby’s analysis of the effect of salt (ammonium sulfate) 

concentration on precipitation efficiency revealed that different types of proteins required varying 

concentrations of salt to achieve similar precipitation recoveries. The observation that precipitation 

efficiency differs based on sample type inspires the question of which differential properties 

between two samples are limiting precipitation rate (i.e., molecular weight, isoelectric point, 

hydrophobicity). 

While Mellanby et al. showed that the type of protein was an influential factor on the 

sample’s precipitation efficiency, it was a 1946 study by Cohn et al. that exploited this 

phenomenon towards a technique whereby precipitation could be adopted as a practical 

fractionation methodology [123]. Cohn’s precipitation-based approach to proteome (specifically, 

plasma) fractionation combined the principles of salting out, isoelectric and organic solvent 

precipitation. The specific conditions for the sequence of precipitated fractions are outlined in 

Table 1.1. Their work ultimately laid the foundation for organic solvent precipitation as it is 

implemented today.  

 

Table 1.1 Precipitation conditions used in Cohn Fractionation [123] 

Fraction 1 2 3 4 5 

% Ethanol 8 25 18 40 40 

pH 7.2 6.9 5.2 5.8 4.8 

Temperature / °C −3 −5 −5 −5 −5 

 

 

 Based on the reported dependencies of other processes (sedimentation, diffusion, 

solubility) on a protein’s molecular weight and charge, these two properties were suspected by 

Cohn et al. to also have a controlling influence on precipitation. Cohn et al. were the first to 

systematically exploit the pH and solvent solubility of proteins as a tool for protein fractionation. 

Through their understanding of minimized solubility at a protein’s pI, they developed a method by 

which plasma proteins could be separated into five fractions by ramping organic solvent, pH and 

ionic strength while also controlling precipitation temperature. For example, the fifth fraction 
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showed selective precipitation of albumin, which provided particularly noteworthy clinical 

advantages by replacing whole blood transfusions for wounded soldiers during World War II.  

Despite the long history of applications for protein precipitation, several works throughout 

the proteomics era point to limitations of the organic solvent-based approach, including variable 

and biased recovery. In 1976, Barritault assessed the efficiency of acetone precipitation of 

ribosomal proteins, noting the gains in throughput over the conventional dialysis approach [127]. 

The authors of this study highlight the dependence of initial protein concentration on the rate of 

precipitation, showing that a rapid (5 minute) precipitation at room temperature afforded 

quantitative recovery for samples containing 5-20 mg/mL total protein, while samples 10× more 

dilute benefited from overnight incubation at −20 °C. Almost thirty years later, Thongboonkerd et 

al. evaluated the efficiency of acetone precipitation compared to cartridge-based ultrafiltration for 

the analysis of urinary proteins [128]. Contrasting with Barritault’s robust recovery, the authors 

report biases in the efficiency of acetone precipitation, favoring proteins with acidic and 

hydrophilic character. In 2002, Fountoulakis’ group compared the precipitation efficiency of 

salting out (ammonium sulfate), trichloroacetic acid (TCA), and acetone for preparation of plasma 

samples [129]. Assessment of spot intensity in a 2D gel revealed that salting out effectively 

depleted albumin, but whole proteome recovery was optimized by precipitation with TCA or 

acetone. A 2010 study by Fic et al. compared rat brain proteome coverage resulting from 

chloroform/methanol, TCA, TCA-acetone, and acetone precipitation, demonstrating the highest 

and least biased recovery from acetone [130]. Even so, recovery was highly variable ranging from 

35 to 90%. In 2016, Santa evaluated TCA-acetone and acetone precipitation for the recovery of 

“very dilute” (0.1 mg/mL) proteome samples [131]. Their quantitative SWATH-MS (Sequential 

Window Acquisition of All Theoretical Mass Spectra) results showed greater reproducibility from 

acetone precipitation with respect to peptide and protein identifications as well as quantitation with 

74% of proteins showing coefficients of variation <20%. They even note better quantitation 

precision from the acetone precipitated sample than a non-precipitated control. The varying results 

across sample types and lab groups reported over fifty years suggested that there was perhaps 

another variable not being controlled for. 

A 2013 study by Crowell et al. demonstrated that organic solvent does not independently 

induce protein precipitation, but rather, recovery is dependent on the sample’s ionic strength [132]. 

All proteome samples would inherently contain ionic matrix components, but perhaps at varying 
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activities. Previously speculated mechanisms of organic solvent precipitation suggest that the 

reduction of dielectric constant upon addition of organic solvent strengthened the Coulombic 

attraction between oppositely charged proteins. Crowell’s work supported a greater contribution 

from Coulombic repulsion, conserving proteins in solution in the presence of organic solvent, 

while recovery was maximized by adding 10-30 mM ionic strength. It was thus speculated by this 

group that with the added electrolyte, protein charges are neutralized, enabling effective 

precipitation entropically driven by the hydrophobic effect. In 2015, Kachuk evaluated this newly 

optimized acetone precipitation approach against several other SDS depletion strategies (e.g., in-

gel digestion, Pierce kit, FASP II (Filter-Aided Sample Preparation), TCA precipitation, SDS-KCl 

precipitation) [133]. Acetone precipitation was shown to be the most robust alternative to the low-

throughput gel-based method, offering quantitative recovery and depletion of >99 % of the initial 

SDS. FASP II is credited with unparalleled SDS removal, however at the expense of 50 % 

recovery. In 2020, Pérez-Rodriguez et al. assessed this group’s acetone/salt precipitation protocol 

for the comprehensive proteome recovery from Chinese hamster ovary cells compared to CMW 

(chloroform/ methanol/ water) and TCA-acetone [134]. The authors report quantitative recovery 

from the revised acetone precipitation approach and CMW precipitation, and attributed the lower 

recovery observed from TCA-acetone to decreased pellet solubility. The authors note, however, 

that recovery of low molecular weight proteins (<15 kDa) was low compared to the rest of the 

proteome.  

With current throughput requirements in large-scale proteomics settings, it was of interest 

to determine the influence of ionic strength on the rate of acetone precipitation. Barritault’s 1976 

study pointed to a dependence on sample concentration and the presence of SDS, but extrapolated 

conclusions on the required temperature without isolating it among other variables [127]. Chapter 

2 provides an update to Crowell’s optimal precipitation protocol, where it is demonstrated that 

quantitative recovery of proteome samples is possible following 2-5 min precipitation at room 

temperature, starting from concentrations as low as 0.01 mg/mL, resulting in optimal proteome 

coverage from bottom-up LC-MS/MS analysis [135]. This study shows agreement with Pérez-

Rodriguez’s study, demonstrating a slight bias towards the rapid recovery of high-molecular 

weight proteins. The slightly reduced precipitation efficiency of low-MW proteins was 

subsequently addressed by Baghalabadi, where it was shown that effective precipitation of low-

MW proteins and even peptides is achieved by increasing the acetone concentration from the 
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conventional 80% to 95-97%, in combination with optimized ion effects from 100 mM zinc sulfate 

[136].  

 

1.4 Proteolytic Digestion 

 

Proteolytic digestion is a critical step in bottom-up proteome workflows, enabling protein 

level characterization on the basis of MS identification of lower molecular weight proteolytic 

peptides. As reviewed by Zhang (Yates) et al., several proteases have been exploited towards 

complete proteome digestion [137], but trypsin is the gold standard in the field owing to its 

stringent specificity and the amenability of its products to fragmentation for peptide mass 

fingerprinting [138]. Trypsin is classified as a serine protease (meaning its active site depends on 

a nucleophilic serine residue). Its globular structure is characterized by a double beta-barrel with 

the catalytic region housed between the two six-stranded barrels. The enzyme selectively 

hydrolyzes the amide bond at the C-terminus of lysine and arginine residues, as defined by the 

“Keil Rules” [139]. This selectivity derives from the conformation and modulated charge state of 

the active site [140]. Under controlled pH (~8), the negatively charged aspartic acid residue in the 

well of the catalytic pocket invites Coulombic interactions with positively charged side chains on 

a substrate protein, as hypothesized by Mares-Guiai in 1965 [141]. The depth and constricted width 

of the pocket further selects for the long narrow side chains of lysine and arginine.  

Proteolysis with trypsin proceeds via a hydrolysis reaction along a substrate’s peptide 

backbone involving a charge-relay system between a serine, histidine, and aspartic acid residue 

comprising the enzyme’s catalytic triad. The exact mechanism has been a subject of debate [142–

144] with recent computational simulations describing the role of enzyme and substrate dynamics 

in the catalysis [145–147], however, the generally accepted mechanism is described here. As 

illustrated in Figure 1.1, a cleavage reaction is initiated by the nucleophilic Ser donating a proton 

to the His—its nitrogen group exhibits elevated electronegativity due to an H-bonding bridge 

formed with the Asp residue. This initial step generates an acyl-enzyme intermediate, which is 

subject to subsequent attack by an activated water molecule. The C-terminus of the substrate’s 

peptide bond is freed when the proton on the activated His is returned to Ser, marking the re-

establishment of the initial conformation.  
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 Figure 1.1 Arrow-pushing mechanism of peptide bond hydrolysis by trypsin, adapted from the work of 

Vandermarliere, Mueller, and Martens [138]. 

  

The selective specificity trypsin exhibits for cleavage at lysine and arginine residues 

produces peptides that are amenable for bottom-up proteome analysis by mass spectrometry in 

several regards. The average yeast protein produces tryptic peptides with lengths of 7-35 residues 

[148], providing molecular weights that are easily resolved by mass spectrometry. Furthermore, 

cleavage at these basic residues results in multiply charged peptides, which are readily fragmented 

with both product ions potentially being detected, which ultimately facilitates high confidence 

peptide and protein identifications based on MS/MS spectra. Even so, trypsin specificity has its 

limitations, which continue to be characterized by recent work.  

Commercial preparations of trypsin suitable for proteomics analysis workflows need to be 

purified (i.e., depleted of chymotrypsin). Chymotrypsin is another serine protease, with high 

similarity to trypsin, but it cleaves C-terminal to aromatic residues, contaminating MS spectra with 

un-identifiable peptides, while reducing the intensity of specific peptides. Depletion of 

chymotrypsin has been achieved through chromatographic approaches [149,150], and as an 

additional step, commercial trypsin is often treated with a chymotrypsin inhibitor, L-tosylamido-

2-phenylethyl chloromethyl ketone (TPCK), minimizing any residual non-specific activity 

[151,152].  

Assuming a purified enzyme, an abundance of work has been done to characterize the 

cleavage patterns of trypsin towards optimal proteome database searching. Miscleaved peptides 

are an inherent product of all digests [153], and even offer the advantage of improved sequence 

coverage. However, it is of interest to understand trypsin specificity in order to accurately assign 



20 

 

miscleavage sites and optimize the selection of proteotypic precursors in targeted and quantitative 

workflows [154]. In 2000, Thiede et al. demonstrated that 90 % of miscleavage sites exhibit an 

adjacent tryptic residue, an Asp or Glu, or a C-terminal Pro [155]. In 2004, Olsen et al. described 

strict specificity, suggesting that peptides exhibiting apparent non-tryptic cleavage were degraded 

products of fully-tryptic peptides [156]. A 2008 study by Rodriguez et al. aimed to re-evaluate the 

long accepted Keil rules for trypsin proteolysis—trypsin cuts C-terminal to lysine and arginine, 

but not before proline—exploiting 14.5 million MS/MS spectra to more precisely characterize 

cleavage frequency across the twenty proteinogenic amino acids [157]. Their analysis 

demonstrated several deviations from the accepted Keil rule, starting with significant cleavage 

frequencies at basic sites followed by a proline residue. Additionally, they show reduced cleavage 

efficiency at dibasic sites, or when the Lys or Arg is adjacent to Cys, Trp, Asp, or Glu. Arginine 

residues were cleaved more frequently than lysine (as previously reported by Yen et al. [158]), 

unless followed by Tyr, Phe, or His. In 2012, Lawless and Hubbard reported an algorithm to predict 

miscleavage sites based on their observations that Lys or Arg inhibit cleavage within five residues 

N-terminal to a scissile site, while Asp and Glu are most inhibitory within 2 residues C-terminal 

to the tryptic site [159]. Similar findings were noted by Walmsley the following year in a 

comparison of bovine and porcine trypsin cleavage patterns [160]. In 2015, Šlechtová et al. 

reported a systematic analysis of the hydrolysis kinetics of synthetic peptides with varying motifs 

surrounding the scissile site [161]. The authors quantify rate constants of enzymatic cleavage for 

fifteen acidic and dibasic model cut sites, showing a 3-fold faster cleavage of arginine sites 

compared to lysine, as well as a greater inhibition by acidic residues preceding the scissile site as 

opposed to following it—contrasting with Lawless’ results. Dibasic residues are cleaved 2-3-fold 

slower than a simple R or K, with the hydrolysis of the miscleaved peptide to the fully-cleaved 

peptide being 15-fold slower. With rate constants of potential cleavage motifs varying by four 

orders of magnitude (from Šlechtová’s work), optimizing the digestion conditions to sustain the 

enzyme’s activity is critical. Moreover, proteome workflows continue to demand increasingly high 

throughput—to this end, it is unsurprising that there is at least as much literature on trypsin activity 

and potential mechanisms to accelerate trypsin cleavage.  

Trypsin has been characterized as a highly unstable enzyme, requiring precise temperature and 

pH conditions to sustain activity. Additionally, it is prone to self-digestion (autolysis), reducing its 

effective concentration over time under optimal digestion conditions. The factors influencing 
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trypsin activity and stability have been the subject of discussion for over a century with reports of 

enhanced catalysis at elevated temperature, varying ratios of enzyme/substrate, with a range of 

additives (e.g., surfactants, organic solvents, chaotropes), and physical treatments such as 

microwave, ultrasound and elevated pressure. Among the diverse approaches to optimal trypsin 

digestion, the most widely adopted development across the proteomics community is the use of 

chemically modified trypsin, commonly referred to today as MS- or sequencing-grade enzyme. 

This section will review the evidence supporting (and dismissing) each strategy towards 

optimizing catalytic potential while minimizing autolytic activity and thermal denaturation. 

It has long been accepted that trypsin activity and stability are optimized at the physiological 

temperature, 37 °C, and pH 8.0 (optimizing the charge state of trypsin’s active site and tryptic side 

chain residues for effective Coulombic interaction), which is reflected by conventional proteome 

digestion protocols, recommending overnight incubation under these conditions. Nonetheless, 

several reports claim that proteolysis with trypsin is accelerated by increasing the digestion 

temperature. A 2003 study by Havliš et al. reported optimal catalytic activity of modified trypsin 

at 50 °C, proposing a 30 min in-gel digest [162]. Finehout et al. evaluated the kinetics of digestion 

with modified trypsin in a 2005 study, reporting ~9% faster cleavage at 48 °C compared to 37 °C 

[163]. In 2019, Heissel et al. described a procedure for methylating trypsin, claiming the modified 

enzyme’s enhanced tolerance to 58 °C digestion [164]. In 2021, Takemori et al. described a rapid 

approach to in-gel digestion, employing a <1 h incubation at 70 °C [165]. While cleavage rates are 

accelerated at higher temperatures, trypsin activity is reported to drop in excess of 50 °C, likely 

owing to thermal denaturation and aggregation, reducing the stability of the enzyme [166]. 

In addition to elevated temperature, several other physical treatments have been reported to 

accelerate proteolysis with trypsin, such as pressure, microwave and ultrasound irradiation. A 2008 

study by López-Ferrer et al. reported a 1 min digest using pressure cycling at 5-35 kpsi, validated 

based on sequence coverage of a standard protein [167]. In 2010, Yang et al. employed a 

significantly lower pressure (6 atm = 88 psi), by conducting trypsin digestion for 30 min in a 

syringe [168]. The degree of digestion was evaluated based on MS sequence coverage of two 

standard proteins compared to a control that employed a 35% organic solvent digestion buffer. 

While these works claim enhanced digestion efficiency based on high sequence coverage, the 

findings are likely contingent on simple protein mixtures, with limited use for the methods in the 

case of complex proteome samples since sequence coverage benefits from some degree of 
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miscleavage. Additionally, López-Ferrer et al. speculate that digestion efficiency is enhanced by 

promoting substrate denaturation at the high pressure condition, but trypsin is also subject to 

unfolding towards an inactive state at elevated pressure as described in 1997 by Ruan et al. [169]. 

In 2011, Lee et al. reported another 1 min digest using pressure cycling at 25 kpsi, however the 

trypsin was immobilized on nanoparticles [170], which offers the advantage of a high enzyme-to-

substrate ratio while slowing autolysis and denaturation. In 2005, López-Ferrer et al. reported 

another 1 min digestion (with solution and in-gel compatibility), this time employing high-

intensity focused ultrasound (HIFU) [171], which they describe as providing localized pulses of 

high temperature and pressure as well as enhanced mixing. The same group followed up in 2009 

with a 15-second ultrasound-assisted digest of BSA (bovine serum albumin), this time 

immobilizing trypsin on beads, benefitting from the associated increase in enzyme-to-substrate 

ratio [172]. The digestion method intended for 18O-labeled quantitation was validated based on 

comparable peptide and protein identification rates to control digests; however, quantitative 

workflows demand the utmost stringency in digestion completion, which can not be deduced solely 

on protein identification rates. A 2011 study by Carrera et al. applied López-Ferrer’s HIFU method 

for the authentication of fish species, demonstrating the suitability of such rapid digests for protein 

identification despite the likely low degree of digestion completion [173]. In a 2012 evaluation of 

rapid digestion approaches, Dycka noted a 20 % increase in miscleavages from the ultrasound 

treatment compared to a conventional overnight approach [174].  

Microwave treatment has been another major topic in the interest of rapid trypsin digestion, 

with several studies using it in solution [175,176] while others combine it with immobilized trypsin 

[177–180], FASP [181], in-tip [182], and in-gel [176,183] digestion approaches. A 2010 report by 

Reddy et al. recommends careful consideration before applying microwave-assisted digestion 

strategies, especially if complete digestion is a concern [184]. Similarly, in 2012, Damm et al. 

criticized the proposed benefits of microwave-assisted digestion compared to conventional 

heating, demonstrating the consequences of temperatures exceeding 50 °C on trypsin activity, 

correlating with incomplete digestion [185]. They show that just a few seconds of microwave 

treatment imparts temperatures around 100 °C, while trypsin activity is demonstrated to plummet 

at 60 °C.  

 Digestion efficiency relies on not only an active enzyme, but also the conservation of 

sample solubility across the digestion period. While membrane proteins represent some of the most 
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biologically relevant analytes, their hydrophobic character makes them some of the most 

challenging proteins to manipulate during front-end sample preparation. Several studies have 

described the advantages of surfactants towards augmented digestion of membrane proteome 

samples. In 2003, Tian et al. demonstrated the use of the surfactant, Tween 80 and a sugar additive 

(mannitol) to protect trypsin from the deactivating effects of ultrasonic irradiation [186]. In 2004, 

Zhang et al. evaluated several common surfactants employed in proteome workflows, concluding 

optimal sequence coverage of bacteriorhodopsin—an integral membrane protein—by digesting it 

with 0.1% SDS [187]. In 2007, the same group compared the digestion efficiency of a membrane 

enriched fraction of E. coli using 1% SDS and 60% methanol, demonstrating greater membrane 

coverage using the methanol-assisted digest [188]. While the inclusion of SDS undoubtedly 

enhances the solubility of hydrophobic membrane proteins, the denaturant is a detriment to trypsin 

activity. In 2003, Yu et al. used Nα-benzoyl L-arginine ethyl ester (BAEE) assays to report a 5-

fold drop in the initial trypsin activity in the presence of 0.1% SDS [189]. A 2015 review by Takeda 

et al. described the kinetics of SDS-protein binding, showing that in 0.2% SDS (or greater), the 

interaction is optimized, promoting an irreversible conversion to an inactive state [190]. In 2020, 

Ma et al. conducted a molecular dynamics study on trypsin-SDS interactions, showing the 

favorable interaction between SDS and hydrophobic residues in trypsin’s catalytic pocket—

inhibiting substrate interactions with the active site [191].  

 Sodium deoxycholate (SDC), commonly known as bile salt, and naturally present in the 

pancreas where trypsin is produced, has been exploited for trypsin digestion. SDC is associated 

with improved enzyme and LC-MS compatibility, warranting many studies towards its use for 

membrane proteome sample preparation. A 2006 study by Zhou et al. demonstrated trypsin’s 

higher tolerance to SDC than SDS, whereby they digested rat hippocampal membrane fractions in 

0.1% of each detergent, with the SDC digest identifying more peptides and more membrane 

proteins [192]. In 2008, Masuda et al. evaluated trypsin activity spectroscopically in the presence 

of twenty-seven common denaturants [193], reporting a 5-fold enhancement in residual activity 

following overnight incubation in 0.01-1% SDC, with increased activity observed in up to 10% 

SDC. In the same year, Lin et al. evaluated trypsin activity across a range of SDC concentrations, 

reporting negligible loss in 0.1% SDC, with 77% relative activity measured in 10% SDC [194]. 

While these measurements of the enzyme’s initial activity show promise towards conserving 

trypsin’s catalytic potential while enhancing the sample’s solubility, the rate of enzyme 



24 

 

deactivation remains in question. From Lin’s results, a >10-fold drop in initial activity is noted 

across the 5-minute spectroscopic assay. A few years later, in 2013, Lin et al. reported a bottom-

up workflow that optimized their observed advantages of both SDS and SDC [195]. SDS was used 

for cell lysis and proteome solubilization, depleted by acetone precipitation, after which the pellet 

was re-solubilized in SDC prior to digestion at a final concentration of 1%. In 2015, they published 

a follow-up noting enhanced re-solubilization efficiency with 5% SDC followed by dilution to 1% 

for “optimal” digestion [196]. In 2020, Shahinuzzaman et al. described an optimized preparation 

of methanol-chloroform precipitated proteins by digesting in 2% SDC, reporting a 27% increase 

in protein identifications [197]. A 2016 study by Moore et al. demonstrated 26% increase in 

membrane protein identifications with overall greater intensity by digesting in the presence of 1% 

SDC compared to the conventional approach [198]. Several of the mentioned studies show that 

trypsin exhibits greater resistance to deactivation in SDC compared to SDS with limited discussion 

of its stability over a digestion period. The work described in Chapter 5 evaluates the effect of 

various surfactants on trypsin stability. It is speculated that SDC does in fact “assist” digestion 

when sample solubility is the limiting variable, however, from the perspective of trypsin activity, 

proteolysis occurs sufficiently despite the SDC, as opposed to there being an associated 

enhancement factor. 

 SDS and SDC are likely the most common and widely adopted surfactants, however, 

several others have shown promise based on enhanced MS compatibility by way of acid-labile or 

photocleavable character. RapiGest (3-[(2-methyl-2-undecyl-1,3-dioxolan-4-yl)methoxy]-1-

propanesulfonate) is an acid-labile anionic surfactant that has become widely adopted to enhance 

proteome digestion with recent reports noting particular benefit for glycosylated proteins [199]. A 

2009 study by Norrgran et al. optimized RapiGest-assisted digestion parameters for quantitation 

strategies [200]. The authors report optimal digestion is achieved following 2 h incubation in 

0.04% RapiGest using excess trypsin (2.5:1 enzyme to substrate ratio), at conventional 

temperatures. By contrast, a 2014 report by Pop et al. demonstrated reduced membrane protein 

representation when using RapiGest compared to a no-additive control [201]. MaSDeS is another 

acid-labile surfactant that was shown by Chang et al. in 2015 to optimize proteome coverage from 

tissue samples [202], but has not gained much traction since.  

 In recent years, Ying Ge’s group has recently developed a photocleavable surfactant, Azo 

(4-hexylphenylazosulfonate) which promises compatibility with both, bottom-up and top-down 
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workflows owing to its efficient degradation by ultraviolet (UV) irradiation [203]. In the first 

report of the surfactant in 2019, the authors demonstrate comparable extraction efficiency to that 

achieved with SDS and MS signal intensities similar to a no-surfactant control. The following year, 

Brown et al. reported an optimized bottom-up membrane proteome workflow [204], while Knott 

et al. demonstrated an Azo-assisted workflow for bottom-up characterization of extracellular 

matrix proteins [205]. The utility of the photocleavable surfactant has since been shown for 

exosome [206], tissue [207], and plant proteomics [208], offering a promising robust alternative 

to SDS. 

Chaotropic agents are common alternatives to aid sample solubility while being 

presumably milder towards enzyme deactivation. Masuda’s 2008 comparative study on digestion 

additives reported optimized activity in the absence of guanidine hydrochloride and a 26% 

enhancement in initial activity with 3 M urea [193]. In 2010, Proc et al. employed an MRM 

(multiple reaction monitoring) assay of several plasma peptides to evaluate the digestion rate in a 

diverse range of denaturants spanning organic solvent, surfactants, and chaotropic agents [209]. 

The assessed chaotropes (urea and guanidine hydrochloride, Gdn HCl) demonstrated the slowest 

rate of digestion product formation; however, this result confounds cleavage efficiency with 

undesired covalent modifications which alter the mass of the digestion product. They found that 

0.1% SDS and 1% SDC provided equivalent digestion efficiencies, ultimately recommending a 9 

h digest with 1% SDC due to the ESI interferences associated with SDS. In 2012, Poulsen et al. 

evaluated digestion efficiency (with endoprotease Lys-C) in the presence of 8 M Gdn HCl, which 

they used to elute their sample from an affinity purification cartridge [210]. The authors found that 

30 min digestion in 8 M Gdn HCl offered greater peptide and protein coverage than digestion in 

the presence of urea, while affording the use of elevated temperatures without concern for variable 

carbamylation. A 2018 study by Betancourt et al. reported enhanced digestion efficiency in 1 M 

urea at room temperature compared to the conventional overnight incubation at 37 °C, likely due 

to a reduction in carbamylation rates [211]. Similar to the perspective on the advantages/ 

disadvantages of surfactant-aided digests, it is speculated that chaotropes offer the benefit of 

enhanced sample solubility, but at the expense of trypsin activity to varying degrees. A 2022 study 

by Dušeková et al. demonstrated that trypsin stability is optimized in increasingly kosmotropic 

environments [212], showing the influence of various anions on the enzyme’s rigidity, thermal 

stability, and ligand binding.  
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 Rounding off the denaturants that have been employed for trypsin digestion, organic 

solvents spanning acetonitrile, methanol, ethanol, 2-propanol, and others have been reported to 

enhance proteome digestion efficiency at concentrations of 10-90%, despite the overlap with 

common precipitation conditions [132,213,214]. As reviewed by Mattos and Ringe in 2001, 

enzymes are speculated to conserve their activity in organic-aqueous buffers from strengthened 

intra-protein Hydrogen bonding, promoting a more rigid folded structure [215]. In 2001, Russell 

et al. reported an optimal rate of digestion in 80% acetonitrile based on high sequence coverage of 

myoglobin after just 5 min [216]. Similarly, in 2006, Strader et al. reported digestion efficiency 

advantages in 80% acetonitrile, showing increased peptide identifications from a standard protein 

mixture [217]. It is noted that variably cleaved digestion products increase the number of unique 

peptides identified, so this metric does not evidence better digestion efficiency. A 2007 study by 

Hervey et al. compared the effects of several surfactants, chaotropes and organic solvents on the 

digestion efficiency of ribosomal and microtubule-associated proteins [218]. The authors report 

optimized ribosomal coverage by digesting for 1 h in 80 % acetonitrile. A recent study by Liu et 

al. employed a more modest 10 % acetonitrile buffer for the digestion of ricin, reporting optimized 

yield of tryptic peptides from a ricin digest in 4 h at 45 °C [219]. These results contrast with earlier 

work by Östin et al. wherein they suggested optimal digestion of the same protein in 50% methanol 

using a 1:2 enzyme-to-substrate ratio at room temperature [220]. While low concentrations of 

organic solvent may help optimize the enzyme’s conformation and sample solubility, 

concentrations exceeding 30-40% organic risks the precipitation of yet-to-be-digested intact 

proteins, with probable bias towards the loss of water-insoluble proteins. In 2011, the Doucette 

group evaluated digestion efficiency in the presence of organic solvents, demonstrating reduced 

digestion completion using 80 % acetonitrile compared to an aqueous buffer [221]. In 2020, Sproß 

et al. employed ion mobility analysis to characterize enzyme conformation following exposure to 

various organic solvent conditions [222]. The authors describe the influence that buffers such as 

ammonium acetate have on trypsin’s tolerance to acetonitrile, noting the conservation of activity 

in up to 20-25% acetonitrile when ammonium acetate is included. Despite the stabilization of a 

supporting buffer, a 2021 study by Espinosa et al. employed a buffer-free digestion, including 20% 

acetonitrile for the characterization of the binding domain of the SARS-CoV-2 spike protein [223]. 

The apparent consensus that trypsin activity is largely conserved in modest concentrations of 

organic solvent supports the findings of Casteneda-Agullo et al., reported in 1958 [224].  
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 Many strategies that apparently achieve enhanced digestion primarily do so by aiding the 

solubility of the substrate, while compromising the enzyme’s activity and stability. A simple 

solution to moderate reductions in activity is to just use more enzyme, which is a major advantage 

of immobilized enzyme cartridges. By digesting the sample within a column of immobilized 

enzyme, the effective enzyme-to-substrate ratio is drastically increased compared to the 

conventional 1:50. Enzyme-substrate interactions are further enhanced by modulating the flow rate 

through the reactor. An additional benefit is the reduction in autolysis rates, improving the enzyme 

stability, which in turn affords rapid digestion [225]. As reviewed by Kecskemeti et al., the enzyme 

is bound to a stationary phase via either covalent linkages, adsorption, bioaffinity, or enzyme 

entrapment or crosslinking [226]. These versatile systems have been reported since the 1990’s with 

a wide range of applications and adaptation into online [227] and microfluidic platforms [226,228]. 

Although immobilized enzyme reactors show high digestion efficiency, reusability, and 

compatibility with online platforms, they are not cost effective and may jeopardize sample 

recovery. These limitations lend favor to further optimizing solution digests. 

 Conventional digestion conditions—including buffer composition, temperature, and 

enzyme-to-substrate ratio—are the most widely exploited among the diverse reported strategies, 

however, chemically modified enzyme is one development that has been widely adopted. Several 

different covalent modifications have been investigated [229–232], although the most widely 

exploited modification is acetylation of the free amino groups. In 1954, Ram, Terminiello and 

Nord reported the influence of acetylation on trypsin stability [233]. They describe the reduction 

in the rate of autolysis (owing to the modification acting on the enzyme’s own tryptic residues) as 

well as a decrease in the rate of dissociation—both of which contribute overall enhanced stability. 

Acetylated trypsin is now sold commercially as “sequencing grade” or “MS grade” enzyme due to 

its enhanced stability [163] and specificity [234]. In 2005, Finehout et al. characterized the kinetics 

of modified trypsin, demonstrating its thermostability at temperatures above that of conventional 

digestions (37 °C) [163]. A 2012 study by Burkhart et al. compared the digestion efficiency from 

several trypsin products, ranging in TPCK treatment and acetyl modification [234]. Comparison 

of the bottom-up peptide identifications from each preparation showed enhanced cleavage 

efficiency and specificity from the modified enzyme (Promega sequencing grade), resulting in 

maximized bottom-up peptide and protein identifications. Given the enhanced digestion efficiency 

and specificity of modified trypsin, it has become a standard for bottom-up proteomics applications 
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[235–237]. However, despite having shown greater thermostability, overnight incubation at the 

conventional 37 °C is the most common approach.  

The assessment of initial enzyme activity is an indication of trypsin digestion efficiency. 

Equally important is the enzyme stability over time. For example, while 37 °C is frequently 

employed for tryptic digestion, multiple researchers have noted enhanced enzyme activity at 

elevated temperatures [238–240]. However, these gains are counteracted by increased enzyme 

deactivation, greater thermal aggregation of proteins [166], the potential for accelerated side chain 

modifications [241–244] and enhanced chymotrypsin activity [245,246] This has deterred 

widespread adoption of high temperature digestion [163,165,184,242,244,247,248]. The influence 

of calcium ions on enhancing trypsin activity as well as preserving thermal stability has been 

known since the early 1900’s, though surprisingly, the inclusion of calcium ions is not widely 

exploited across the proteomics community. The mechanism of calcium’s stabilizing effects [249] 

was introduced by Gorini in 1951 [250] and expanded by Green and Neurath, whereby it was 

demonstrated that calcium decreases the rate of autolysis in both active and inactive forms of 

trypsin [251]. A series of follow up studies explored the effects of calcium on autolysis rates, 

conformational changes, and temperature dependence of trypsin-calcium interactions [252–254]. 

The 1954 study by Ram, Terminiello and Nord indicates equivalent stabilization effects are 

imparted by calcium ions on the unmodified and acetylated enzyme [233]. Given the extensive 

body of evidence to support a more active, stable and selective enzyme, it was among the present 

objectives to incorporate calcium-stabilized trypsin in an accelerated digestion workflow. It is a 

goal of this work to achieve maximal, sustained tryptic activity, resulting in consistent, specific, 

and (ideally) complete proteome digestion. In Chapter 6, the kinetics of trypsin deactivation are 

characterized as a function of temperature and inclusion of calcium. Based on the cumulative 

activity estimated from the enzyme’s stability, the digestion efficiency is assessed by quantifying 

the relative intensities of fully-cleaved, fully-tryptic, and unmodified peptides, compared to those 

produced by a conventional digestion.  

 In summary, trypsin digestion relies on several factors, including the enzyme’s folded 

structure, charge state, temperature, and substrate solubility. In the interest of accelerating the 

cleavage reaction to increase bottom-up throughput, temperature is often increased (either directly 

or by way of ultrasound or microwave treatment); however, this can compromise the folded 

structure, and thereby the enzyme’s specificity. Likewise, substrate solubility is enhanced by the 
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addition of denaturing additives such as surfactants, organic solvents, and chaotropes, but 

presumably at the cost of the enzyme’s integrity. Furthermore, “accelerated” digestion approaches 

are often only partially complete, limiting their application in quantitative objectives. Chapter 5 

and 6 provide discussions on the effects of digestion additives and the unique combination of 

elevated temperature and calcium ions to stabilize the enzyme towards accelerated digestion. 

 

1.5 Automation and Miniaturization 
 

 Current proteome initiatives are constantly demanding higher throughput and robust 

processing of increasingly small sample quantities. To accommodate these trends, many semi- and 

fully-automated sample preparation platforms have been developed, promising better repeatability 

and faster processing than manual workflows.  

Filter-aided sample preparation (FASP) was described by Wiśniewski et al. in 2009 [41], 

offering quantitative SDS depletion followed by a solution digestion with peptide recovery from 

elution through a MWCO membrane. In 2014, Erde et al. reported enhancements to the original 

digestion strategy (eFASP), substituting 8 M urea for 0.2% SDC [255]. They report enhanced 

digestion efficiency, however the surfactant needs to be subsequently depleted. In the same year, 

Yu et al. described a 96-well plate format (96FASP) [256], offering complete automation for 

quantitation of a urine proteome. In 2022, Sandbaumhüter et al. optimized well-plate μFASP for 

processing of limited sample quantities [257]. While FASP technologies have been widely applied, 

they are notorious for lengthy processing and low recovery, especially for low sample loadings.  

Suspension trapping (S-Trap) followed in 2014 [258], based on a methanol precipitation 

step to deplete SDS (or other compatible lysis buffers [259]) prior to reduction, alkylation, and 

digestion on a quartz mesh. Similar to FASP, S-Trap methods have been adapted for low sample 

quantities [260], cysteine capture [261], and automation in a 96-well plate format [262]. In 2018, 

HaileMariam et al. evaluated S-Trap, showing a reduction in processing time compared to FASP 

from 3 h to 15 min, increased protein identification rates, and improved quantitation [263]. Another 

comparison by Ludwig et al. demonstrated a more complete digestion than FASP or solution 

digests with an increase in protein identifications [264]. In 2020, Zougman et al. reported 

Simultaneous Trapping (SiTrap)—an adapted S-Trap workflow that facilitates simultaneous 

proteome and metabolome preparation for multi-omics analysis [265].  
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The In Stage Tip (iST) technology was also developed in 2014 by Matthias Mann’s group 

[266]. The sample preparation strategy employs a pipet tip packed with a C18 stationary phase for 

isolation and digestion of purified protein. The iST strategy offers greater amenability to low 

sample quantities [267], high proteome coverage, quantitation accuracy, and reproducibility, 

however, its major limitation is its incompatibility with surfactants such as SDS.  

Single pot solid phase sample preparation (SP3) was developed by Christopher Hughes’ 

group in 2019 [268], wherein protein is retained on affinity-coated beads for buffer exchange and 

digestion. The SP3 approach offers compatibility with SDS-containing samples, low starting 

quantities [269], and top-down workflows. In 2017, Sielaff et al. compared the quantitation 

accuracy and reproducibility of FASP, iST, and SP3 workflows [270]. iST and SP3 both showed 

good compatibility with low sample loadings (~1 μg) and high quantitative precision, while FASP 

provided fewer identifications and showed reduced quantitative precision when sample loading 

was <10 μg. In 2021, Suparsi et al. compared the performance of SP3 with S-Trap and FASP [271]. 

SP3 showed more efficient detergent depletion, digestion, and MS identification. A recent study 

by Johnston et al. demonstrated a solvent precipitation-aided SP3 workflow (SP4), where proteins 

were precipitated onto glass beads and recovered by centrifugation rather than a magnetic 

interaction [213]. The authors demonstrate improved recovery, particularly of membrane proteins 

compared to the conventional SP3 strategy, and better scalability using the lower-cost beads. In 

2021, Yang et al. employed a nanoparticle-packed nanoreactor for nanoproteomics (Nano3), 

which demonstrated enhanced recovery and identification rates compared to SP3 [272]. The Nano3 

cartridge employs the same paramagnetic beads that are used in SP3 workflows, packed in a 30 

nL cartridge for purification and digestion of SDS-containing samples. 

Chip-based formats are gaining popularity as the field moves towards single-cell 

preparations in volumes down to the nanoliter scale [226,273–278]. In 2018, Yu et al. developed 

NanoPOTS, enabling lysis, reduction, alkylation and digestion within the chip’s nanowells [279]. 

The authors report the greatest proteome coverage from a single HeLa cell to date. In 2020, Zhou 

et al. extended the chip’s applications to top-down approaches [280]. In 2021, Woo et al. developed 

a modified nested nanoPOTS chip (N2). Trace samples are prepared in a dense array of nested 

nanowells prior to TMT labeling for quantitative LC-MS/MS [275]. The reduction in sample 

volume showed increased digestion rates and overall processing throughput by >10-fold. In 2022, 

Ctortecka et al. described proteoCHIP, featuring single cell isolation and nanoliter sample 
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volumes, contributing to maximized sensitivity [281]. These miniaturized platforms are affording 

low-cost and online multiplexed preparation of single-cell samples, which have broad applications, 

for example, in studying diseases that exhibit cellular heterogeneity and circulating tumor cells. 

In 2013, the Doucette group developed a two-stage spin cartridge, the ProTrap XG [282], 

which facilitates the optimized precipitation-based workflow by automating the isolation of the 

recovered protein pellet from the contaminating supernatant. The precipitation cartridge enables 

quantitative recovery and SDS depletion from a 2 min precipitation step [135,283], followed by 

optional digestion for bottom-up approaches or re-solubilization for top-down analysis. Having 

validated a ProTrap XG-based workflow based on precipitation recovery, Chapter 3 describes a 

recent evaluation of the repeatability of identifications and quantitation for bottom-up preparations 

in the ProTrap XG compared to conventional solution and in-gel digests. Future objectives aim to 

optimize the ProTrap XG for trace (e.g., single-cell) samples and adapt the cartridge for automation 

in a well-plate format. 

 

1.6 Summary of Thesis Goals 
 

  The -omics discipline is expanding with proteomics at a particular pinnacle and being 

central to most multi-omics approaches. However, with recent enhancements in LC-MS platforms, 

front-end sample preparation is currently a limiting factor in throughput and sample coverage. 

With solubilization and digestion arguably being the most controlling variables in proteome 

characterization, the projects in this thesis aim to elucidate a high throughput bottom-up workflow 

based on fundamental investigations of protein solubility (both towards robust extraction and to 

optimize precipitation efficiency) and proteolytic enzyme activity. Current sample preparation 

strategies appear to be unnecessarily complex—employing diamonds [284], high pressure [167], 

ultrasonic irradiation [173], etc. to recover and digest a proteome. The approaches presented in 

this thesis are based on century-old techniques, which guide robust precipitation-based sample 

preparation strategies, by optimizing the rate and recovery of protein precipitation. Furthermore, 

the use surfactants is permitted to maximize extraction efficiency. Subsequently, the effects of 

common digestion additives and digestion conditions on trypsin activity are characterized in this 

thesis, together with the kinetics of enzyme deactivation, enabling the elucidation of a rapid 

digestion approach that exploits modest elevations in temperature in combination with the long-

described stabilizing effects of calcium. It is further demonstrated that these approaches are 
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amenable to multi-omics and targeted assays, promising a simple and robust approach to high 

throughput and high impact omics analyses. 
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2. Rapid and Quantitative Protein Precipitation for Proteome 

Analysis by Mass Spectrometry† 
 

2.1 Introduction 
 

 With over 100 years of application [124], solvent-based precipitation is widely employed 

to isolate proteins in proteomic and metabolomic workflows [37,285,286], as well as for 

preparative (commercial) processing [287–289]. As a specific example, solvent precipitation is 

considered the best practice approach to eliminate mass spectrometry (MS) interferences (salts, 

SDS) ahead of top-down proteomic analysis [116]. Unfortunately, as reviewed by Vuckovic [290], 

low and/or inconsistent protein recoveries are persistently reflected in the many non-standardized 

approaches to precipitation (ranging in solvent composition, temperature, time, etc.). Alternative 

protein purification strategies, including cartridge-based platforms, are often favored over 

precipitation in proteomic workflows, particularly with respect to the potential for higher 

throughput [41,291]. For precipitation to be considered a favored sample preparation ahead of MS 

analysis, the approach should consistently provide high (quantitative) recovery, in minimal time, 

facilitating optimal sample throughput.  

 Several comparative studies examining the efficiency of protein precipitation have 

concluded that acetone precipitation provides the highest and most consistent protein recovery 

over alternative organic solvents [129–131]. Despite this, current protocols involving acetone 

precipitation appear unable to recover all proteins with equal (unbiased) efficiency [128,130]. 

Working with 50% acetone (overnight incubation, –20 °C), Thongboonkerd et al. reported a biased 

loss of low-molecular-weight, basic, as well as hydrophobic proteins. In 80% acetone (1 h, –20 

°C), Fic et al. observed a significant decline in precipitation efficiency (to ~50 % yield) when 

precipitating proteins isolated from the frontal cortex of rat brains. This lower recovery was 

associated with the increased hydrophobicity of proteins from this region of the brain. By contrast, 

in 80 % acetone, this group demonstrated an equivalent recovery of cytosolic vs. membrane 

proteins isolated from yeast [132,292]. It is noted that the latter study incorporated previous 

findings of the essential role of ionic strength in maximizing protein recovery through acetone 

 
† This chapter is based on the published article: Nickerson, Jessica L, and Doucette, Alan A “Rapid and Quantitative 

Protein Precipitation for Proteome Analysis by Mass Spectrometry.” Journal of Proteome Research 19.5 (2020): 

2035–2042. DOI: 10.1021/acs.jproteome.9b00867 
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precipitation. The necessity of including charged species, such as simple salts but also ionic buffers 

or detergents, together with organic solvents has provided new insights into the mechanistic 

understanding of precipitation, being directed by solvent-enhanced ion pairing, which neutralizes 

protein charge, promoting aggregation [293].  

 Aside from solvent composition, protein concentration is also known to influence 

precipitation efficiency [124,127,131]. In a 1976 study by Barritault, while >98% recovery was 

achieved in only 5 min when precipitating concentrated proteins (5 vol acetone, room 

temperature), protein recovery dropped below 30 % when dilute samples (0.2 g/L) were subject to 

the same rapid precipitation protocol [127]. However, recovery was restored through overnight 

incubation at –20 °C. By contrast, Santa reported a high protein recovery of “extremely dilute” 

proteins (0.1 g/L), through precipitation from an SDS buffer with 6 vol cold acetone (–20 °C, 20 

min) [131]. In working with SDS, the latter study satisfies the requirement of maintaining a high 

ionic strength to improve precipitation. However, it is unsure if proteins can be effectively 

precipitated below a starting concentration of 0.1 g/L. With respect to incubation temperature, 

Cohn, Askonas, and others have discussed the importance of conducting precipitation at low 

temperature for preservation of protein structure and activity [123,294], though its influence on 

recovery is poorly understood [127,131]. While prior studies from this group employed 

conventional overnight, –20 °C acetone precipitation [132,292], here, the assumptions that 

lengthy, low-temperature incubations are necessary for optimal protein precipitation efficiency are 

challenged.  

 The present study provides standardized guidelines to maximize the efficiency of solvent 

precipitation in acetone, with respect to obtaining rapid and high protein recovery, demonstrating 

the robustness of this protocol as a sample preparation technique ahead of bottom-up proteomic 

analyses. It is shown that a unique combination of high salt and elevated temperature significantly 

improves the precipitation efficiency of proteins in acetone. Quantitative recovery is achieved by 

rapid (2 min) precipitation of a complex proteome mixture at room temperature and the strategy is 

also applied to dilute protein systems. Precipitation recovery is assessed by bicinchoninic acid 

(BCA) assay and SDS PAGE. Detailed characterization of the proteins recovered in the 

precipitation pellet of a yeast total protein extract is provided by bottom-up LC-MS analysis, which 

confirms the near-homogeneous recovery of all proteins, irrespective of molecular weight, 
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hydrophobicity, and isoelectric point. The presented study is therefore anticipated to streamline 

proteomic sample preparation by simultaneously maximizing recovery and throughput. 

 

2.2 Methods 
 

2.2.1 Materials 

Bovine serum albumin and cytochrome c were purchased from Millipore Sigma (Oakville, 

Canada). Saccharomyces cerevisiae was obtained as active dry pellets from a local grocery store 

and cultured in yeast extract-peptone-dextrose (YPD) broth (Millipore Sigma). The Pierce BCA 

assay kit, sodium chloride, as well as HPLC-grade acetone, acetonitrile, and formic acid were from 

Thermo Fisher Scientific (Ottawa, Canada). MilliQ-grade water was purified to 18.2 MΩ cm. Tris, 

iodoacetamide (IAA), dithiothreitol (DTT), SDS, and other SDS PAGE materials were from Bio-

Rad (Mississauga, ON, Canada).  

 

2.2.2 Growth and Extraction of Yeast Proteome 

S. cerevisiae was cultured overnight (30 °C) in YPD broth to an OD600 of 1, according to standard 

procedures [295]. The cell pellet was twice washed with water and ground under liquid nitrogen in 

a mortar and pestle to extract the protein into water. Protein in the clarified supernatant was diluted 

to 1.0 g/L following a BCA assay. 

 

2.2.3 Acetone Precipitation: Varying Incubation Time and Temperature 

Aqueous samples of protein or of yeast lysate (100 μL, 0.001-1 g/L) were prepared with varying 

concentrations of salt or other ionic species, namely, NaCl, Tris-HCl (pH 8.0), or SDS, each 

ranging from 1 to 100 mM, and gently mixed with 4 volumes acetone and then incubated at the 

specified temperature for times ranging from 2 min to 24 h. In this work, room temperature refers 

to 22 ± 2 °C. A low-temperature precipitation employed prechilled acetone (−20 °C) combined 

with refrigerated (4 °C) protein. A specified volume of supernatant was transferred to a clean vial 

for further analysis, while the remaining supernatant was removed, leaving <5 μL residual 

supernatant. The pellet was air-dried.  
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A precipitation “time course” experiment was also conducted, whereby 1 g/L yeast was 

initially precipitated in the presence of 20 mM NaCl for 2 min at −20 °C. The recovered protein 

pellet was washed with 400 μL acetone, centrifuged (9460 g, 5 min), the wash solution was 

discarded, and the pellet was allowed to air-dry. The collected supernatant was incubated an 

additional 58 min, prior to a second centrifugation (9460 g, 5 min) to isolate newly precipitated 

proteins (60 min time point). The 60 min pellet fraction was collected as described above, and the 

recovered supernatant was incubated 23 h (24 h in total) followed by centrifugation to isolate the 

final pellet fraction. This precipitation time course workflow is summarized in Figure 2.1 below. 

 

 

Figure 2.1 Precipitation time course. Workflow diagram depicting precipitation time course employed for 

cold precipitation (−20 °C). Supernatant fractions were isolated following 2 min and continued incubating 

for 58 min; newly precipitated proteins were isolated, and the remaining supernatant fraction continued 

incubating for 23 h (for a total of 24 h precipitation). 

 

2.2.4 BCA Quantitation 

Solvent from the collected supernatant (300 µL, of 500 µL total) was evaporated by SpeedVac. 

Residual protein from the supernatant or pellet fractions was dissolved in 50 µL of 1% SDS, with 

1 h benchtop incubation followed by 30 min sonication. The resolubilized protein was quantified 
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by BCA assay, using a non-precipitated control of the same sample to construct a calibration curve 

over 1 order of magnitude.  

 

2.2.5 SDS PAGE Analysis 

Following precipitation of 1 g/L yeast in the presence or absence of 20 mM NaCl, the dried 

supernatant (495 μL, of 500 μL total) and pellet fractions were resolubilized in 50 μL of 1× 

Laemmli buffer [296]. Re-solubilization was aided by 20 min of sonication and heating at 95 °C 

for 5 min. Samples were loaded (25 μL of 50 μL total) into 1 mm of 12% T SDS PAGE gels and 

resolved at 100 V until the dye front reached the bottom of the gel. Control lanes consisted of 50 

μg of a non-precipitated yeast proteome extract. Protein bands were visualized by Coomassie 

staining [297] and imaged with a digital camera. 

 

2.2.6 Trypsin Digestion 

Based on the known protein recovery, determined by BCA assay, all precipitated yeast protein 

fractions were digested at a final concentration of 0.1 g/L. This was achieved by solubilizing the 

sample in varying volumes of 8 M urea (20% of final volume), then diluting with 0.1 M Tris (pH 

8.0), followed by reduction/alkylation with DTT/IAA. Samples were digested overnight at 37 °C 

with 2% (w/w) trypsin, as described previously [115]. The acidified fractions were desalted, and 

peptides were quantified by LC−UV on a self-packed Poros 20 R2 column, as described previously 

[298]. 

 

2.2.7 In-Gel Digestion 

Four replicate samples of a 1 g/L yeast proteome extract (100 μL) were precipitated with 80 % 

acetone and 20 mM NaCl (2 min, room temperature) and then resolubilized in 100 μL of 1× 

Laemmli buffer, with sonication and boiling (100 °C, 5 min). A total of 25 μL of each replicate 

were loaded onto independent lanes of a 1-mm 12% T SDS PAGE gel, alongside equivalent 

amounts of a non-precipitated control yeast sample. The gel was resolved at 100 V until the protein 

had just entered the resolving gel and then subject to Coomassie staining. For each lane, the entire 

protein band (∼ 5 mm) was resected as a single fraction and subject to tryptic digestion as per 



38 

 

conventional protocols [299]. As above, the extracted peptide fractions were desalted and 

quantified by LC−UV. 

 

2.2.8 LC-MS/MS Analysis 

Proteome analysis of the digested yeast involved duplicate injection of 1 μL of sample (consisting 

of 0.5 μg total peptides) onto a 30-cm self-packed monolithic C18 column, coupled to a 10 μm 

New Objective PicoTip noncoated Emitter Tip (Woburn, MA). A Dionex Ultimate 3000 LC 

nanosystem (Bannockburn, IL) delivered a 2 h linear gradient from 0.1 % formic acid in water to 

35 % acetonitrile. The LTQ Orbitrap Velos Pro mass spectrometer (Thermo Fisher Scientific) 

operated in top 5 data-dependent mode at a resolution of 30 000 full width at half-maximum 

(FWHM) for MS1, scanning in rapid mode for MS2 (66,666 Da/s) with a resolution of <0.6 Da 

FWHM.  

 

2.2.9 Data Analysis 

The raw MS data were searched using the Proteome Discoverer software version 1.4 (Thermo 

Fisher Scientific), searching the UniProt S. cerevisiae filtered database (9931 entries, downloaded 

May 29, 2019) with a false discovery rate of 1%, while also requiring that the protein was identified 

in each duplicate injection. Carbamidomethylation of cysteine residues was included as a fixed 

modification and oxidation of methionine residues was considered a variable modification. A 

precursor mass tolerance and fragment mass tolerance of 20 and 5 ppm were used, respectively. 

Proteins were profiled using the online software, Venny 2.1. The Proteome Discoverer software 

reports the protein’s molecular weight and pI. Grand average of hydropathicity (GRAVY) scores 

were extracted from an online calculator, http://www.gravy-calculator.de/. The MS proteomics 

data have been deposited to the ProteomeXchange Consortium via the PRIDE28 partner repository 

[300] with the data set identifiers PXD015674 and 10.6019/PXD015674. 
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2.3 Results and Discussion 

 

2.3.1 Rapid Precipitation at Room Temperature: Salt Trends 

Consistent with prior work on protein precipitation [132], Figure 2.2A illustrates the controlling 

influence of ionic strength on maximizing protein recovery. Following overnight incubation at −20 

°C with 80% acetone and minimal salt (<1 mM NaCl), recovery is effectively negligible (3 ± 2%). 

However, upon the addition of >10 mM NaCl, the 1 g/L sample of bovine serum albumin (BSA) 

was quantitatively recovered (98 ± 4%). Extended incubations at low temperature are generally 

recommended to optimize recovery through precipitation while simultaneously preserving protein 

activity [123,127,294]. However, as seen, in Figure 2.2A, with sufficient ionic strength, room-

temperature precipitation (+20 °C) will provide equivalent high recovery of BSA (99 ± 2%), and 

with similar levels of NaCl required to maximize recovery (5-10 mM or higher). These results 

therefore suggest that solvent precipitation, with inclusion of sufficient salt concentrations, does 

not require a reduction in temperature to maintain high protein recovery.  

 

Figure 2.2 Influence of salt on precipitation of BSA (80% acetone). Protein recoveries were determined 

via BCA assay following precipitation at (A) differing incubation temperatures and (B) varying incubation 

times (at +20 °C). Samples of 1.0 g/L BSA were combined with 80% acetone and a range of NaCl 

concentrations (0.1-100 mM) for times ranging from 2 min to 24 h. Error bars represent the standard 

deviation from five replicates. (C) SDS PAGE analysis following rapid precipitation (2 min, room 

temperature) of a yeast proteome reveals the absence of protein in the pellet when no salt is added (top), 

and quantitative recovery of proteins in the pellet with the addition of 20 mM NaCl (bottom).  

  

While rapid precipitation protocols are well established, such as by TCA/acetone [135], or 

chloroform/ methanol/ water [214], prior reports on the required incubation period to maximize 
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protein recovery through acetone precipitation are conflicting. However, as the ionic strength of 

the solution was not controlled in these previous studies involving acetone, the present work 

explores how the NaCl concentration influences protein recovery in 80% acetone when incubated 

for short (2 min), intermediate (1 h), or extended (24 h) periods. As Figure 2.2B demonstrates, 

quantitative recoveries (>98%) were consistently obtained for precipitation of 1 g/L BSA, despite 

employing a minimal incubation period. The establishment of a rapid, high recovery precipitation 

protocol offers the potential to enhance sample throughput for proteome processing. From Figure 

2.2B, minor differences in salt concentration are required to maximize recovery. It is also realized 

that some proteins require greater salt concentrations than others to maximize yield [132]. It is 

therefore recommended to include between 20-100 mM NaCl, along with 80 % acetone. This level 

of salt ensures maximal recovery, as well as precipitation kinetics (discussed below). The rapid 

precipitation protocol does not specifically require the addition of “sodium chloride”, but rather 

that the ionic strength of the solution be maintained at a sufficiently high level to induce protein 

aggregation. As supporting evidence, similar sigmoidal protein recovery curves can be obtained 

using varying concentrations of Tris-HCl (pH 8.0), or SDS, alongside 80 % acetone, in place of 

NaCl, as shown in Figure 2.3. It is also noted that the BCA assay has varying compatibilities with 

SDS and Tris-HCl, potentially contributing to an apparent reduction in the maximized recovery. 

Evidently, different cationic or anionic species may contribute minor differences in the required 

concentration to maximize recovery, as seen in the supporting figure. Unless otherwise stated, all 

subsequent precipitations were conducted with inclusion of NaCl (i.e., “salt”).  

 

 

Figure 2.3 Influence of salt types on precipitation efficiency in 80 % acetone and 100 mM of either NaCl, 

SDS, or Tris-HCl buffer. Protein recoveries were determined via BCA assay following 2 min precipitation 

at room temperature. 
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Next it is examined whether the rapid precipitation protocol was equally applicable to the 

recovery of a complex proteome mixture. A yeast extract was chosen to reflect a range of 

molecular weights, pI, and protein hydrophobicity values. SDS PAGE analysis (Figure 2.2C) 

displays the contrasting precipitation efficiencies achieved following 2 min incubation of an S. 

cerevisiae lysate in 80% acetone without the addition of salt (top) or with inclusion of 20 mM 

NaCl (bottom). In the absence of salt, all proteins from the yeast extract remain fully soluble 

through the 2 min incubation and are observed in the supernatant fraction. Conversely, in the 

presence of 20 mM NaCl, all proteins were exclusively observed in the pellet fraction. Residual 

proteins may be present in the supernatant but would be below the detection limit of Coomassie 

staining. From Figure 2.2C, the quantitative recovery of proteins appears without bias toward 

protein molecular weight, extending over the range of 10-100 kDa. The potential for complete 

proteome characterization by mass spectrometry, including quantitative analysis, relies on 

avoiding front-end loss of select proteins. Thus, rapid precipitation observed here establishes a 

standardized approach for subsequent MS analysis (see section 2.3.5). 

 

2.3.2 Higher Salt Increases Precipitation Kinetics in Acetone 

Prior studies have investigated the rate of organic-solvent-based precipitation, demonstrating a 

proportionality between recovery and incubation time, often extending for hours. Such extended 

incubations fail to achieve the desired throughput required for efficient sample preparation. While 

it has been established that a minimum ionic strength is required to maximize recovery, here it is 

demonstrated for the first time that the rate of solvent-based protein precipitation is also dependent 

on the salt concentration. Test solutions consisting of single protein standards (BSA, cytochrome 

c), as well as a complex yeast proteome extract, were each made to 1.0 g/L and subject to 

precipitation over a range of incubation times. A high level of salt was selected, (100 mM, Figure 

2.2), as well as a lower concentration previously determined as the minimal level required for 

maximal recovery (0.1-2 mM, depending on the protein sample; shown in Figure 2.4). As Figure 

2.5A shows, the rate of precipitation significantly increases in the high-salt condition. With low 

salt, the observed recovery trends are reminiscent of those reported by others, showing that 

increased recovery is obtained through longer incubations. In the low-salt condition, the recovery 

trend can be modeled based on the anticipated first-order kinetics (Table 2.1). 
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Figure 2.4 Influence of salt concentration on precipitation recovery. Recoveries were calculated based on 

a BCA assay of the dried supernatant collected after 60 min precipitation for 1 g/L samples of (A) BSA, 

(B) cytochrome c, and (C) yeast lysate. 

 

Figure 2.5 Protein recoveries as a function of time following room-temperature precipitation of (A) BSA, 

cytochrome c, and yeast (1 g/L) with high and low salts, and (B) yeast proteome at varying concentrations 

with 20 mM NaCl. The second-order rate constants determined for the low-salt condition are summarized 

in Table 2.1. Recoveries were determined by BCA assay, with error bars representing the standard deviation 

from five replicates. 
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Table 2.1 Rate constant determination for room-temperature precipitation in the low-salt condition 

Sample Rate Equation ln[A] = ln[A]o – kta 
Rate Constant,  

k (s-1) 
t1/2 (min) pI 

BSA, 2 mM NaCl ln[A] = 103226 + 207.3(t) 207 ± 38 12 ± 2 4.8 

Cyt c, 2 mM NaCl ln[A] = 13276 + 4.437(t) 4.4 ± 0.2 39 ± 2 9.6 

Yeast, 0.1 mM NaCl ln[A] = 62516 + 57.45(t) 57 ± 8 13 ± 2 6.8 
a[A] = concentration of protein (mol/L); t = time    

 

Calculated half-lives for BSA, cytochrome c, and yeast ranged from 12 to 39 min. By 

contrast, with sufficient salt included, protein recovery for all three test samples exceeds 98% after 

only 2 min incubation, exhibiting half-lives of less than 30 s. To simultaneously achieve both 

quantitative recovery with minimal incubation for acetone precipitation, the ionic strength of the 

sample must therefore be higher than the minimum value previously reported to maximize 

recovery [132]. With consideration to certain proteins requiring higher salt to maximize recovery 

(e.g., those with extremes of pI) [132], it is recommended to add 100 mM salt together with 4 

volumes of acetone, providing a standardized approach to precipitation with high recovery and 

throughput, which greatly enhances the value of precipitation as a comprehensive sample 

preparation technique. 

 

2.3.3 Rapid Recovery of Dilute Samples 

As precipitation closely follows second-order kinetics, the initial protein concentration of the 

sample should be a controlling factor in the rate of recovery. It was of interest to determine whether 

this rapid precipitation could be extended to more dilute protein samples. When the yeast sample 

was diluted to 0.1 g/L, essentially quantitative recovery was maintained after 2 min incubation 

(Figure 2.5B). A slight reduction in recovery was seen for the 0.01 g/L sample following only 2 

min incubation (just under 90% yield), with recovery restored to quantitative levels (105 ± 3%) at 

30 min incubation. A 0.001 g/L sample of yeast exceeded the limits of the BCA assay, though 

recovery at an equivalent dilution was assessed, beginning with BSA, as shown in Figure 2.6. 

Again, near-quantitative recovery was attainable with 30 min incubation. When precipitating 

samples at extreme dilutions, the addition of 0.1% SDS to the protein facilitates the formation of 

a tight pellet that is more easily recovered during protein re-solubilization. Based on these results, 

it can be concluded that the optimized high-salt/room-temperature precipitation protocol is 

applicable to samples as dilute as 0.01 g/L, with lower protein concentrations requiring somewhat 
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lengthier incubations (30 min) in keeping with the expected kinetics of precipitation being 

dependent on protein concentration. The current depiction of high recovery and throughput for 

dilute samples described in this chapter exceeds the best performance of acetone precipitation 

reported to date [131]. 

 

 

 

Figure 2.6 Comparing precipitation recovery following 2, 5, and 30 min precipitation of a dilute (0.001 

g/L) BSA sample with 80% acetone and 100 mM ionic strength. 

 

 

2.3.4 Temperature is Key to Rapid Recovery 

 To this point, all kinetic investigations were conducted using room-temperature 

precipitations since it was shown that high recovery was not dependent on lowering the sample 

temperature to −20 °C during incubation (Figure 2.2A). Here, the use of elevated temperature is 

determined to be a controlling factor for rapid acetone precipitation in the presence of high salt 

concentrations. Precipitation efficiency was assessed by bottom-up LC-MS/MS analysis of the 

proteins identified in the pellet fractions, collected at varying times from elevated (+20 °C) and 

low (−20 °C)-temperature precipitations. Interestingly, precipitation at −20 °C provided 

effectively negligible recovery through the short incubation. Only when the sample had been 

incubated in the cold for 24 h was high recovery obtained. From Figure 2.7A, only 46 proteins were 

identified by MS in the 2 min pellet, while 518 proteins were identified in the 24 h pellet. While 

cold incubations may be employed in the interest of preserving protein activity, the approach is 

detrimental to a fast precipitation protocol, enforcing the need to precipitate for longer periods of 

time under the (conventional) cold conditions. The 46 proteins recovered in the 2 min pellet were 
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examined, but they displayed no distinguishing features in terms of molecular weight, pI, and 

hydrophobicity (GRAVY score) (Figure 2.8), suggesting they may simply represent the highest 

abundance proteins. By contrast to the results from cold precipitation, when precipitation was 

conducted at room temperature, 538 proteins were identified by MS in the 2 min pellet. 

Considering the three time points examined, 92% of all protein identifications were recorded in 

the 2 min pellet. Based on total PSM counts from the 2 min precipitation at elevated vs. reduced 

temperatures, the recovery of proteins was a factor of 50 times greater when incubated at room 

temperature. Figure 2.9 provides an overview of the proteins identified in the pellet vs supernatant 

from room-temperature precipitation (2 min, 1 h, 24 h). The full list of identified proteins through 

the various precipitation protocols is provided as an appendix in the form of Excel spreadsheets 

(Tables A2.1−A2.20). It is therefore concluded that elevated temperature is an essential factor for 

obtaining high recovery with rapid precipitation, together with the inclusion of high-salt 

concentrations.  

 
Figure 2.7 (A−C) Venn diagrams of proteins identified in the pellet through (A) cold precipitation (−20 

°C) and (B) room-temperature precipitation. Shown are the number of yeast proteins identified through 

bottom-up LC-MS/MS analysis following a time course precipitation conducted with 80% acetone and 100 

mM NaCl at the two temperatures. In the cold condition, the majority of proteins were solely identified in 

the 24 h pellet, while the 2 min RT pellet contained 92% of all identifications achieved by the 24 h point. 

(C) Comparison of proteins identified following 24 h precipitation at −20 °C vs. rapid (2 min) precipitation 

at room temperature shows equivalent identifications in the two precipitation protocols. (D) Analysis of 

peptide spectral match (PSM) counts for proteins identified in the pellet collected after 2 min precipitation 

at room temperature (RT) vs. 24 h at −20 °C. The trendline has a slope of 0.99 and a correlation coefficient 

of 0.9. 
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Figure 2.8 Tukey Box-and-Whisker plots comparing the distributions of (A) molecular weight, (B) 

isoelectric point, and (C) hydrophobicity between the 46 proteins identified in the pellet collected after 2 

min and 24 h precipitation at −20 °C. 

 

 

Figure 2.9 Venn diagrams comparing protein identifications from bottom-up LC-MS/MS analysis of 

pellets and supernatants collected after (A) 2 min room temperature precipitation, (B) 60 min room 

temperature precipitation, and (C) 24 h room temperature precipitation.  

 

 

2.3.5 Characterization of the Pellet and Supernatant  

A comparison is made between the proteins recovered from rapid (2 min) precipitation at room 

temperature to a conventional 24 h precipitation at −20 °C (both using 100 mM NaCl) (Figure 

2.7). While 551 proteins were identified following the conventional overnight protocol (2.7A), 572 

proteins were detected from the 2 min precipitation at room temperature (2.7B). A total of 75% of 

the identified proteins were in common between the two precipitation protocols (Figure 2.7C). 

Given that replicate MS analysis of identical samples tends to only provide a 70% overlap (Figure 

2.10), these results imply a considerable similarity between the two precipitation protocols. A 
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strong correlation between protein PSM counts across the two precipitation protocols (Figure 

2.7D) suggests a similar recovery for the distinctly identified proteins obtained from the two 

sample preparation methods. The high overlap in identifications and correlation of PSM counts 

confirm that the fast, room-temperature precipitation significantly improves throughput for sample 

preparation, without compromising recovery and subsequent analysis of a proteome.  

 

 
 

Figure 2.10 Venn diagrams comparing yeast protein identifications made from duplicate MS injections 

(left = run 1, right = run 2) of (A-C) pellets collected after room temperature incubations, (D-F) supernatants 

collected after room temperature precipitations, and (G-I) pellets collected after precipitation at −20 °C. 

(RT = room temperature, +20 °C). 

 

A more detailed analysis of the protein profiles obtained from the two precipitation 

protocols is presented in Figure 2.12. The distribution of identified proteins is plotted with respect 

to the molecular weight (Figure 2.12A), isoelectric point (2.12B), and hydrophobicity (2.12C). 

Pairwise t-testing revealed no statistical bias in the proteins recovered after 2 min precipitation 

compared to the 24 h, −20 °C protocol. A comparative analysis of proteins isolated from a rapid, 

room-temperature precipitation of the yeast proteome extract is performed relative to that of a non-

precipitated control. In this instance, precipitated proteins were resolubilized with gel buffer and 

loaded into an SDS PAGE gel alongside the controls, to ensure that there was no bias in 
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resolubilizing the resulting pellet. A full listing of identified proteins and peptides is provided as 

supplementary Excel tables, provided as part of the appendix, and is summarized in Figure 2.11. 

As shown in Figure 2.12D-F, the resulting proteins again display no bias in terms of the molecular 

weight, pI, or hydrophobicity profiles. This confirms the effectiveness of the rapid precipitation 

protocol for proteome profiling. While precipitating under optimal conditions (including 20 mM 

salt and at room temperature), protein recovery is exceptionally high (∼99%), though it is 

acknowledged that even a 1% loss can still present a certain degree of bias. The question is asked 

whether the protein content of the supernatant was enriched in specific classes of proteins, which 

would indicate biased sample loss. MS analysis of the supernatant fraction results in the detection 

of a significant number of proteins (Figure 2.9), though it is essential to point out by comparison 

to the analysis of proteins in the pellet, the supernatant fraction was concentrated 100-fold prior to 

MS. Thus, assuming ∼99% of all proteins were recovered without bias in the pellet, one would 

therefore expect to detect an equivalent set of proteins in the supernatant, and with equivalent 

intensity, vs. those identified in the pellet fraction. From the bottom-up MS data, the number of 

proteins in the supernatant constitutes only 19-36% of the total unique proteins observed in the 

pellet. By way of comparison with total PSM counts, the ratio of protein abundance (supernatant/ 

pellet) is further diminished, ranging from 6 to 15% of the total PSMs observed in the pellet. A 

smaller subset of proteins (by type and by abundance) is also observed in the supernatant as the 

precipitation incubation time is increased. However, even when considering the 2 min incubation 

period, the observed PSM ratios indicate that the fraction of proteins in the supernatant constitutes 

even less than the predicted 1% by mass of the initial protein. 

 

 

 
 

Figure 2.11 Venn diagrams comparing yeast protein identifications made from replicate MS injections (n 

= 4) of a sample that was subject to rapid (2 min, room temperature) acetone precipitation, relative to that 

of a non-precipitated control. Although unique proteins were identified across each of the resulting samples, 

the overall distribution of proteins in terms of their molecular weights, pI and hydrophobicity are 

indistinguishable. 



49 

 

 

 
 

Figure 2.12 Tukey Box-and-Whisker plots comparing the molecular weight (A), isoelectric point (B), and 

GRAVY score profiles (C) of proteins identified following MS analysis of a precipitation pellet collected 

after 2 min incubation at room temperature or after 24 h precipitation at −20 °C. Pairwise t-tests reveal no 

statistically significant difference in the protein profiles. (D−F) display the equivalent comparison between 

a non-precipitated control yeast extract to that of the pellet collected after 2 min precipitation at room 

temperature. Again, pairwise t-testing reveals no statistical differences. 

 

While a small percentage (by mass) of proteins partition to the supernatant following 

precipitation, it was of interest to determine if specific proteins preferentially partition to the 

supernatant. From Figure 2.13, the detection of a given protein in the supernatant is highly 

correlated (R2 = 0.96) to its respective abundance (PSM) in the pellet. In particular, 80% of those 

proteins that were detected in the pellet with relatively high abundance (>30 PSMs) were also 

detected in the supernatant, while only 20% of the proteins with low abundance in the pellet (<4 

PSMs) were identified in the supernatant. This dependence shows that the protein content of the 

supernatant fraction is largely composed of the most abundant proteins in the sample by mass. 
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Such an observation supports that the proteins are not preferentially partitioned to the supernatant 

according to other distinct properties, such as size, isoelectric point, or hydrophobicity.  

 

 

Figure 2.13 Histogram of proteins identified in the 2 min, room-temperature pellet. Proteins are ranked on 

the x-axis according to abundance as interpreted by their PSM count (peptide spectral match). The fraction 

of proteins identified in the supernatant is quantified on the secondary y-axis, showing that proteins present 

in high abundance in the pellet have a correspondingly high probability of being detected in the supernatant. 

 

Previous reports have indicated that solvent precipitation favors the recovery of proteins of 

high molecular weight, acidic pI, and/or hydrophilic character. It is therefore examined whether 

these biases are present in the reported optimized rapid precipitation, comparing the pellet and 

supernatant fractions collected after 2 min, 1 h, or 24 h. Figure 2.14 plots the distribution of 

proteins in the pellet and supernatant fractions through Box-and-Whisker plots, comparing 

proteins based on their molecular weight, isoelectric point, and hydrophobicity (GRAVY score). 

The molecular weight was the only characteristic contributing a statistically significant difference 

between the pellet and supernatant. The decreasing p-value from pairwise t-tests across the three 

time points indicates that the low-molecular- weight proteins are being increasingly recovered with 

additional incubation time. This does not imply that low mass proteins are not recovered in the 

pellet. Recalling that the supernatant was concentrated 100-fold relative to the pellet, a total of 192 

proteins were detected in the supernatant after 2 min precipitation. Of these, 158 (94%) were also 

identified in the corresponding pellet. Of the remaining 34 proteins uniquely identified in the 

supernatant (6% of total proteins detected), the molecular weight distribution is similar to that of 

the total sample. The inability to detect these specific proteins in the pellet may also be attributed 
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to variations in the capacity of MS to detect low-abundance proteins in the sample. There were no 

significant differences between the isoelectric points nor the GRAVY scores of any of the pellet/ 

supernatant pairs (Figure 2.14). These results show that rapid precipitation recovers all proteins in 

a sample, with minimal bias, validating the robustness of this optimized approach as it pertains to 

proteomic sample preparation. 

 

Figure 2.14 Tukey Box-and-Whisker plots of protein properties following room-temperature precipitation. 

Shown are the (A) molecular weight (MW), (B) isoelectric point (pI), and (C) hydrophobicity (GRAVY, 

grand average of hydropathicity) score of proteins collected in the pellet (P) and supernatant (S) fractions 

after 2 min, 60 min, and 24 h precipitation. Pairwise t-testing was used to compare the distributions; 

asterisks indicate significance: ***p <0.001; **p <0.01; *p <0.05; ns = not significant. 

 

2.4 Conclusions 
 

 The presented work provides an optimized protocol for near-quantitative precipitation of 

all proteins from simple and complex mixtures. Precipitation at room temperature with inclusion 

of salt presents a high-throughput approach to isolate a complete proteome with high efficiency. 

Based on the robustness of the presented approach, rapid, room-temperature precipitation with salt 

is proposed as a standardized protocol for isolating protein in proteomic workflows, prior to MS 

analysis. The recoveries obtained here are the highest of any protein precipitation protocol, with 

minimal bias among the collected proteins, facilitating the comprehensive characterization of a 

proteome. Therefore, precipitation offers a simple, rapid, and affordable approach to quantitatively 

isolate proteins. It is anticipated that the high precipitation efficiency of this protocol will grant 

new opportunities for proteomics, metabolomics, and commercial protein processing. 
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3. Critical Evaluation on the Repeatability of Sample Coverage and 

Quantitation in Bottom-Up Sample Preparation Strategies 
 

3.1 Introduction 
 

Proteome initiatives continue to dive deeper as they explore complex biological systems, 

demanding confident identification with precise quantitation of increasingly low-abundance 

analytes [301] or minimal sample quantities [302,303]. High quality data not only relies on state-

of-the-art MS instrumentation, but on increasingly robust workflows that minimize loss and bias 

throughout the process from sample collection to MS detection. From prior studies, the consistency 

of proteomic data acquisition by modern LC-MS/MS platforms [304–309], as well as subsequent 

analysis software has been well characterized [310–312]. With increasing scan speed, sensitivity, 

acquisition and fragmentation modes, one can now expect highly repeatable proteomic data, 

affording rich qualitative and quantitative characterization of proteome samples [308,312–314]. 

Unfortunately, real sample acquisition continues to be challenged by the limitations of front-end 

sample processing, questioning the stringency of analytical data.  

Comprehensive bottom-up characterization relies on robust sample preparation that affords 

complete solubilization and enzymatic digestion, especially with the growing interest in bottom-

up protein quantitation. Whether quantitation is being conducted by a relative or absolute 

approach, the accuracy and precision of measured peptide and protein abundances are subject to 

variances introduced during sample preparation. Total protein solubilization benefits from the 

inclusion of surfactants, such as SDS or sodium deoxycholate (SDC) [116,315], facilitating 

unbiased recovery of the proteome irrespective of structural heterogeneity. However, these 

solubilizing additives compromise digestion efficiency and peptide detection by LC-MS, 

necessitating effective depletion of these MS interferences. Although many strategies effectively 

deplete surfactants from proteome samples, they often achieve this purification at the cost of 

variable recovery [128,131,264,316]. Such trade-offs pose challenges in determining an optimal 

workflow. 

The reported low and variable recovery associated with traditional in-gel and precipitation-

based workflows [316] lends favor to the adoption of various cartridge and bead-based strategies 

[41,258,266,268,269,317]. Several comparative studies evaluate the evolving sample preparation 

technologies based on sample and sequence coverage as well as quantitative reproducibility. The 
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first widely adopted cartridge-based platform, FASP, has been shown to offer greater quantitative 

precision than solution digests, but often at the expense of peptide and protein identifications. A 

2014 study by Tanca et al. evaluated direct trypsinization, in solution digestion and FASP based 

on several metrics including reproducibility [318]. Equivalent overlap in protein identifications 

was observed between solution and FASP preparations while FASP improved peptide overlap 

across triplicates by 12%. However, peptide quantitation was, on average, 9% more agreeable 

across solution preparations. In 2018, Ludwig et al. showed 9% greater protein overlap across two 

FASP preparations compared to two solution digests, which was met with a 36% greater 

correlation between protein intensities [264]. A similar trend was observed for peptide overlap, 

however quantitative precision at the peptide level was equivalent between solution and FASP 

approaches (R2 of 0.71 for solution replicates vs. 0.68 for FASP replicates). In 2021, Davalieva et 

al. compared a RapiGest-based preparation to the FASP approach for fresh and formalin-fixed, 

paraffin-embedded (FFPE) preserved tissue proteomics. They found that RapiGest provided on 

average 7 % more repeatable extraction of FFPE samples than FASP and 50% more repeatable 

extraction of fresh frozen tissues [319].  

Subsequent cartridge and bead-based formats have demonstrated improvements in 

efficiency (e.g., processing time, cost) as well as tolerance to low starting quantities, digestion 

completion, identification rates, and quantitative precision over the original FASP cartridge. In 

2017, Sielaff et al. evaluated FASP, SP3, and iST approaches on the basis of quantitative 

reproducibility at low sample loadings [270]. FASP demonstrated reduced quantitative precision 

when processing <10 μg, while SP3 and iST conserved peptide intensity correlation coefficients 

of 0.97 and 0.93 respectively. A 2022 study by Wu et al. evaluated the reproducibility of bottom-

up identifications following preparation in the S-Trap compared to FASP and solution digests 

[260]. S-Trap was demonstrated to provide marginal enhancements in protein overlap (82% across 

two samples compared to 78 % and 79 % for in solution digestion, ISD and FASP respectively) as 

well as the greatest peptide overlap of the three approaches (69% vs. 60% from ISD). The 

quantitative precision of the FASP approach was recently improved by Loroch et al. by adapting 

the cartridge to an automated 96-well plate format [320]. While these comparative studies 

demonstrate the relative precision across a selection of semi-automated sample preparation 

technologies, there remains little to no discussion on the factors that influence a strategy’s 

repeatability at the identification and quantitative level. This limits the scope of the conclusions to 
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the chosen sample type [319,321] or the particular targeted assay [322–327]. A 2022 evaluation of 

16 common preparative strategies by Varnavides et al. evaluated 16 of the most common sample 

preparation approaches. High quantitative precision was demonstrated for all cartridge and bead-

assisted platforms, as well as acetone precipitation-based strategies. Lower precision was noted 

when denaturing additives were included during digestion or removed by precipitation with 

chloroform/methanol [328]. Considering the trade-off between high recovery and quantitative 

reproducibility among current strategies, there remains a need for a high-throughput approach to 

sample preparation that offers quantitative, repeatable and reproducible sample recovery and 

digestion, enabling high confidence characterization by mass spectrometry.  

 Recent efforts from this group have elucidated an optimized organic solvent-based 

precipitation approach, relying on controlled ionic strength in combination with the conventional 

80% acetone [132,135]. The optimized precipitation approach is further facilitated by a 

commercialized ProTrap XG precipitation cartridge—a two-stage filtration cartridge that 

automates the quantitative isolation of a precipitated pellet from the contaminating supernatant 

[282]. The present study characterizes the repeatability of sample coverage and quantitative 

precision provided by the ProTrap XG compared to in-solution and in-gel controls, all 

benchmarked against inherent instrumental variation. It is demonstrated that identifications and 

repeatability are optimized by including the surfactant followed by a precipitation-based workflow 

in the ProTrap XG, offering significant gains in sample coverage and quantitative precision over 

the conventional in-solution and in-gel approaches. The high repeatability afforded by the semi-

automated optimized precipitation strategy shifts the primary source of variation back to the MS 

detection and subsequent peak integration. The mechanisms behind the biases contributed by each 

step are further discussed, characterizing the proteins and peptides that contribute variability 

during extraction/solubilization, precipitation and re-solubilization, digestion, and recovery from 

a reverse phase desalting cartridge. 

 

3.2 Methods 
 

3.2.1 Growth and Extraction of Yeast 

S. cerevisiae was cultured overnight (37 °C) in YPD broth to an OD600 of 1, according to standard 

procedures [295]. The cell pellet was twice washed with water and ground under liquid nitrogen 

in a mortar and pestle to extract the protein into water or 5% SDS. Protein in the clarified 
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supernatant was diluted to 2.0 g/L following total protein quantitation by an LC-UV assay with 

absorbance at 214 nm.  

 

3.2.2 Solution Digestion 

A single aliquot of yeast extracted into Tris-HCl (pH 8.0) was combined with 5 mM DTT. The 

sample was incubated at 56 °C for 30 min, combined with 11 mM IAA and incubated at room 

temperature in the dark for 1 h. Following reduction and alkylation, the sample was split into four 

equal aliquots. TPCK-treated trypsin was added at a substrate to enzyme ratio of 50:1. Samples 

were digested overnight at 37 °C followed by acidification with 0.1% TFA (trifluoroacetic acid). 

Digested samples were subject to reversed phase clean-up by LC-UV with peptide quantitation at 

A214nm and fraction collection.  

 

3.2.3 In-gel Digestion 

A single aliquot of yeast extracted into SDS was combined with 5× Laemmli buffer, mixed by 

vortex, and incubated at 95 °C for 5 min. 50 μg aliquots of the protein sample were loaded into a 

12% T SDS PAGE gel, electrophoresed at 100 V across approximately 2 cm of resolving gel, and 

stained with Coommassie blue. Each lane was excised and sliced into ~1 mm3 portions and 

transferred to four respective clean microcentrifuge tubes. Conventional in-gel digestion with 

trypsin was performed as previously described [299] using a 50:1 substrate-to-enzyme ratio. 

Extracted peptides were subject to additional desalting, quantitation, and fraction collection by 

reversed phase liquid chromatography (RPLC) as described above. 

 

3.2.4 Sample Preparation in the ProTrap XG 

Two aliquots of yeast (one extracted into water, one extracted in SDS) were combined with 50 

mM Tris-HCl (pH 8.0) and 5 mM DTT. The samples were incubated at 56 °C for 30 min, combined 

with 11 mM IAA and incubated at room temperature in the dark for 1 h. Following reduction and 

alkylation, eight equal aliquots of the SDS extract and one aliquot of the aqueous extract, each 

comprising 100 μg total protein, were transferred to ProTrap XG filtration cartridges. Samples 

were combined with 100 mM sodium chloride and four volumes of acetone and subject to rapid 

(2-min) precipitation as described previously [283]. Following precipitation, precipitated protein 

was isolated on the membrane of the filtration cartridge by centrifugation and the supernatant was 
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discarded. Pellets were washed with a fresh aliquot of acetone and immediately centrifuged. Pellets 

were briefly dried in a fume hood followed by re-solubilization in 8 M urea. Pellets were disrupted 

by repeat pipetting and periodic mixing by vortex followed by overnight re-solubilization. Samples 

were diluted to 1.5 M urea, combined with 50 mM Tris-HCl (pH 8.0), and digested at 37 °C 

overnight with 50:1 trypsin as described above. Digests were quenched with 0.1% TFA. Four of 

the SDS-containing preparations as well as the precipitated and digested no-SDS extract were 

immediately subject to RPLC-UV clean-up, quantitation, and fraction collection as described 

above. The remaining four SDS-containing preparations were subject to additional desalting by 

the ProTrap XG’s associated solid-phase extraction (SPE) cartridge. Samples were loaded onto the 

spin cartridge in 5% acetonitrile/ 0.1 % TFA and eluted in 50% acetonitrile/ 0.1% TFA. Desalted 

peptide samples were then subject to RPLC-UV clean-up, quantitation, and fraction collection as 

described. 

 

3.2.5 Bottom-up LC-MS/MS Acquisition with Label-Free Quantitation 

LC-MS/MS analysis of proteome digests was conducted by Phenswitch Bioscences (Sherbrooke, 

Quebec) according to their standard protocols. Samples were subject to online reversed phase 

separation using a Kinetex XB C18 column 0.3 mm i.d., 2.6 μm particles, 150 mm (Phenomenex), 

maintained at 60 °C across a 60-min ethanol gradient containing 3% DMSO/ 0.1% FA at a flow 

rate of 3 μL/min. Samples were injected by overfilling a 5 μL loop.  

MS acquisition was performed on an ABSciex TripleTOF 6600 (ABSciex, Foster City, 

CA, USA) equipped with an electrospray interface with a 25 μm inner diameter capillary coupled 

to an Eksigent μUHPLC (Eksigent, Redwood City, CA, USA). Analyst TF 1.8 software was used 

to control the instrument and for data processing and acquisition. The acquisition was performed 

in Information Dependant Acquisition (IDA) mode to establish the spectral library. The samples 

were analyzed in SWATH acquisition mode. The source voltage was set to 5.35 kV and maintained 

at 325 °C; curtain gas was set at 50 psi, gas 1 at 40 psi, and gas 2 at 35 psi.  

 

3.2.6 DIA-MS Data Analysis 

Peptides and proteins comprising the spectral library were identified using Protein Pilot (Sciex). 

Peptide and protein SWATH quantification were done using DIA-NN (version 1.8.1). Bottom-up 

tandem MS spectra were searched against the publicly available spectral library of the human 
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proteome (SWATHAtlas). Spectra from intact peptide fractions were searched against the 

information dependent spectral library (section 4.2.8). Appendix Tables A3.1-A3.5 contain all 

bottom-up MS/MS identifications and associated label-free intensities. 

Peptide quantitation was evaluated by comparing the coefficient of variation across all 

identifications. Violin plots and heat maps were generated using the online graphing software, 

Plotly Chart Studio (Plotly Technologies Inc. 2015) [329].  

 

3.3 Results 

 

3.3.1 Repeatability of Sample Coverage is Optimized in ProTrap XG Preparations 

The reproducibility of bottom-up peptide and protein identifications are in part contributed by 

biases in the recovery and/or digestion efficiency imparted during sample preparation. Here a 

conventional solution-based digestion is compared to the classic in-gel digestion workup, with the 

precipitation-based workflow using the ProTrap XG, described previously in Chapter 2. Figure 3.1 

shows Venn diagrams of peptide and protein identifications across four replicate solution digests, 

ProTrap XG preparations, and five replicate LC-MS/MS injections. The precipitation-based spin 

cartridge provided a 30% enhancement in peptide overlap and a 28% gain in protein overlap 

compared to the solution digest.  
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Figure 3.1 Venn diagrams of bottom-up (A-C) peptide and (D-F) protein identifications from solution and 

ProTrap XG digests compared to replicate LC-MS/MS injections. 

 

Figure 3.2A summarizes the total identifications and overlap for all four evaluated sample 

preparation strategies. It is shown here that the number of non-redundant peptide and protein 

identifications was maximized in the ProTrap XG-based preparations. Moreover, the overlap 

across replicate preparations was optimized when samples were processed using the disposable 

spin cartridges. At the protein level, the ProTrap XG and ProTrap XG +SPE samples showed 85% 

and 82% overlap, respectively, which is equivalent to the overlap seen in replicate LC-MS/MS 

injections (83%) of a single sample. This is reflective of high repeatability in the precipitation, 

detergent removal, and protein re-solubilization efficiency achieved in the spin cartridge. This 

represents >13% greater overlap than replicate in-gel digests and >40% greater overlap than 

solution preparations. As expected, peptide overlap was lower than the intact protein level, 

however, peptides recovered from ProTrap XG-based strategies showed significantly greater 

overlap than in-gel and solution strategies. Replicate LC-MS/MS injections of ProTrap XG-based 

preparations demonstrated 72% overlap across five runs. The other two precipitation-based 
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preparations demonstrated 60% agreement across four preparation replicates. By contrast, 

replicate solution digests showed just 19% agreement, with 33% of peptides being unique to one 

sample. This further supports significantly enhanced repeatability relative to the 51% overlap from 

in-gel and 21% overlap from solution preparations. While proteins have many chances to be 

detected, the reduced repeatability of peptide identifications confounds the effects of variable 

digestion, (recovery from gel), ionization, and identification efficiency.  

As demonstrated by the Venn diagrams in Figure 3.1, not all peptides are identified in 4 

out of 4 replicate preparations. For example, if a peptide is detected in 3 of 4 samples, it is described 

as having one missing value. The frequency of missing values poses challenges in practical 

quantitative investigations, so it is of common interest to minimize the source of these differences 

in identification profiles. Peptide identifications were sorted based on the number of missing 

values and plotted in Figure 3.2B. From this, it is shown that peptides identified from ProTrap XG-

based preparations exhibit the lowest frequency of missing values, with <25% of identifications 

showing >1 missing value across 4 replicates. By contrast, 33% of in-gel and 57% of solution 

identifications are found in 2/4 replicates, reflecting low reproducibility in digestion and/or 

recovery from the gel.  

 

Figure 3.2 Summary of bottom-up peptide and protein identifications (A) total counts and percent overlap 

across replicates and (B) sorted based on number of missing values. Error bars represent the standard 

deviation from replicate sample preparations. 

 

 The degree of digestion completion directly influences the precision of bottom-up 

quantitation by way of splitting the signal for a particular sequence across variably miscleaved 
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products. Figure 3.3 shows the number and frequency of fully-cleaved digestion products resulting 

from each preparation strategy. From this, ProTrap XG-based preparations demonstrate 

maximized digestion efficiency along with the least variance across replicate digests. Sample 

preparation in the spin cartridge resulted in the identification of 10,000 ± 200 fully-cleaved 

peptides without additional clean-up in the SPE. When the SPE was employed, an average of 

10,000 fully-cleaved peptides were still identified however the standard deviation increased to 500 

across the four preparations. This (slight) reduction in repeatability reflects the variance introduced 

by recovery from the SPE cartridge. By strong contrast, the in-gel digestion identified 50 % fewer 

fully-cleaved peptides with a >3-fold increase in the RSD of the frequency of fully-cleaved 

products. The apparent reduction in digestion efficiency seen from the in-gel approach is consistent 

with results reported by Yang et al. in 2018, where they compared the efficacy of precipitation-

based, cartridge-assisted and in-gel strategies [330]. The authors reported a 30% increase in the 

frequency of miscleavages from the in-gel approach compared to an acetone precipitation 

workflow (as is used in the ProTrap XG preparations). The solution digest resulted in the greatest 

variance in the number of identified fully-cleaved peptides with an RSD of 0.5 across four 

preparations. However, the fraction of identifications representing fully-cleaved products was 

highly repeatable, with an RSD of 0.009. In combination with the reduced protein overlap shown 

in Figure 3.2A, this suggests that the variance in the solution digest is largely contributed by 

substrate recovery rather than digestion efficiency.  
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Figure 3.3 Miscleavage analysis of peptides identified from each preparation strategy. The number and 

frequency of fully-cleaved peptides are optimized in ProTrap XG-based approaches. Error bars represent 

the standard deviation from replicate sample preparations. 

 

 Peptides identified from each preparation were sorted based on their number of missing 

values (MVs) and each group was compared on the frequency of miscleavages, frequency of 

modifications, and median intensity; the resulting correlations are shown in Figure 3.4. As 

reviewed by Webb-Robertson et al. missing values are categorized as missing completely at 

random (MCAR), missing at random (MAR), or missing not at random (MNAR) [331]. Values 

are classified as MCAR if their missingness does not correlate with low intensity or any other 

characteristic of the peptide. Values are considered MAR if there is a correlation to a particular 

peptide characteristic. And values are classified as MNAR if their missingness correlates with low 

intensity that may be below the limit of detection. Considering that the total peptide mass was 

normalized for each injection, differential intensity for a given peptide from one run to the next 

indicates a differential abundance between the respective preparations. From Figure 3.3, it is 

shown that the number of missing values for a given peptide from any of the evaluated preparation 

strategies correlates with low intensity, suggesting that many MVs could be classified as MNAR. 

From Figure 3.4(A,F,K), it is shown that for solution digests, a peptide’s missing values 

do not correlate significantly with modification or miscleavage frequency, suggesting that partially 

digested products are generated with equivalent repeatability as completely digested products. 

Together, these results support the previous speculation that the variance in solution digests is most 
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attributable to variable recovery. It was also found that 24% of proteins identified in the set of 

solution digests were unique to 1 of 4 preparations, which suggests that the variance in recovery 

is at the protein level.  

From Figure 3.4G, the in-gel digests show an interesting trend where repeatability of 

peptide identifications correlate with degree of miscleavage. In combination with the low digestion 

efficiency shown in Figure 3.3, this suggests that partial digestion products are generated with the 

greatest frequency by in-gel digests. Contrasting with the solution digest, it was found that 80% of 

proteins associated with peptides that were identified in 1 of 4 preparations were also identified by 

more repeatable peptides. This shows that protein recovery is highly repeatable (likely owing to 

the inclusion of SDS) while peptide recovery from the gel matrix is a source of variation across 

replicates.  

Repeatability as a function of miscleaved peptides shows the opposite trend in the ProTrap 

XG. From Figure 3.4H, it is seen that the most repeatable peptides are more completely digested 

than those with more missing values. This suggests that partially digested peptides are not as 

consistently produced and identified, which is reflective of the enhanced digestion efficiency 

depicted in Figure 3.3. Given that there is a similar correlation across replicate LC-MS/MS 

injections (Figure 3.4J,O), the reduced repeatability of miscleaved and modified peptides may be 

attributed to detection and identification efficiency rather than variances in the preparation. It was 

also found that 85 % of protein groups associated with peptides that were unique to 1 of 4 

preparations were identified by other peptides with greater repeatability. This suggests that a 

peptide’s variability is largely attributable to its cleavage and ionization efficiency as opposed to 

the recovery of its associated protein. This is further supported by the high solubilization efficiency 

expected from SDS-containing preparations as well as the quantitative precipitation recovery 

associated with the ProTrap XG [135,283].  

Figure 3.4M shows an additional correlation between the number of missing values and 

frequency of modifications. Spectra were searched with carbamidomethylation of cysteine 

residues as a fixed modification and oxidation of methionine as a variable modification. It was 

found that the frequency of cysteine-containing peptides as a function of missing values was 

constant (8-9%); therefore, the relationship between repeatability and modification frequency is a 

function of variable oxidation at methionine residues. Methionine-containing peptides can be 

observed in both the oxidized and non-oxidized form; it was found that 52% of oxidized peptides 
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were identified without the modification with greater frequency. This suggests that the oxidation 

of methionine residues occurs with relatively low frequency, making modified peptides appear 

less repeatable. Taken together, missing values from ProTrap XG preparations include MNAR 

(missing not at random) and MAR (missing at random) values.  

Samples prepared in the ProTrap XG with additional clean-up in the associated SPE 

cartridge demonstrate no correlation between a peptide’s missing values and miscleavage or 

modification rates. This suggests that peptide retention and elution from the reversed phase SPE 

cartridge is introducing some degree of random variance across replicates, which is to be expected 

by adding any additional preparative step. Potential biases in SPE recovery rates are discussed 

further in section 3.2.2. 

 

Figure 3.4 Correlating number of missing values with (A-E) peptide intensity, (F-J) miscleavage, and (K-

O) modification rates. All preparation strategies demonstrate correlated identification repeatability with 

peptide intensity.  
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3.3.2 Quantitative Precision is Optimized by Sample Preparation in the ProTrap XG 

While the reproducibility of protein identifications is of high importance for shotgun 

proteomics, precision at the peptide level has even greater influence for quantitative initiatives. 

SWATH quantification was used to compare peptide intensities. The variance in LC-MS/MS 

replicates was modeled as a function of peptide intensity. Based on the error model, the LOD and 

LOQ were determined to be 8.95 and 140.54, respectively. Figure 3.5A shows the fraction of 

peptides from each set that exceed the LOD and LOQ, demonstrating that sample preparation in 

the ProTrap XG enables confident detection and quantitation of the greatest number of peptides 

and by consequence, proteins. The heatmap in Figure 3.5B shows the high variance in peptide 

intensity across solution digests. In-gel preparations show improvement over the solution samples, 

while the ProTrap XG and ProTrap XG +SPE samples show the greatest agreement across 

replicates among all the strategies. Principal Component Analysis was used to deconvolute the 

large datasets and evaluate the precision of replicates. From Figure 3.5B, replicate samples from 

the ProTrap XG and ProTrap XG +SPE show the highest degree of consistency second to the 

replicate LC-MS/MS injections. In-gel digests show slightly greater variance, while solution 

samples account for the majority of the variance across all twenty-one samples with significant 

spread carrying over to the second principal component. Based on these comparisons, preparation 

strategies can be ranked from most repeatable to least repeatable as follows: ProTrap XG, ProTrap 

XG +SPE, in-gel, solution, which shows agreement with the trends observed across the 

repeatability of identifications. 
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Figure 3.5 Assessment of quantitative repeatability for peptides with no missing values. (A) Peptide 

identifications classified based on LOD and LOQ. (B) Heatmap of peptide intensities reflecting maximized 

precision across five replicate LC-MS/MS injections, followed by ProTrap XG-based preparations. In-gel 

and solution digests show high variance across replicates over the range of plotted intensities. (C) Principal 

component analysis further reflects high precision across ProTrap XG samples compared to in-gel and 

solution digestions. 

 

 Bottom-up quantitative repeatability was further evaluated by comparing the distribution 

of coefficients of variance for peptides commonly identified across all replicates of each 

preparation strategy. From Figure 3.6A, it is shown that replicate LC-MS/MS injections have a 

mean CV of 10% with a standard deviation of 7%. Samples prepared in the ProTrap XG with and 

without additional clean-up in the SPE demonstrate comparable mean CVs of 25 ± 19% and 18 ± 
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15%, respectively. This shows that approximately 40% of quantitative variance is contributed by 

the LC-MS/MS detection, while precipitation and digestion in the ProTrap XG contributes 32% 

and the additional SPE clean-up adds 28% of the total variance. In-gel digests exhibit a broader 

distribution but contribute a similar average variance to the SPE workflow with a mean CV of 

26%. Once again, the solution preparations demonstrate the weakest repeatability among the 

evaluated strategies with an average CV of 48 ± 26%. Contrasting with the precipitation-based 

workflows, this shows that 80 % of quantitative variance is contributed by the solution digest 

preparation. This continues to support the observation that SDS-containing workflows are 

significantly more repeatable with precipitation-based approaches in the ProTrap XG offering 

greater precision than in-gel digests.  

 Variance in a peptide’s measured intensity was speculated to correlate with signal intensity 

since shot noise becomes a greater contributor. Peptides commonly identified across all twenty-

one samples were binned into 10 fractions according to their normalized intensity. Mean CV was 

calculated for each bin and plotted against the median intensity (Figure 3.6C). Replicate LC-

MS/MS injections demonstrate the greatest correlation between peptide intensity and quantitative 

repeatability, especially in the lowest 50%. The ProTrap XG samples demonstrate a similar trend, 

albeit with greater CVs at high intensities compared to LC-MS/MS replicates. This shows that 

sample preparation contributes variance that is independent of peptide intensity (as described 

previously with respect to miscleavage and modification rates). ProTrap XG +SPE and in-gel 

digests continue to exhibit some dependence between repeatability and peptide intensity, but with 

a lesser slope than the other ProTrap XG preparations. This weaker correlation suggests there are 

more significant sources of variation from the SPE recovery and in-gel preparation than a peptide’s 

intensity when compared with the other precipitation-based strategies. Solution digests show an 

opposite relationship whereby high intensity peptides exhibit lower quantitative precision than 

lower intensity peptides, however at any intensity, quantitation is at least 15% less precise from a 

solution digestion than any of the other evaluated preparations. Tanca’s 2014 study demonstrated 

a comparable trend where the absolute concentration of a protein digest recovered from RapiGest 

and FASP preparations correlated with its quantitative precision [318]. Although a peptide’s 

intensity is a product of both, its abundance and its ionization efficiency, their results support that 

the stronger a protein’s total signal, the more repeatable its bottom-up quantitation will be. From 

Figure 3.6C, it is shown that for ProTrap XG-based preparations, quantitative precision is greater 
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for fully-cleaved peptides than miscleaved peptides. This is attributed to there being >5-fold more 

total signal intensity being contributed by complete digestion products compared to partial 

digestion products in these two approaches. In-gel and solution preparations show a similar bias 

towards greater repeatability of fully-cleaved peptides although with a lower degree of confidence, 

which correlates with the greater signal contribution from miscleaved products in these two sets. 

Chiva et al. reported a similar observation where they showed the distribution of peptide standard 

deviation was independent of its degree of miscleavage for solution and FASP preparations [332].  

   

 

Figure 3.6 Coefficient of variation (CV) plotted (A) as a violin plot representing the distribution for each 

preparation strategy, and (B) as a function of median intensity. (C) Tukey Box-and-Whisker plot of CV 

distributions for fully-cleaved peptides (FC) compared to miscleaved peptides (MC) for each preparation 

strategy.  

 

 Quantitation agreement as a function of intensity is further observed in Figure 3.7, where 

a peptide’s intensity from one preparation is plotted against its intensity in another replicate. For 
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all preparation approaches, variance between samples is greatest at low intensities with increasing 

precision (and linearity) as intensity increases. Outliers are noted in the correlation of SPE-cleaned 

samples (Figure 3.6D), while solution digests (Figure 3.6A) show low precision irrespective of 

peptide intensity. Comparison of correlation coefficients (Figure 3.6F) demonstrates the similarity 

between the ProTrap XG preparations and LC-MS/MS replicates. In-gel digests show a greater 

spread in the precision of replicate pairs and solution digests continue to demonstrate the least 

agreement across replicate preparations with an average correlation coefficient 10% lower than 

any other approach. 

 

 

Figure 3.7 Correlation plots of peptide intensities across a selected pair of replicate preparations for (A) 

solution, (B) in-gel, (C) ProTrap XG, (D) ProTrap XG +SPE, (E) replicate LC-MS/MS injections. (F) 

Average Pearson correlation coefficients, R2, error bars represent the standard deviation across all possible 

pairs of samples. 
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Figure 3.8 Characterizing the precision of bottom-up protein quantitation. (A) Venn diagram of protein 

groups with associated peptides whose intensity exceeded the limit of quantitation. (B) Violin plot of the 

distribution of coefficients of variation for proteins quantified in all sample preparation strategies.   

 

3.4 Discussion 
 

Bottom-up protein quantitation has impactful applications including clinical assays for 

biomarker detection [333]. The combined need for high throughput and precise measurements in 

these settings demands robust sample preparation that minimizes front-end variances. The present 

study evaluated the repeatability of peptide and protein identifications as well as bottom-up 

quantitative precision for solution, in-gel, and two precipitation-based workflows in the ProTrap 

XG. It is herein demonstrated that both the repeatability of identifications and quantitative 

precision are optimized by exploiting an SDS solubilization step followed by a robust precipitation 

approach in the semi-automated spin cartridge and subsequent pellet digestion. 

Maximized repeatability of peptide and protein identifications across sample preparations 

is the first step in achieving precise quantitation, which motivates the adoption of DIA-MS 

acquisition strategies over DDA. However, missing values are not completely eliminated in DIA, 

leaving a point of discussion on how to accurately and precisely quantify peptides that are not 

identified in all cases [331,334]. A 2022 report by Li and Smyth proposes that all missing values 

in DIA should be classified as MNAR, speculating that intensity is the only factor influencing a 

peptide’s detection [333]. It was shown in Figure 3.4 that the repeatability of peptide identification 

correlated with signal intensity across all evaluated preparation strategies. The repeatability of 

identifications and quantitative precision were both greater for fully-cleaved digestion products 

compared to miscleaved peptides, however these properties were subsequently shown to correlate 
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with the peptide’s intensity, which supports the idea that missing values are “not at random” but 

rather, below the limit of detection.  

The differential abundance of a peptide is controlled by its protein’s recovery as well as its 

cleavage efficiency. Of the evaluated sample preparation strategies, the solution digests 

demonstrate the lowest identification agreement and quantitative precision by a large margin. 

However, the frequency of miscleaved digestion products is only 5% greater than is seen in more 

precise (ProTrap XG-based) approaches. This suggests that the recovery of the intact protein is 

limiting the robustness of solution digests, as opposed to digestion efficiency. Considering the lack 

of denaturing additives, initial solubilization efficiency is reduced. Additionally, thermal 

aggregation is accelerated at the temperature used for reduction by DTT (56 °C) [166] in the 

absence of chaotropes such as urea. By contrast, in-gel and ProTrap XG preparations benefit from 

the protein solubilization afforded by an SDS extraction. Subsequent reduction and alkylation 

proved to be a source of variation in the ProTrap XG samples that underwent clean-up by SPE. A 

series of outlier points seen in Figure 3.7D were analyzed and it was found that this group is 

enriched in cysteine-containing peptides, with these analytes comprising 80.5% of the outlier 

group compared to 9 % of the total peptide population from this set of samples. A 2013 study by 

Jiang et al. discusses the influence of different alkylation modifications on a peptide’s retention in 

reversed phase separations [335]. The authors show that with TFA as an ion-pairing modifier, 

carbamidomethylated peptides from IAA alkylation demonstrate weaker retention compared to 

peptides modified by other alkylating reagents. Future investigations will evaluate the repeatability 

of peptide recovery from the ProTrap XG’s associated SPE cartridge using a range of cysteine 

alkylating reagents and sample loading conditions.  

Enzymatic digestion has been described for its controlling influence in bottom-up 

quantitation precision [332]. Digestion efficiency was shown to be optimized in ProTrap XG 

preparations, benefiting from effective pellet re-solubilization in 8 M urea. The high digestion 

efficiency is thought to enhance quantitative precision by increasing the intensity of fully-cleaved 

peptides rather than splitting a sequence’s signal across variably miscleaved products. In-gel 

digestion demonstrated reduced completion by way of increased miscleaved peptides, which 

correlated with reduced quantitative precision. It is speculated that variances in digestion 

completion could arise from trypsin’s ability to permeate the gel, followed by a reduction in 

peptide signal intensity associated with variable extraction efficiency from the gel.  
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Evaluating the front-end workflow as a whole, the results presented here suggest that protein 

and peptide recovery are highest and most reproducible in the SDS-ProTrap XG preparations. 

Additional clean-up in the SPE cartridge contributes some variance especially in the recovery of 

cysteine-containing peptides, although the total distribution of variance resulting from SPE 

preparations is statistically similar to that without the SPE clean-up. In-gel preparations show 

improved repeatability compared to solution digests, likely owing to enhanced protein 

solubilization efficiency, however the reduced digestion efficiency correlated with lower 

quantitative precision than is observed for the ProTrap XG. 

 

3.5 Conclusions 
 

 The present study demonstrated that identification repeatability and the precision of 

bottom-up quantitation benefit from complete proteome solubilization enabled by the inclusion of 

surfactants followed by robust surfactant depletion and proteome digestion. It was shown that the 

low repeatability of solution digests severely limits the application of the simplistic approach when 

stringent analytical results are required. In-gel digestion showed improved repeatability in peptide 

and protein identifications as well as quantitative precision but was limited by the high frequency 

of partially cleaved peptides. By contrast, precipitation-based workflows conducted in the ProTrap 

XG afforded complete solubilization with SDS in combination with robust digestion, which 

correlated with optimized repeatability of identifications and quantitative precision, second only 

to replicate LC-MS/MS injections. Based on this, precipitation-based strategies facilitated by the 

ProTrap XG are recommended for future bottom-up quantitation applications. 
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4. Multi-Omics in the ProTrap XG: Optimizing a Selective 

Precipitation Strategy for Mass Spectrometry Analysis of the 

Proteome, Peptidome, and Metabolome 
 

4.1 Introduction 
 

 Multi-omics approaches are gaining popularity in clinical [100,336] and food science 

[337,338] settings owing to the depth of information afforded by integrating multiple -omics 

analyses. In particular, different combinations of genomics, transcriptomics, proteomics, and 

metabolomics are often integrated. The combined data provide greater insight on disease pathology 

[339–341], for example, than an individual -omics approach. Despite the sensitivity of modern 

mass spectrometry, these workflows are often limited by low sample quantity with each class of 

analytes being expressed with a unique abundance [97,342]. This poses challenges in developing 

a single sample preparation approach that provides optimal coverage of several -omics fractions. 

Some of the most common multi-omics approaches combine genomics/ transcriptomics/ 

proteomics, or proteomics/metabolomics. However, the present study will focus on the integration 

of proteomics, peptidomics, and metabolomics through a sequential precipitation approach.  

 Metabolome extraction is often achieved by solid phase microextraction (SPME) strategies 

or organic solvent-based protein precipitation. A 2019 review by Reyes-Garcés describes the 

advantages of SPME for metabolomics, offering a simple high-throughput approach with good 

selectivity between the desired analytes and interferences of complex matrices [343]. The main 

disadvantage of SPME is low recovery, which confounds with the limitations of frequently small 

sample quantities. Diverse precipitation and liquid-liquid extraction (LLE) strategies have been 

employed and are individualized based on the metabolites of interest. The standard approach to 

metabolome preparation involves a –20 °C protein precipitation with 80% methanol for varying 

precipitation times. With respect to the LLE approach, a 2020 review by Roca discussed the 

structural and solubility diversity across a metabolome resulting in the differential recovery of 

each class of metabolites with different extraction solvent systems [344,345]. Polar analytes such 

as amino acids, nucleotides, and carbohydrates are recovered from extraction with various 

compositions of methanol /ethanol/ acetonitrile/ water, while non-polar species such as 

glycerolipids and steroids show better extraction efficiency in isopropanol, methyl tertbutyl ether 

and ethyl acetate [346]. Bechmann et al. demonstrated a five-step metabolome workflow in 2021, 
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where six aliquots of an adrenal tissue lysate were differentially extracted to maximize 

metabolome coverage [97]. A 2018 study by Wawrzyniak et al. showed that hydrophobic 

metabolites often co-precipitate during the protein depletion step [347]. The authors showed that 

pre-incubation with proteinase K improved non-polar metabolome coverage. The enzyme induced 

a partial digestion, reducing the folded structure of native proteins, which released trapped 

metabolites. This demonstrates that proteome/ metabolome multi-omics approaches will benefit 

from further efforts to maximize the selectivity between the two sets of analytes. In addition to the 

diverse solvent systems used for extraction, the incubation conditions are critical in order to 

optimize recovery without compromising the native sample. Longer extractions and increased 

temperature offer improved recovery, while protein precipitation is often conducted at –20 °C for 

several hours or overnight in order to conserve the un-modified metabolome [96,348]. The two 

strategies have associated advantages and drawbacks—precipitation poses the risk of co-

precipitating certain metabolites alongside the protein pellet, while a liquid extraction may favor 

the recovery of some metabolites over others based on the chosen solvent system. LLE recovery 

would also be improved by extracting with a greater volume, reducing the total analyte 

concentration. Recent efforts from the Doucette group showed quantitative protein precipitation is 

achieved in 2-5 min under optimized conditions [132,135], which was hypothesized to have dual 

application for proteome and metabolome preparations.  

 Peptidomics is emerging as a complement to proteome analysis, offering particular value 

in immune response characterization. As reviewed by Dallas in 2014 and Fan in 2022, peptidome 

sample preparation often relies on complete recovery of the proteome and peptidome followed by 

a separation of the high- and low-molecular weight fractions [349,350]. Protein/peptide 

fractionation has been achieved by molecular weight cut-off strategies, low-temperature protein 

precipitation, size exclusion chromatography (SEC), and solid phase extraction (SPE). As 

described for metabolome sample preparation, each strategy has unique advantages and 

disadvantages, however, the potential for integrating peptidomics analyses in clinical settings 

[351] demands a preparative approach that prioritizes high recovery, throughput, repeatability, and 

accuracy (i.e., does not modify the native peptidome). Conventional precipitation approaches 

involving overnight incubation at −20 °C as well as SPE purification benefit from reduced 

modification/degradation rates, however recovery and peptide/protein selectivity are variable 

[352]. Meanwhile, the low throughput of MWCO and SEC approaches risk compromising the 
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native peptides while exhibiting variable selectivity and reproducibility. A 2021 review by 

Foreman recommended the combination of protein depletion by organic solvent precipitation 

followed by metabolite removal by SPE [351] for optimal peptidome coverage. A recent study by 

Baghalabadi and Doucette demonstrated high-efficiency precipitation of low molecular weight 

proteins and peptides using the unique combination of 95% acetone, 100 mM ZnSO4 and rapid 

benchtop incubation [136].  

 While sample preparation strategies vary among proteome, peptidome, and metabolome 

initiatives, organic solvent-based protein precipitation is a common strategy that has been 

exploited for optimal coverage of all three -omics analyses. Given this group’s recent development 

of protein and peptide precipitation approaches that simultaneously maximize recovery and 

throughput, the present study aimed to integrate the two precipitation strategies towards a rapid 

approach for the recovery of the proteome, peptidome and metabolome of a single sample. 

Evaluation of metabolome, proteome, and peptidome coverage and quantitative precision 

following a range of precipitation strategies revealed the utility of acetone- or methanol-based 

sequential precipitation strategies for a proteome/ peptidome/ metabolome multi-omics workflow. 

Qualitative and quantitative results are herein described for each of the three fractions. It was found 

that protein depletion with 80 % acetone followed by peptide precipitation of the supernatant 

optimized peptidome coverage, while initial protein precipitation with 80% methanol improved 

metabolome analysis. The two precipitation strategies demonstrated equivalent efficacy for 

proteome recovery. The mechanisms behind the apparent differences in selectivity of the two 

solvent systems are discussed.  

 

4.2 Methods 
 

4.2.1 Growth, Culture, and Lysis of Adherent Cell Line 

Human cell lines, AsPC-1 and Panc-1, were cultured at 37 °C in 5 % CO2 in RPMI-1640 media 

with 10 % heat inactivated fetal bovine serum, 100 U/ml penicillin, and 100 mg/mL streptomycin 

sulfate until confluence. Cells were rinsed with phosphate buffered saline at pH 8 (PBS), 

trypsinized using Trypsin-EDTA (ethylenediaminetetraacetic acid) (0.05%), harvested by 

centrifugation, and stored at −20 °C prior to lysis. Frozen cell pellets were suspended in 100 mM 

PBS buffer and lysed by griding under liquid nitrogen. The lysate was sonicated on ice for 1 h and 

cell debris was pelleted by centrifugation. The clarified supernatant was subject to total protein 
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quantitation by BCA assay, diluted to a final concentration of 2 g/L and brought to an ionic strength 

of 50 mM with PBS. Solubilized samples were stored at −20 °C prior to precipitation. 

 

4.2.2 Precipitation-based Metabolome Purification 

Aliquots of the solubilized cell lysate containing 100 μg total protein were added to twelve ProTrap 

XG filtration cartridges and three conventional vials. The three vial samples were combined with 

four volumes methanol and precipitated for 5 min at room temperature with gentle mixing 

followed by centrifugation at 4 °C. Supernatants were decanted to clean vials and stored at −20 °C 

prior to metabolomics analysis by LC-MS.  

Triplicates of the ProTrap XG samples were combined with varying organic solvent 

systems at final concentrations of 70% acetone, 80% acetone, 95% acetone, and 80% methanol. 

Samples were precipitated for 5 min at room temperature followed by isolation of the supernatant 

by centrifugation at 3000 rpm at 4 °C.  

Equal volumes of all recovered metabolome extracts were combined as a control for 

relative quantitation. This pooled reference sample as well as all recovered metabolome extracts 

were stored at −20 °C prior to LC-MS analysis. 

 

4.2.3 Targeted HILIC-MS Metabolomics Analysis 

Metabolome analysis was conducted at Dalhousie University’s Biological Mass Spectrometry 

CORE Facility according to standard protocols. Data were acquired on an Agilent 1290 Infinity II 

liquid chromatograph coupled in‐line to a QTRAP 5500 (Sciex, Framingham, MA, USA) triple‐

quadrupole linear ion trap tandem mass spectrometer operated in selected reaction monitoring 

(SRM) mode. Samples were subject to online chromatographic separation by injecting 50 µl on a 

hydrophilic interaction chromatography (HILIC) XBridge® Amide 3.5 µm particle, 1.0 × 50 mm 

column (PN 186004871; Waters, Milford, MA, USA) at 37 °C across an 8-minute gradient starting 

at 5% 20 mM ammonium carbonate (pH 9.8) and 95% acetonitrile, ending at 98% 

20 mm ammonium carbonate pH 9.8. The LC flow rate was set at 200 µl/min. A 475 °C heat‐

assisted electrospray source (TurboIonSpray; Sciex) was used for ionization; curtain gas was kept 

at 20 units and gas 1 and 2 at 33 units (arbitrary units in Analyst, version 1.6.2; Sciex). Data were 

acquired in both negative and positive modes using ionization spray voltages of −4.5 and 5.5 kV, 

respectively. The combined injections contained a total of 565 selected reaction monitoring (SRM) 
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target transitions for the analysis of main central metabolites. The SRM data was acquired using 

Analyst 1.6.2 software (Sciex) with peak integration obtained from Skyline Version 19.1, 

developed by the MacCoss Lab [353]. 

 

4.2.4 Metabolomics Data Analysis 

Tandem MS spectra were searched against a panel of 565 target metabolites in Skyline Version 

19.1 [354]. Precursor ion areas were normalized to the pooled control sample. Appendix Table 

A4.1 contains all targeted metabolomics output. 

 

4.2.5 Protein Precipitation for Proteome Recovery in the ProTrap XG 

Six aliquots of the solubilized cell lysate containing 100 μg total protein were added to ProTrap 

XG filtration cartridges. Three were combined with four volumes acetone and three with four 

volumes methanol. Samples were precipitated for 5 min at room temperature with gentle mixing 

followed by pellet isolation by centrifugation at 3000 rpm at 4 °C. Pellets were briefly air dried in 

a fume hood to evaporate any residual organic solvent. 

 

4.2.6 Sequential Peptidome Recovery and Preparation 

Supernatants were recovered following protein precipitation (described in section 4.2.5) and 

combined with additional acetone at a final concentration of 95 % organic solvent and combined 

with ZnSO4 (100 mM) [136]. Samples were precipitated for 5 min at room temperature followed 

by centrifugation at 4 °C. Supernatants were decanted as described previously [283] and pellets 

were re-solubilized in 80 % formic acid at −20 °C for 1 h with periodic vortex mixing [292]. 

Solubilized pellets were subject to reversed phase clean-up with quantitation at A214 and fraction 

collection in 45% acetonitrile. Collected fractions were dried in a SpeedVac and stored at −20 °C 

prior to LC-MS/MS analysis. 

 

4.2.7 Bottom-up Proteome Sample Preparation 

Dried protein pellets (Section 4.2.5) were combined with 50 μL 8 M urea and re-solubilized for 1 

h with periodic vortex mixing and repeat pipetting. Samples were diluted to a final concentration 

of 1.5 M urea and combined with 50 mM Tris-HCl (pH 8.0). Samples were subject to thiol 

reduction with 5 mM DTT for 1 h at 56 °C followed by alkylation with 11 mM IAA for 1 h at 
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room temperature in the dark. TPCK-treated trypsin was added at a substrate-to-enzyme ratio of 

50:1 and samples were digested overnight at 37 °C and subsequently quenched with 0.1% TFA. 

Acidified digests were subject to a reversed phase LC peptide clean-up with quantitation at A214 

and fraction collection in 45% acetonitrile. Collected fractions were dried in a SpeedVac and stored 

at −20 °C prior to bottom-up LC-MS/MS analysis. 

 

4.2.8 LC-MS/MS of Sequentially Precipitated Pellets: DIA Acquisition with Label-Free 

Quantitation 

Proteome digests were subject to online reversed phase separation using a Kinetex XB C18 column 

0.3 mm i.d., 2.6 μm particles, 150mm (Phenomenex), maintained at 60 °C across a 60-min ethanol 

gradient containing 3% DMSO/ 0.1% FA at a flow rate of 3 μL/min. Samples were injected by 

overfilling a 5 μL loop.  

MS acquisition was performed on an ABSciex TripleTOF 6600 (ABSciex, Foster City, 

CA, USA) equipped with an electrospray interface with a 25 μm inner diameter capillary coupled 

to an Eksigent μUHPLC (Eksigent, Redwood City, CA, USA). Analyst TF 1.8 software was used 

to control the instrument and for data processing and acquisition. The acquisition was performed 

in Information Dependant Acquisition (IDA) mode to establish the ion library. The samples were 

analyzed in SWATH acquisition mode. The source voltage was set to 5.35 kV and maintained at 

325 °C; curtain gas was set at 50 psi, gas one at 40 psi, and gas two at 35 psi.  

 

4.2.9 Data Analysis of Bottom-up Protein Preparations and Intact Peptide Fractions 

Peptides and proteins comprising the ion library were identified using Protein Pilot (Sciex). 

Peptide and protein SWATH quantification were done using DIA-NN (version 1.8.1). Bottom-up 

tandem MS spectra were searched against the publicly available ion library of the human proteome 

(SWATHAtlas). Spectra from intact peptide fractions were searched against the information 

dependent ion library (section 4.2.8) at an FDR of 1%. Appendix Table A4.2 contains all bottom-

up proteomics output. Appendix Table A4.3 contains all peptidomics identifications and 

intensities. 

Bottom-up protein quantitation was evaluated by summing all peptide intensities 

associated with each protein identification and comparing the average coefficient of variation 
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across all associated peptides. Violin plots and heat maps were generated using the online graphing 

software, Plotly Chart Studio (Plotly Technologies Inc. 2015) [329].  

 

 

 

4.3 Results 
 

4.3.1 Metabolomics Coverage and Quantitation is Optimized in the ProTrap XG 

Metabolome coverage was compared against a panel of 600 targets following a variety of protein 

precipitation strategies. Shown in Figure 4.1A, metabolite identifications were optimized by 

precipitation with 80% methanol in the ProTrap XG. From Figure 4.1B, 63% of identifications 

were common between all precipitation strategies. The efficiency of pellet isolation in the spin 

cartridge afforded 10% more metabolite identifications that using the same procedure in a 

conventional vial. The increased identification rates from precipitation in the ProTrap XG 

(highlighted by the Venn diagram in Figure 4.1C) enabled enhanced coverage of additional 

metabolic pathways including fatty acid and lipid biosynthesis, secondary metabolite biosynthesis, 

and amino acid biosynthesis and degradation. Compared to the methanol approach in the ProTrap 

XG, 70-80% acetone was the next most effective, showing only a 7% drop in the total number of 

metabolite identifications. The Venn diagram in Figure 4.1D compares the metabolite overlap 

between 80% acetone and 80% methanol precipitation in the ProTrap XG. The identifications 

unique to the methanol precipitation enabled enhanced coverage of pathways including nucleoside/ 

nucleotide biosynthesis, and amino acid biosynthesis/degradation. Increasing the acetone 

concentration to 95% showed a greater loss in metabolome coverage, providing 8% fewer 

identifications than 70-80% acetone and 16% fewer than were observed from 80% methanol. 

Following a comparison of metabolite identifications from 95% acetone with 80% methanol in the 

ProTrap XG, it was noted that the analytes unique to the acetone approach were enriched in non-

polar compounds, including ceramide, cholesterol, and Vitamin K2, while those unique to the 

methanol approach largely consisted of polar analytes such as sugars and amino acids.  



79 

 

 
 

Figure 4.1 Metabolomics identifications (A) total counts from each protein depletion strategy. * p <0.05. 

Venn diagrams comparing metabolites identified (B) by each protein depletion strategy, (C) using 80 % 

methanol precipitation in a conventional vial vs. the ProTrap XG, and (D) following protein precipitation 

with 80 % acetone vs. 80 % methanol.  

 

 The quantitative reproducibility from the metabolome fraction was subsequently evaluated 

across the precipitation strategies. The heatmap in Figure 4.2 demonstrates the differential 

metabolite intensities following various preparations in the ProTrap XG cartridge compared to the 

conventional approach of precipitation with 80% methanol in a standard vial. From this, it is seen 

that 60% of all commonly identified metabolites are detected with a greater average intensity 

following precipitation with 80% methanol in the ProTrap XG compared to a conventional vial. 

In particular, medium-polarity organic acids exhibit enhanced intensity from the ProTrap XG-

based preparation. When comparing 80% acetone to 80% methanol (both in the ProTrap XG), 

several non-polar metabolites demonstrate increased signal from the acetone preparation, 

including ceramide, phosphatidylethanolamine, and phosphatidylcholines. This trend is supported 
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by the respective dielectric constants of acetone (20.7) and methanol (32.6). The higher dielectric 

constant of methanol is more likely to cause co-precipitation of highly organic metabolites 

compared to the less polar solvent. It is further noted that many of the metabolites that show a 

greater intensity following acetone precipitation compared to methanol precipitation also gain 

intensity when conducting methanol-based protein depletion in a conventional vial format 

compared to the ProTrap XG. It is speculated that some metabolites may partially co-precipitate 

with the protein fraction. Thus, these metabolites may be more easily recovered by directly 

pipetting the supernatant fraction, as opposed to passing the solution through a MWCO membrane 

of the ProTrap XG to isolate the supernatant. The limitations of filtration-based metabolome 

preparation has been discussed previously [355], namely showing a reduced recovery of 

hydrophobic metabolites. It is additionally noted that although acetone precipitation showed a 

marginal reduction in total metabolome coverage, the intensity of recovered metabolites is more 

homogeneous across structural characteristics, suggesting less of a bias towards the recovery of 

the most polar analytes.  
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Figure 4.2 (A) Heatmap of metabolite intensities following precipitation with 80% methanol or 70-95% 

acetone in the ProTrap XG compared to a conventional methanol-based preparation. (B) PCA analysis of 

metabolite intensities across triplicate preparations. 

 
 

4.3.2 Proteomics Reveals Equivalent Coverage from Acetone and Methanol Precipitation 

Precipitation-based proteome sample preparation is often achieved with acetone, chloroform/ 

methanol/ water, or TCA solvent systems. In order to determine a single precipitation-based 

workflow to optimize metabolome and proteome recovery, protein pellets recovered from 80% 

acetone and 80% methanol in the ProTrap XG were compared. Total precipitation recovery was 

evaluated by an LC-UV assay, resulting in 99 ± 7% recovery from the acetone pellets and 97 ± 

6% recovery from methanol, demonstrating quantitative recovery from both solvent systems. 

Subsequent bottom-up LC-MS/MS analysis of the digested pellets revealed equivalent total protein 

identifications from the acetone and methanol preparations, with an average of 5674 and 5705 

respectively (Figure 4.3A). 28% of tryptic peptides were unique to the methanol preparation, 

however, these included 100% of the identified cysteine-containing peptides, suggesting the bias 

from ineffective thiol alkylation in the acetone preparations. Acetone and methanol precipitation 

strategies demonstrated equivalent repeatability of identifications across triplicate preparations 

(Figure 4.3B,C), with 93 and 94% of protein identifications in common across the respective sets 

of replicates. As anticipated from the similarity in protein counts, Figure 4.3D demonstrates high 

overlap in the proteins identified with high frequency (i.e., identified in 3 of 3 samples) between 

the two precipitation strategies. Gene ontology analysis was conducted on the proteins unique to 

acetone and methanol preparation strategies. It was found that the 136 proteins unique to the 
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acetone precipitation approach showed a 30% enrichment in membrane proteins, while those 

unique to the methanol pellet showed a 7-fold enrichment in nuclear proteins and a 70% 

enrichment in cellular membrane proteins, both of which are associated with more hydrophobic 

character than cytosolic proteins. This reflects a lower repeatability in the identification of 

hydrophobic proteins in both precipitation strategies, with greater coverage of these proteome 

fractions following precipitation with 80% methanol compared to 80% acetone. 

 

 
Figure 4.3 Bottom-up protein identifications from triplicate preparations using precipitation with 80% (A) 

acetone in the ProTrap XG, (B) methanol in the ProTrap XG and (C) comparing the most repeatable proteins 

between the two precipitation approaches. (D) Summary of total bottom-up peptide and protein 

identifications from precipitation with 80 % acetone and 80 % methanol in the ProTrap XG.  * p <0.01. 

 

 Comprehensive characterization of a protein fraction often includes quantitative 

information. The precision of bottom-up protein quantitation is limited by variable recovery as 

well as digestion efficiency, as discussed in Chapter 3. The strong linearity between a protein’s 

intensity following acetone precipitation and methanol precipitation (Figure 4.4A) demonstrates 
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equivalent recovery of all proteins on a global scale. The distributions of coefficients of variance 

(CV) from label-free bottom-up protein quantitation are presented in Figure 4.4B. It is shown that 

both precipitation strategies result in similar quantitative precision with mean CVs of 13.5 ± 6% 

for acetone and 12.5 ± 7% for methanol pellets. This difference was shown to be statistically 

significant at the 95% confidence level, however, it does not likely have significant practical 

implications. It was found that 52% of proteins exhibit enhanced precision following methanol 

precipitation. Gene ontology analysis of these proteins demonstrated a >2-fold enrichment in 

mitochondrial membrane proteins and approximately 80% enrichment of proteins from the 

membrane of membrane-bound organelles such as exosomes. Figure 4.4C compares the 

quantitative repeatability of protein intensities measured from acetone vs. methanol precipitated 

pellets between the top 10% and bottom 10% based on intensity. As described for peptide precision 

in Chapter 3, the repeatability of protein quantitation across replicate preparations is influenced by 

the intensity of the protein. The top 500 proteins show a high degree of quantitative precision 

across all 6 preparations. The proteins with lower intensity exhibit reduced quantitative precision, 

however, this is consistent across the two preparation strategies. Likewise, Figure 4.4A shows 

greater agreement between the two precipitation approaches at higher intensities, with greater 

variance seen for less intense proteins. 
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Figure 4.4 Label-free bottom-up protein quantitation analysis. (A) Linear correlation between the proteins’ 

mean intensity measured in the acetone pellet and methanol pellet. Linear regression analysis revealed a 

slope of 1.035 ± 0.002 and a Pearson correlation coefficient of 0.97. (B) Violin plot comparing the 

distribution of average protein coefficients of variation between acetone and methanol precipitated pellets 

* p <0.05. The most precise peptide (with an intensity >LOQ) associated with each protein was included.  

(C) Heat maps of average protein intensity across triplicate preparations using acetone and methanol 

precipitation for the top 500 most intense proteins compared to the bottom 500.  

 

4.3.3 Peptidomics Analysis is Enhanced by Protein Depletion with Acetone 

Following the isolation of the protein pellet from acetone and methanol precipitations, the 

supernatants were transferred to a clean vial for subsequent precipitation of a low-molecular 

weight peptide-rich fraction. The recovered pellets were analyzed without enzymatic digestion 

and, thus, spectra were searched with no-enzyme specificity. From Figure 4.5A, peptidomics 

identifications were optimized following initial protein depletion with acetone compared to 

methanol. Taken together, the three peptide fractions following the acetone-based preparation 

identified a total of 1466 peptides, >2.3 times more than were identified following initial protein 

depletion with methanol. The Venn diagram in Figure 4.5B shows that only 0.3% of peptides are 
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unique to the methanol preparations, highlighting enhanced peptidome coverage from an acetone-

precipitated sample. The greater peptide identification rate in acetone preparations suggests an 

enhanced selectivity for molecular weight on stepping from 80% to 95% acetone compared to 80% 

methanol to 95% acetone. This shows a similar trend to metabolome recovery, suggesting co-

precipitation of low molecular weight peptides in the initial 80% methanol solvent owing to its 

higher dielectric constant. Identification repeatability across acetone preparations is also enhanced 

over methanol, whereby 76% of peptides were identified in at least 2 of 3 preparations contrasting 

with 35% in the methanol precipitated samples. Figure 4.5C compared the molecular weight 

distribution between peptides identified in the acetone vs. methanol preparations, showing no 

statistical difference. Similarly, peptides were compared based on GRAVY score (Figure 4.5D), 

showing no bias in recovery across the two precipitation approaches based on hydrophobicity. This 

suggests that the difference in peptide recovery observed between acetone and methanol 

precipitation strategies is not biasing these structural properties, but rather representing a greater 

partitioning of all low molecular weight species to the supernatant following precipitation with 

80% acetone, enabling their recovery in the following precipitation step. The peptides commonly 

identified between the two protein depletion strategies demonstrate high quantitative agreement, 

shown in Figure 4.5E. The correlation of average peptide intensities was found to have a slope of 

0.81 ± 0.02, showing an average of 20% greater intensity in the acetone preparation. However, 

>90% of the data is correlated with a slope of 1.003 ± 0.005 with a correlation coefficient of 0.98.  
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Figure 4.5 Endogenous peptidome coverage and intensity analysis of sequentially precipitated pellets 

following initial protein depletion with 80% acetone vs. 80% methanol. (A) Total peptide identifications 

sorted based on identification frequency. (B) Venn diagram of sequences identified across the two protein 

depletion approaches, showing 2.3-fold more identifications from the acetone preparation. (C, D) 

Comparison of (C) molecular weight and (D) hydrophobicity properties of peptides identified from acetone 

and methanol protein depletion strategies (E) Correlation of average peptide intensities between acetone 

and methanol-based preparations. 

 

4.4 Discussion 
 

 Precipitation-based multi-omics workflows were evaluated starting with protein depletion 

with 80% acetone or 80% methanol followed by peptide precipitation at 95% organic solvent with 

added ZnSO4. The two strategies provided equivalent proteome coverage and quantitation 

precision following bottom-up mass spectrometry. However, they exhibited differences in their 

respective coverage and quantitation of metabolome and peptidome fractions. Methanol-based 

metabolomics showed enhanced detection of sugar phosphates and organic acids, while the 

acetone precipitation approach demonstrated better recovery of medium polarity compounds such 

as ceramides. As described by others, it is speculated that the less polar solvent reduces the co-

precipitation of less polar metabolites during the protein depletion step [344,346]. This is 

supported by the enhanced peptidome coverage demonstrated by the acetone-based workflow as 
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well. The lower identification rate of endogenous peptides following protein depletion with 

methanol suggests that these low-MW analytes were recovered in the proteome pellet.  

 In summary, proteome coverage and quantitation were each equivalent between the two 

strategies, while peptidomics was optimized by the acetone approach and metabolomics showed 

enhanced coverage from methanol precipitation. Considering the 7.5% differential in metabolome 

coverage compared to the 230% difference in peptidome coverage between acetone and methanol 

strategies, the total sample coverage is optimized by conducting initial protein precipitation with 

80% acetone. However, if maximized metabolome coverage and quantitation is of greater priority 

for a particular application, the proteome fraction should be recovered with the more conventional 

approach of 80% methanol.  

 

4.5 Conclusions 
 

Rapid and high-efficiency precipitation strategies were applied and optimized for multi-

omics analysis of the proteome, peptidome, and metabolome of a single sample. It was 

demonstrated that total sample coverage is optimized by a sequential precipitation strategy 

employing 80% acetone, followed by 95% organic solvent for recovery of endogenous low-

molecular-weight peptides and retention of some of the initial supernatant for metabolome 

analysis. Metabolome quantitative precision was optimized by initially depleting the protein 

fraction with 80% acetone, which also afforded the benefit of more diverse metabolite 

identifications (including more non-polar analytes). The presented discussion on selectivity in 

acetone and methanol systems should guide the choice of precipitation strategies based on the 

objectives of an experiment. This high throughput approach to multi-omics preparation enables 

deep profiling of the proteome, endogenous peptidome, and metabolome, which shows potential 

for the elucidation and detection of multi-omic biomarker panels. 
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5. Effects of Common Denaturing Additives on Trypsin Activity and 

Stability 
 

5.1 Introduction 

 Enzymes are highly valued biomolecules in preparative workflows, owing to their selective 

and catalytic reactivity. Optimizing their activity and stability is of interest across a wide range of 

applications including the growing field of proteomics and many industrial processes (e.g., food 

processing, detergent production). Michaelis Menten kinetics describe an enzyme’s turnover rate 

as a function of substrate concentration. However, many other factors will influence an enzyme’s 

activity and stability in solution, such as temperature, solvent composition and co-solutes. 

Unfortunately, the buffer composition that optimizes substrate solubility often accelerates enzyme 

deactivation. For example, surfactants such as SDS are typically employed to improve protein 

solubility, but also contribute to denaturation of enzymes including trypsin. Prior studies have 

examined the influence of surfactants and other additives on initial trypsin activity, while others 

indirectly evaluate enzyme efficiency based on the detection of select hydrolytic products. 

However, to date no study has quantified the differential rates of trypsin deactivation as a function 

of solvent additives. 

Surfactants have previously been shown to enhance enzymatic reactions, offering 

particular benefit for enzymes that work at air/liquid or liquid/liquid interfaces [356–359]. 

Similarly, at appropriately low concentrations, surfactants are considered proteolytic digestion 

enhancers in the proteomics community based on improved sample coverage by LC-MS/MS-based 

proteomics [194,360,361]. However, beyond a certain concentration, enzymes are often hindered 

by the presence of surfactants. As reviewed by Savelli et al. in 2000, ionic surfactants can inhibit 

enzyme activity by either competing with the substrate-enzyme interaction, altering the chemistry 

of the buffer, or reducing the free substrate concentration [362]. In 2008, Ghosh et al. evaluated 

the effects of SDS on trypsin activity [363], showing that above the CMC, SDS micelles 

compromise the alpha helicity, beta sheets and random coils including those that comprise 

trypsin’s active site. More recently, in 2020 Ma et al. conducted a molecular dynamics simulation 

of the interactions between trypsin and SDS [191]. It was shown that even below the CMC, SDS 

monomers interfere with trypsin’s activity by preferentially interacting with its active site and 

denaturing the catalytic pocket. These molecular interactions suggest that there is no tolerable 
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concentration of SDS to maintain optimal enzyme activity. Nonetheless, reports of optimal (initial) 

trypsin activity and digestion have been described at SDS concentrations ranging from 0.01 % to 

0.1 % SDS, indicating that there is no clear consensus in the field [193,364,365].  

As SDS is strongly denaturing, and also interferes with LC-MS analysis, alternative 

surfactants have been evaluated on the basis of conservation of enzyme activity while maximizing 

substrate solubility. Both sodium deoxycholate [196,198] and sodium laurate [366] have been 

explored, offering enhanced versatility over SDS due to their phase transferability. In 1973, 

Blinkhorn et al. described the controlling influence of a surfactant’s head group chemistry on its 

denaturing effects [367], which supports the adoption of sodium deoxycholate (SDC) as a more 

favorable additive in enzymatic applications compared to SDS. Several studies have claimed 

enhanced enzyme activity in the presence of SDC compared to SDS [193,194,368–370]. The 

surfactant is widely applied in the proteomics community to enhance bottom-up preparations of 

membrane proteins [192,196,209,371]. However, despite its milder denaturing effects, the 

surfactant has long been shown to ultimately accelerate enzyme deactivation [372,373].  

Contrasting with the deactivating ionic and hydrophobic interactions between surfactants 

and proteins, organic solvents affect enzyme integrity by way of dehydrating the active site. It has 

been described that a protein’s solvation shell is crucial for its biological function. By this, it is 

unsurprising that addition of dehydrating solvent has been shown to reduce enzyme activity 

[374,375]. Nonetheless, organic solvents are commonly included in bottom-up proteome 

preparations, being favored for their compatibility with reversed phase LC-ESI MS analysis. A 

2006 study by Strader et al. claimed to optimize the digestion of low sample quantities in the 

presence of 80% acetonitrile [376]. However, the conclusion of a more complete digestion can not 

be drawn based on elevated identification rates since the products of a partial digest are more 

heterogeneous than complete proteolysis. Similarly, Blonder et al. reported a digestion approach 

to identify mammalian membrane proteins using 60% methanol [377]. This method, too, was 

validated based on membrane protein identifications [378,379], which does not independently 

reflect enzyme performance. 

The present study characterizes the activity and stability of TPCK-treated trypsin in the 

presence of common classes of protein solution additives. Surfactants, organic solvents, and 

chaotropes are commonly included to optimize substrate solubility, however there are conflicting 

opinions on their respective implications on enzyme activity and digestion efficiency. It is shown 



91 

 

here that trypsin deactivation follows second-order kinetics and is variably accelerated by different 

surfactants, organic solvents and chaotropes. Cumulative activity is estimated across conventional 

trypsin digestion periods to elucidate the overall effect of solubilizing additives on the enzyme’s 

function. 

 

 

5.2 Methods 

 

5.2.1 Initial Activity Assays 

The activity of TPCK-treated trypsin (Millipore Sigma, Oakville, CA) was measured using 

spectroscopic assays that monitored the rate of hydrolysis of N-α-Benzoyl-L-Arginine Ethyl Ester 

(BAEE) (Millipore Sigma, Oakville, CA) [380] in the presence of a range of additives. The control 

BAEE substrate solution was prepared at 0.086 mg/mL containing 50 mM Tris-HCl (Fisher 

Scientific, Ottawa, CA) at pH 8. Experimental substrate solutions contained a range of 

concentrations of surfactant, chaotropic, and organic solvent additives. SDS was purchased from 

Fisher Scientific (Ottawa, CA). Sodium deoxycholate (SDC) and sodium laurate (SL) were 

purchased from Millipore Sigma (Oakville, CA). Urea was purchased from Bio-Rad (Hercules, 

USA). Guanidine hydrochloride (Gdn HCl), methanol and acetonitrile were purchased from Fisher 

Scientific (Ottawa, CA). In a temperature-controlled quartz cuvette, 1.5 mL of the substrate 

solution was combined with 1.5 μg trypsin at 37 °C. Absorbance was monitored at 253 nm for 2-

5 min with measurements taken at 15-20 s intervals. Activity was taken to be proportional to the 

slope of Δabsorbance/ Δtime. Relative activity was determined by the ratio of slopes between 

experimental conditions and the no-additive control.  

 

5.2.2 Time Course Activity Assays 

To determine enzyme stability over time, bulk trypsin samples were buffered (pH 8) with the 

indicated denaturants and aged at 37 °C for times ranging from 5 min to 16 h prior to combining 

with fresh BAEE substrate. At the indicated aging time, 1.5 µg of enzyme was sampled for BAEE 

assay, and the resulting slope was normalized to that of the control (37 °C, no aging, no additives). 
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5.2.3. Modeling Trypsin Deactivation Kinetics  

The normalized residual activity was fitted using a second-order kinetic model. Deactivation rate 

constants were extrapolated from the slopes of the linear correlation plot (inverse activity vs. time), 

and trypsin activity half-lives were calculated from Equation 5.1, where k is the deactivation rate 

constant, and Ao is the initial trypsin activity. The second-order models were also integrated to 

determine the cumulative enzyme activity across the measured time course.  

 

𝑡1
2⁄ =  

1

𝑘𝐴𝑜
                                                               (5.1) 

 

5.3 Results 

 

 Common protein additives are shown to have a strong influence on both the enzyme’s 

initial activity as well as its stability over time. Table 5.1 summarizes the effects of select 

surfactants, organic solvents, and chaotropic agents on the kinetics of trypsin deactivation. Initial 

activity measurements were determined by BAEE assay while the deactivation rate constants were 

extracted as described in the previous section. Among the tested additives, it is noted that initial 

activity is optimized in the presence of 0.2% deoxycholate, 10% acetonitrile, or 20% methanol—

all showing approximately 40 % enhancement. This is consistent with findings from a 2011 study 

by Wall et al. where they demonstrated optimal activity in 10 % acetonitrile [221]. Considering 

the influence of these additives on the stability of trypsin, it is seen that the gains in initial activity 

afforded by SDC are quickly lost, leading to a 10-fold drop in cumulative activity relative to the 

no-additive control. By contrast, optimal cumulative activity is observed with 10 mM guanidine 

hydrochloride, showing a 22% enhancement relative to the conventional no-additive control. 

These results enforce that initial enzyme activity measurements do not adequately describe the 

impact of solvent additives on trypsin digestion efficiency. 
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Table 5.1 Summary of trypsin deactivation kinetics and cumulative activity over time in the presence of 

select surfactants, organic solvents and chaotropic agents  

Condition Relative Initial 

Trypsin Activity / % 

Deactivation Rate 

Constant, k / h-1 

Enzyme Half-Life 

/ min 

Relative Cumulative 

Activity in 16 h / % 

No-Additive Control 100  14 0.42  0.01 140 100 

0.005 % SDS 93  5 1.5  0.6 43 44 

0.01 % SDS 114  4 4.1  0.2 13 21 

0.02 % SDS 34  4 645  16 0.3 0.3 

0.1 % SDC 137  2 8.3  0.7 5.4 13 

0.2 % SDC 142  0.1 12  1 3.6 10 

0.5 % SDC 115  3 22  2 1.2 6 

1 % SDC 111 5 36  3 1.2 4 

0.05 % SL 100  11 4.8  0.4 13 19 

10 % acetonitrile 140  10 0.78  0.05 55 77 

20 % methanol 145  22 0.49  0.07 84 105 

1.5 M urea 104  16 0.6  0.2 96 86 

10 mM Gdn HCl 110  10 0.29  0.03 190 122 

 

 

5.3.1 Effects of Surfactants on Trypsin Stability 

The effects of SDS and SDC on trypsin activity and stability were evaluated across a range of 

concentrations. From Figure 5.1.A, trypsin demonstrated optimal initial activity in the presence of 

0.01% SDS, showing a 14  4% enhancement relative to the control. As the SDS concentration 

approached the CMC, trypsin activity dropped to essentially zero. These results are in sharp 

contrast to previous work by Masuda et al., in which they correlate 0.01% SDS with a 3.5-fold 

enhancement in activity. However, their results were subject to significant misinterpretation, 

whereby activity was inferred from an absolute absorbance measurement, rather than the rate of 

substrate hydrolysis. The modest gains in initial enzyme activity at low concentrations of SDS may 

appear promising to enhance protein digestion. However, Figure 5.1B demonstrates the effect of 

the surfactant on enzyme deactivation over time. This same condition that optimized initial enzyme 

activity caused a 10-fold increase in deactivation rate. Trypsin deactivation was shown to obey 

second-order kinetics, and as seen in Figure 5.1C, appears to correlate exponentially as a function 

of SDS concentration. At only 0.02% SDS, trypsin is completely deactivated in just 5 min. The 

second-order trends were integrated to estimate the cumulative activity across a potential digestion 

period, shown in Figure 5.1D. The sustained activity of the control sample (no SDS) is reflected 

by a continuous increase in the cumulative activity across 16 h. By contrast, the cumulative activity 

of an overnight digest in only 0.005% SDS is equivalent to 3.5 h under conventional conditions. 

At 0.02%, an overnight digestion would be equivalent to only 30 s in the absence of the surfactant.  
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To summarize, considering the enhanced deactivation of trypsin in the presence of SDS, 

even trace levels of the surfactant have a detrimental effect on the enzyme, and should not be 

considered beneficial to enhance activity. A 1973 study by Jones et al. demonstrated complete 

deactivation of ribonuclease A in 10 times less surfactant (0.001%) [381], which contrasts with 

the modest deactivation observed here in 0.005% SDS. This suggests an individualized effect of 

the surfactant on different enzymes, which is speculated to be influenced by the secondary and 

tertiary structures that form a given enzyme’s active site. The influence of the surfactant on 

improving protein solubility and substrate unfolding, to afford greater access of the enzyme to 

cleavage sites, may still provide a benefit. Such effects are proposed to be explored in future work 

(described in Chapter 7). 

 

Figure 5.1 Trypsin (A) initial activity and (B) stability over time measured by BAEE assays of variably 

aged enzyme. (C) Exponential correlation between deactivation rate constant and SDS concentration. (D) 

Estimated cumulative activity as a function of SDS concentration extracted from the integral of stability 

curves in (B).  
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Sodium deoxycholate (SDC) has proven to be advantageous over SDS for protein 

processing due to its phase transferability and enhanced enzyme compatibility [382]. Initial trypsin 

activity was evaluated in the presence of 0.1-2.0% SDC, shown in Figure 5.2.A. Compared to 

SDS, trypsin demonstrates a tolerance for higher concentrations of SDC, with 0.2% SDC offering 

50  10% increase in the initial activity. This result supports the literature observations that SDC 

is a favorable surfactant for enhancing enzyme activity. Furthermore, maximizing activity at or 

near the surfactant’s CMC (200× more concentrated vs. 0.01% SDS) provides greater opportunity 

for the surfactant to solubilize the substrate protein. Even at 1-2% SDC, initial activity remains 

higher than the no-additive control. The current evaluation of initial trypsin activity in SDC differs 

from Masuda’s results where they report 0.01% SDC to optimally enhance initial trypsin activity 

5-fold relative to the absence of surfactant [193]. By comparison, a 2008 study by Lin et al. 

reported 77% relative activity in the presence of 10% SDC [194], however, like Masuda, their 

conclusions are not fully supported by their activity assays. The rate of hydrolysis was shown to 

decrease throughout the course of their 5 min assay, which they attributed to the reduced substrate 

concentration. However, this conclusion goes against the principles of the kinetic assay. It is more 

likely that the reduction in hydrolysis rate over time is evidence of reduced enzyme activity. In 

1973, Jones et al. characterized the influence of a surfactant’s head group chemistry on its 

denaturing effects [367]. They describe that surfactants with bulkier head groups show reduced 

interaction with an enzyme’s active site due to steric hindrance. By this, the bulkier structure of 

SDC may not directly compete with enzyme-substrate interactions as is shown for SDS [191].  

Considering the influence of SDC on enzyme deactivation over time, trends similar to SDS 

were observed. Figure 5.2B shows that trypsin deactivation in the presence of SDC follows 

second-order kinetics, with <10% relative activity remaining after 2 h with added SDC. However, 

while only 0.02% SDS is shown to deactivate the enzyme in seconds, trypsin sustains measurable 

activity for 15 min in the presence of 1% SDC. The deactivation rate constants are plotted in Figure 

5.2C, showing a linear correlation with SDC concentration. Compared to the exponential trend in 

deactivation rates with SDS (Figure 5.1C), this linear relationship further demonstrates an elevated 

tolerance to SDC relative to SDS. Figure 5.2D illustrates the cumulative activity estimated from 

integrating the second-order stability curves. In the presence of 0.1-1% SDC, an overnight 
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incubation offers <10% of the total activity from a conventional digest, which may be sufficient 

in particular settings where complete digestion is not critical [194,383,384].  

Figure 5.2E emphasizes the brevity of initial enhancements from SDC. Here it is shown 

that the initial enhancements from 0.1-0.2% SDC are only sustained up to approximately 5 and 4 

min, respectively. Following longer incubations, the greater stability in the absence of surfactant 

affords the control sample greater cumulative activity. While the increased stability of trypsin in 

SDC compared to SDS seems promising, Bogdanova et al. demonstrated that its milder 

amphiphilicity and rigid structure is associated with up to a 10-fold reduction in solubilization 

capacity [385], which mitigates the benefits of including a surfactant for substrate solubility. 

In summary, these two common surfactants are shown to optimize initial activity at a 

critical concentration. SDC offers the greatest enhancement factor compared to a control, and at a 

much higher concentration than optimal SDS-containing conditions. Further analysis of the 

enzyme’s stability in either surfactant revealed that the apparent initial benefits are quickly lost 

due to accelerated deactivation. SDS was proven to be a much more potent inhibitor than SDC, 

which is anticipated to elicit greater consequences in practical applications.  
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Figure 5.2 Trypsin (A) initial activity and (B) stability over time measured by BAEE assays of variably 

aged enzyme. (C) Linear correlation between deactivation rate constant and SDC concentration. (D) 

Estimated cumulative activity as a function of SDS concentration extracted from the integral of stability 

curves in (B). (E) Comparing the short-term cumulative activity under optimal initial conditions. 

 

 Sodium laurate was reported by Lin et al. in 2013 as a viable alternative for proteomics 

preparations [366]. Similar to SDC, sodium laurate can be removed by phase transfer, facilitating 

subsequent LC-MS analysis. The authors reported superior trypsin compatibility and bottom-up 

membrane protein characterization using SL over SDS and SDC, which they attribute to its 

structure, which seemingly optimizes the solubilization capacity of a 12-carbon chain tail of SDS 

with the less-denaturing carboxylic acid head group of SDC. Their initial activity assays 

demonstrate a 30% enhancement in activity in the presence of 0.1% SL compared to the control, 

while 1% SL reduced activity by about 24%. These results conflict with theirs somewhat, whereby 

statistically similar initial activities were observed in 0-0.05% SL, with greater concentrations 

showing deactivation. It was subsequently demonstrated that the equivalent initial activity seen at 



98 

 

0.05% surfactant was associated with accelerated deactivation by more than 10-fold. Nonetheless, 

this represents enhanced enzyme compatibility compared to SDS, with comparable deactivation 

rates to SDC.  

 

 

Figure 5.3 Trypsin activity measured by BAEE assays in the presence of sodium laurate (SL), (A) initially, 

and (B) across a 4 h time course fit to second-order kinetics trends. (C) Cumulative activity was estimated 

by integrating second-order stability trends across an overnight digestion period.  

 

5.3.2 Effects of Chaotropes on Trypsin Stability 

Chaotropes are valued in protein processing for their salting-in properties, thus they too 

have been extensively studied with respect to their influence on enzyme behaviour. Urea induces 

denaturation by disrupting critical H-bonding within an enzyme’s active site. It was shown by 

Rajagopalan et al. in 1961 that urea-induced denaturation of some enzymes is reversible upon 

dilution [386], enabling protein solubilization at high chaotrope concentrations with subsequent 

enzymatic digestion under milder conditions. Gdn HCl, by contrast, reduces enzyme activity at 

much lower concentrations (e.g., 20 mM) [142,387]. In 1993, Ghatge et al. showed that Gdn HCl 

causes denaturation by preferentially interacting with carboxy groups [388]. This specific 

interaction suggests that the influence of Gdn HCl on a given enzyme’s activity will depend on the 

role of carboxy groups in the enzyme’s catalytic mechanism. The authors also discuss that Gdn 

HCl does not readily induce conformational changes, which may better conserve selectivity 

compared to other additives. Figure 5.4.A compares initial trypsin activity across 0.01-8 M urea 

and guanidine HCl, showing consistent drops in activity with 0.1-2 M guanidine HCl and an 

apparent tolerance up to 1.5 M urea. 0.01 M Gdn HCl provides 10  9% enhancement in initial 
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activity, though it is shown to be statistically insignificant by an unpaired t-test. 0.5-1.5 M urea 

allows equivalent initial activity relative to the control, with a subsequent drop to 10% relative 

activity in the presence of 8 M urea. Figure 5.4B shows the enzyme stability in the presence of the 

maximum concentration that conserved 100% initial activity. In sharp contrast to the results seen 

with each of the surfactants, trypsin demonstrates marginally enhanced cumulative activity in the 

presence of 10 mM Gdn HCl. For example, at 4 h incubation, 10 mM Gdn HCl exhibits 15% more 

residual activity than the control. On the other hand, the addition of 1.5 M urea will accelerate 

enzyme deactivation, albeit modestly relative to the rates seen with added surfactants. Following 

a 30 min incubation, the urea-containing sample demonstrated 40% less residual activity than the 

control, however, the two samples exhibit <10% differential activity by the 4 h point.  

 

  

Figure 5.4 Trypsin activity measured by BAEE assays in the presence of chaotropes, urea and GdnHCl (A) 

initially, and (B) across a 4 h time course. (C) Cumulative activity was estimated by integrating second-

order stability trends across an overnight digestion period.  

 

The evaluated chaotropes (urea and guanidine hydrochloride) demonstrated significantly 

different enzyme compatibilities, which is supported by the different structural moieties that they 

respectively disrupt (i.e., urea reversibly disrupts Hydrogen bonding, guanidine interacts with 

polar residues). The conclusion that 100% initial relative activity is conserved in up to 2 M urea is 

supported by the longstanding recommendation in proteomics to dilute an 8 M sample at least 5-

fold prior to adding trypsin. In 1.5 M urea, trypsin deactivation was shown to accelerate by 

approximately 40%, with the fastest deactivation observed in the first hour. Residual activity 

measured after 4 h was just 10 % lower than that of the control. However, the earlier deactivation 
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is reflected by an overall reduction in cumulative activity across the time course—albeit by only 

14% at the 16 h point, which does not likely have practical implications. Similar to these findings, 

a 1956 study by Perlmann et al. evaluated the effects of urea on pepsin stability. They demonstrated 

equivalent deactivation to the control in 2 M urea, while 4-8 M conditions were increasingly 

deactivating. Also in 1956, Léonis et al. evaluated the reversibility of urea denaturation of xanthine 

oxidase. It was shown that 1-2 M urea induces approximately 40% initial inhibition, however, the 

denaturing effects of a 60 min incubation in up to 6 M urea is quantitatively reversible upon 

dilution [389]. A 1977 study by Gomez et al. further demonstrated that renaturation following urea 

treatment is enhanced by added calcium ions [390]. Calcium has been extensively characterized 

for its enhancement of trypsin activity and stability [252,253,391,392]. It has been shown to 

increase the rigidity at the active site, which may reduce unfolding that could otherwise be 

imparted by urea’s disruption of H-bonding that also contributes to conservation of the active site 

conformation.  

 Compared to urea, guanidine hydrochloride induced deactivation at much lower 

concentrations, which is in agreement with Léonis’ quantification of a 33-fold greater inhibition 

constant for Gdn HCl than urea for xanthine oxidase [389]. Initial activity was equivalent to the 

control at 10 mM Gdn HCl but decreased logarithmically as the concentration was increased 

further. This shows reasonable agreement with a 1964 study by Inagami et al., where they 

demonstrated a reduction in trypsin activity in 20 mM Gdn HCl [142]. Stability at the low 

concentration of 10 mM Gdn HCl was within 30% of the control. Estimated cumulative activity is 

apparently optimized in the presence of the low-concentration chaotrope, however, the kinetic 

model is amplifying the difference in initial activity which was determined by a t-test to not be 

significant at the 95% confidence level (p >0.3). Other enzymes may demonstrate a greater 

tolerance to guanidine salts than trypsin due to the crucial role of polar residues, Asp and Ser in its 

catalytic triad. A 1996 study by Fan et al. showed that in 2 M Gdn HCl, dihydrofolate reductase 

was only deactivated after 1.5 h [387]. 

 

5.3.3 Effects of Organic Solvents on Trypsin Stability 

Figure 5.5.A compares initial trypsin activity in the presence of 5-50% acetonitrile and 

methanol. From this, the optimal acetonitrile concentration appears to be 10%, offering 30% 

enhanced initial activity relative to the control. This is consistent with a 1994 study by Batra and 
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Gupta where they showed a 44% enhancement in activity in the presence of 10% acetonitrile [393]. 

By contrast, Masuda reported optimal initial activity in 20% acetonitrile, ethanol, and propanol 

while methanol content was optimized at 40% [193]. Raising acetonitrile content to 20% still 

shows 25% greater initial activity relative to the control. These results show strong contrast with 

a 1998 study by Simon et al. which demonstrated conserved initial activity in up to 80 % 

acetonitrile [394]. The differences may be attributed to their inclusion of 19 mM calcium ion and 

conducting the activity assays at 25 °C rather than 37 °C which was used in the current study. 

Compared to any measurements in acetonitrile, a greater enhancement is seen in the presence of 

20% methanol, showing a 50% increase relative to conventional conditions. Raising the methanol 

content to 30% still shows a 40% enhancement, while 30 % acetonitrile reduces activity by 70%. 

The initial activity in methanol quantified in the current study shows more modest enhancements 

than the 390% relative activity reported by Masuda (again, from questionable interpretations of 

their data) [193]. A 1998 study by Park et al. distinguished the effects contributed by methanol 

concentration and dielectric constant on Michaelis Menten parameters of trypsin-catalyzed 

hydrolysis [395]. They found that below 30%, the nucleophilicity of the organic solvent raises kcat 

while the reduced dielectric constant raises KM. In excess of 30% methanol, they attribute reduced 

activity to a disruption of enzyme-substrate binding. A 2007 study by Zhang et al. compared the 

proteome digestion efficiency in 60% methanol to 1% SDS [188]. The authors demonstrate 

increased identification rates and membrane proteome coverage using 60% methanol over the SDS 

strategy, which shows agreement with the relative deactivation shown here from these two 

denaturants.  

The solvent compositions that optimized initial activity were evaluated across a time 

course. As shown in Figure 5.5B, 10 % acetonitrile was shown to reduce the enzyme’s stability, 

with an approximate 2-fold increase in the rate of deactivation compared to the control. 20% 

methanol also demonstrated accelerated deactivation, however only by 17%, enabling sustained 

greater activity compared to the control across the 4-hour time course. From Figure 5.5C, 

cumulative activity is optimized in 20% methanol for up to 48 h. 10% acetonitrile provides 

enhanced cumulative activity up to 2.5 h, after which the greater stability of the control provides 

higher total activity. A 2011 study by Wall et al. demonstrated the implications of reduced 

digestion completion by including highly organic solvent systems [221], while Hervey et al. 

demonstrated reduced cleavage specificity [218]. Proteins may still be identified by bottom-up 
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mass spectrometry, however, the abundance fully-cleaved tryptic digestion products is reduced, 

compromising quantitation accuracy and raising the limit of detection of low-abundance species. 

 

 

Figure 5.5 Trypsin activity measured by BAEE assays in the presence of organic solvents, methanol and 

acetonitrile (A) initially, and (B) across a 4 h time course. (C) Cumulative activity was estimated by 

integrating second-order stability trends across an overnight digestion period.  

 

 

5.4 Discussion 
 

The rate of trypsin hydrolysis has a controlling influence on throughput of proteomics 

preparations and industrial enzymatic applications. Many studies propose optimal catalytic 

conditions either based on results that confound the effects of several variables (e.g., substrate 

solubility and enzyme activity) [209,369] or are based solely on initial enzyme activity [193,194]. 

The present study aimed to systematically evaluate a diverse set of common additives for protein 

processing applications to determine the concentration at which initial activity is optimized and 

subsequently evaluate the effect of the additive on stability over time. It is anticipated that optimal 

enzymatic reaction conditions can only be predicted based on the combined effects of initial 

activity enhancements and deactivation rate. 

Figure 5.6 summarizes the relative cumulative activities determined for each of the 

evaluated denaturing conditions. Taken together, it was found that even trace levels of SDS reduce 

the overall catalytic potential of the enzyme across a practical digestion period. This further 

enforces the need for protein purification strategies (such as acetone precipitation in the ProTrap 

XG) to eliminate SDS ahead of subsequent sample processing. The adoption of SDC for membrane 
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proteome preparations suggests that trypsin is tolerant at ≥0.1%, albeit with a significant 10-fold 

reduction in overnight cumulative activity. This could readily be compensated by undertaking 

digestion at a higher substrate-to-enzyme ratio (e.g., 10:1 instead of 50:1). It is noted that among 

all the evaluated additives, trypsin deactivation in the presence of 1.5 M urea demonstrates a 

weaker correlation with the second-order kinetics model. The slower deactivation supports the 

inclusion of 1.5 M urea for proteome digestion and may be attributed to conserved cleavage 

activity despite a disruption of the H-bonding network at the enzyme’s active site. In a complex 

proteome digest, cleavage specificity may be more compromised than what is reflected by the 

BAEE assay. Of all the evaluated conditions, initial as well as cumulative enzyme activity is 

conserved in the presence of 10 mM Gdn HCl and marginally enhanced by inclusion of 20% 

methanol. However, 10 mM Gdn HCl is below the level typically required for this chaotrope to 

provide a meaningful benefit in terms of protein solubilization. This therefore favors the use of 

methanol to afford practical gains in solubility as well as digestion efficiency. Contrasting with 

the purposeful addition of surfactants to enhance bottom-up workflows, it is speculated that any 

gains in substrate solubility will be proportional to the loss in enzyme activity, meaning the true 

benefits of surfactant-assisted digestion processes remains to be properly evaluated. For example, 

in cases where substrate solubility is the limiting factor in an enzymatic process, modest reductions 

in catalytic rates may have negligible practical implications. Alternatively, one could compensate 

the reduced enzyme activity through longer incubation or increased enzyme-to-substrate ratio, in 

cases where surfactants are necessary to solubilize the proteome.  

Figure 5.6 Summary of relative cumulative trypsin activities determined for all evaluated denaturing 

conditions across a 16-h digest. 

    



104 

 

5.5 Conclusions and Future Work 

 

 The effects of a variety of denaturants on trypsin activity and stability were quantified. It 

was demonstrated that enzyme activity is temporarily enhanced at critical concentrations of each 

denaturant, however increased rates of deactivation are reflected by reductions in total enzyme 

function across a digestion period. The evaluated denaturants are often reported to enhance MS 

characterization of membrane-rich proteome samples, which is attributed to enhanced substrate 

solubility at the expense of enzyme activity. From the present work, the inclusion of practical 

concentrations of denaturants is correlated with lower enzyme efficiency. Considering the 

relevance of membrane protein characterization and accurate quantitation, future investigations 

will evaluate the implications of denaturing additives for bottom-up proteome preparations. 
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6. Maximizing Cumulative Trypsin Activity with Calcium at 

Elevated Temperature for Enhanced Bottom-Up Proteome 

Analysis‡ 
 

6.1 Introduction 
 

Improved characterization of complex proteomic systems using enhanced MS 

instrumentation demands equally robust front-end workflows to fully capitalize on gains in 

sensitivity and throughput. For bottom-up proteomics, the trypsin digestion step [138] is integral 

to sample processing, though conventional enzyme digestion (37 °C, overnight, typically at a 50:1 

protein-to-enzyme ratio) remains a bottleneck to maximize throughput. While adopting accelerated 

sample processing techniques is a shared priority in the field, protein digestion time cannot be 

optimized in isolation of other factors, including the efficiency of trypsin digestion, which directly 

influences quantitation accuracy, and analytical precision.  

Multiple groups have reported enzyme digestion strategies to address sample processing 

throughput. Among these are the incorporation of chemically modified trypsin, which lowers 

autolysis [163,230,396], the use of high enzyme-to-substrate ratios including by way of 

immobilized enzyme reactors (IMER) [397–399], digestion at elevated temperatures or pressure 

[165,170], imparting energy by microwave radiation or ultrasonication [171,177,181,400,401], or 

the inclusion of sample additives such as organic solvents or surfactants [216,360,402]. These 

protocols have been employed to reduce the trypsin digestion time from hours to minutes, or even 

seconds. Recently, Zare’s group disclosed a sub-microsecond digestion strategy, enabled by 

enhanced trypsin kinetics within micron-sized droplets generated by electrosonic spray ionization 

[403]. As a metric of the accelerated digestion protocol, Zare’s study highlighted the improved 

protein sequence coverage afforded by the modified digestion strategy. However, it is stressed that 

the commonly cited result of generating more MS-detectable peptides does not fully reflect the 

extent of sample digestion, particularly when derived from single or simple protein mixtures. 

Perhaps counter-intuitively, improved sequence coverage can be obtained through incomplete 

digestion [184,221]. As shown by Cannon et al. in 2010, a middle-down approach (i.e., partial 

digestion) provides high sequence coverage of a ribosomal proteome [404]. Viewed from this 

 
‡ This chapter is based on the published article: Nickerson, Jessica L., & Doucette, Alan A.  “Maximizing 

Cumulative Trypsin Activity with Calcium at Elevated Temperature for Enhanced Bottom-Up Proteome 

Analysis” Biology, 11-10, 2022, 1444. DOI: 10.3390/biology11101444 
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perspective, elevated temperatures are also known to enhance trypsin deactivation 

[166,238,253,405–407], while even modest levels of organic solvents can induce protein (and 

enzyme) precipitation, contributing biased sample loss [408]. While surfactant-assisted digestion 

protocols exist (e.g., SDS, SDC), these detergents are known to significantly inhibit enzyme 

activity above threshold levels [194,209], and pose further challenges by their incompatibility with 

downstream processing [315,409]. Thus, despite the extensive options available, there is limited 

evidence to suggest these approaches offer a more effective digestion of the sample. Other critical 

parameters to assess include cleavage efficiency and enzyme specificity, each being relevant to 

modern proteome investigations.  

The spectroscopic assessment of trypsin activity provides a preliminary estimate of 

digestion efficiency under a controlled set of conditions. A more complete understanding is 

provided by determining cumulative (integrated) trypsin activity over the full digestion period. To 

illustrate, while multiple researchers have noted enhanced enzyme activity at elevated 

temperatures [238–240], these gains will be tempered by accelerated enzyme deactivation 

[163,231], greater thermal aggregation of proteins [166], the potential for accelerated side 

modifications [241,242,244,247,410,411], and elevated chymotrypsin activity [245,412]. The 

ideal temperature for accelerated trypsin digestion presents a balance of enhanced initial activity 

with sustained trypsin stability over the duration of the incubation.  

The influence of calcium ions on enhanced tryptic activity and preserve thermal stability 

has been known since the early 1900s [250,252,253,413,414], though surprisingly, the inclusion 

of calcium ions is not widely exploited across the proteomics community. The mechanism of 

calcium’s stabilizing effects was introduced by Gorini in 1951 [250] and expanded by Green and 

Neurath [251], whereby it was demonstrated that calcium decreases the rate of autolysis in both 

active and inactive forms of trypsin. A series of follow-up studies explored the effects of calcium 

on autolysis rates, conformational changes, and temperature dependence of trypsin-calcium 

interactions [253,391,413,415].  

Given the extensive body of evidence to support a more active, stable, and selective 

enzyme, it was an objective to incorporate calcium-stabilized trypsin in an accelerated, high-

temperature digestion workflow. The goal of this work is to establish a routine and robust digestion 

protocol for accelerated proteolysis, delivering high specificity, and a high degree of cleavage 

which would in turn deliver high consistency. Through an optimized accelerated digestion 
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protocol, the cleavage efficiency is assessed for a complex proteome by quantifying the extent of 

fully-cleaved, fully tryptic and unmodified peptides, relative to those produced through a 

conventional digest. The merits of this robust, accelerated digestion workflow are discussed. 

 

6.2 Materials and Methods  
 

6.2.1. Trypsin Activity and Stability Assays  

Initial trypsin activity was measured using BAEE spectroscopic assays [51]. Briefly, 0.86 

g/L BAEE substrate (Millipore Sigma, Oakville, ON, Canada) was combined with Tris (Thermo 

Fisher Scientific, Whitby, ON, Canada) adjusted to pH 8.0 and 1 µg TPCK-treated trypsin (cat. 

num. T1426, Millipore Sigma) in a temperature-controlled cuvette with or without calcium 

chloride (Millipore Sigma). The hydrolysis of BAEE was monitored by timed absorbance 

measurements at 253 nm across 2-3 min. The resulting slope (∆absorbance/∆time) was 

proportional to the enzyme’s activity. To determine enzyme stability over time, trypsin samples 

were buffered (pH 8) with or without calcium and aged at 37-67 °C for times ranging from 5 min 

to 16 h prior to combining with fresh BAEE substrate. At the indicated aging time, 1 µg of enzyme 

was sampled for BAEE assay and the resulting slope was normalized to that of the control (37 °C, 

no aging, no added calcium chloride). Control BAEE assays performed in the absence of trypsin 

confirmed the stability of the substrate at elevated temperatures. 

 

6.2.2. Modeling Trypsin Deactivation Kinetics  

The normalized residual activity was fitted using a second-order kinetic model. Deactivation rate 

constants were extrapolated from the slopes of the linear correlation plot (inverse activity vs. time), 

and trypsin activity half-lives were calculated from Equation (6.1), where k is the deactivation rate 

constant, and Ao is the initial trypsin activity. The second-order models were also integrated to 

determine the cumulative enzyme activity across the measured time course. 

 

𝑡1
2⁄ =  

1

𝑘 𝐴𝑜
        (6.1) 
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6.2.3. Bottom-Up Proteome Sample Preparation  

S. cerevisiae was grown overnight at 30 °C in YPD broth (Millipore Sigma) to an OD600 of 1.0, 

as previously described [295]. Cell pellets were harvested by centrifugation, washed twice with 

distilled water, and lysed by grinding under liquid nitrogen. The lysate was subject to proteome 

extraction by boiling in 2% (w/v) SDS (Thermo Fisher Scientific) for 1 h. The resulting extract 

was isolated from residual cell debris by centrifugation. The total protein concentration was 

determined by a BCA assay (Thermo Fisher Scientific) and adjusted to 2 mg/mL by dilution with 

water. Aliquots of yeast proteome extract (100 µg) were subject to protein precipitation as 

previously described [283], by combining with 50 mM sodium chloride (Millipore Sigma) and 

80% (v/v) acetone in the ProTrap XG filtration cartridge (Allumiqs, Halifax, NS, Canada). 

Following 2-5 min incubation with gentle mixing, protein pellets were isolated from the 

supernatant by centrifugation, washed with 400 µL additional acetone, and re-solubilized 

overnight in 8 M urea (Bio-Rad, Mississauga, ON, Canada). Solubilized proteins were diluted to 

1.5 M urea with triethyl ammonium bicarbonate (TEAB) buffer (pH 8.0) (Millipore Sigma), and 

subject to reduction and alkylation with 5 mM DTT (Bio-Rad) and 11 mM IAA (Millipore Sigma). 

Trypsin digestion was performed at a 25:1 mass ratio (protein to trypsin) and with a variety of 

experimental conditions including the addition or absence of 10 mM calcium chloride, with a range 

of temperature (37 to 67 °C) and digestion times (15 min to 16 h). The conventional (control) 

digest consisted of overnight (16 h) incubation at 37 °C without calcium. Following termination 

of the digests, all samples were subject to reductive dimethylation [54] with deuterated 

formaldehyde and sodium cyanoborohydride (Cambridge Isotope Laboratories, Tewksbury, MA, 

USA) for relative quantitation. Each experimental condition exhibited a “light” (+28.03 u) label 

while the conventional control digest was tagged “heavy” (+36.08 u). Experimental preparations 

were combined with the control at an equal mass ratio and subject to reversed phase LC-UV clean-

up with total peptide quantitation from A214 and fraction collection in 45% acetonitrile. Desalted 

peptides were dried and stored at −20 °C until LC-MS/MS analysis. 

 

6.2.4. Bottom-Up LC-MS/MS Data Acquisition  

Bottom-up LC-MS/MS was conducted by injecting 1 µg total peptides onto a self-packed 

monolithic C18 column, coupled to a 10 µm New Objective PicoTip noncoated Emitter Tip 

(Woburn, MA, USA). A Dionex Ultimate 3000 LC nanosystem (Bannockburn, IL, USA) delivered 
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a 2 h linear gradient from 0.1% FA in water to 55% acetonitrile. The Q Exactive mass spectrometer 

(Thermo Fisher Scientific) operated in data dependent mode scanning the top 10 precursors for 

MS2, with a resolution of 35,000 full width at half maximum for both full MS and MS2. 

 

6.2.5. LC-MS/MS Data Analysis  

MaxQuant proteomics software version 1.6.17.0, developed by the Max Planck Institute of 

Biochemistry was downloaded from https://www.maxquant.org (accessed on 27 July 2022). Raw 

MS/MS spectra were searched in MaxQuant [416] with relative quantitation based on dimethyl 

labeling, first with full trypsin specificity and subsequently with semi-tryptic specificity, in both 

cases using an FDR of 0.01 and allowing up to 2 miscleavages. Search results were filtered at the 

peptide level, requiring a posterior error probability (PEP) of ≤0.01 and at the protein level, 

requiring ≥2 unique peptide IDs per protein identification. Peptide and protein identifications were 

compared across digestion conditions using Venny 2.1 [417]. Peptide identifications were sorted 

based on miscleavage frequency. The relative abundance of digestion products was taken as the 

ratio of peak areas between the experimental condition (dimethyl label: light) and conventional 

digest (dimethyl label: heavy). Motif diagrams were generated using WebLogo [418].  

 

6.2.6. Data Availability  

Raw MS/MS spectra were searched in MaxQuant version 1.6.17.0 [416] with relative quantitation. 

The mass spectrometry proteomics data have been deposited to the ProteomeXchange Consortium 

(http://proteomecentral.proteomexchange.org (accessed on 27 July 2022)) via the PRIDE partner 

repository [419] with the dataset identifier PXD035682. They are also contained in the appendix 

– Tables A6.1-A6.6. 

 

6.3. Results  
 

6.3.1. Cumulative Trypsin Activity is Maximized at 47 °C with 10 mM Calcium Ions  

Bottom-up proteomics workflows have exploited elevated temperatures for accelerated trypsin 

digestion (up to 90-100 °C) [162,164,420]. The spectroscopic BAEE assays confirmed an optimal 

initial trypsin activity at 47 to 57 °C, respectively, contributing a 31 and 28% enhancement relative 

to the control, 37 °C (Figure 6.1). The addition of calcium not only promotes higher thermal 
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stability for trypsin but also enhances its initial activity. Inclusion of 10 mM calcium chloride 

contributes a maximal 86% increase in initial activity at 37 °C. Moreover, 10 mM calcium shifts 

the optimal temperature for initial activity to 67 °C, whereby trypsin activity was observed to be 

340% relative to the control condition. These results confirm the essential role of calcium ions to 

maximize tryptic activity at elevated temperature. However, such observations do not reflect the 

expected loss in enzyme activity caused by trypsin autolysis or thermal denaturation, meaning it 

cannot be concluded that 67 °C is optimal for tryptic digestion.  

 
Figure 6.1 Initial trypsin activity of unmodified, TPCK-treated trypsin, as determined by BAEE assay, and 

normalized to activity at 37 °C in the absence of calcium. (A) Activity increases with addition of CaCl2; 

(B) Initial activity at increasing temperatures, showing the benefits of Ca2+ for higher temperature 

incubation. 

 

Enzyme stability studies were conducted by pre-incubating trypsin (pH 8) at various 

temperatures in varying concentrations of calcium prior to BAEE assays. Without calcium, the 

enhanced enzyme activity afforded by elevating the temperature is poorly sustained. After 30 min, 

the residual activity observed at higher temperatures had dropped to levels below that at 37 °C 

(Figure 6.2A). Figure 6.3 shows similar stabilization benefits from the inclusion of 5-100 mM 

calcium ions, with 10 mM minimizing the rate of deactivation. From Figure 6.2B, inclusion of 10 

mM calcium chloride largely preserves the initial activity gains, though only to a maximum 

temperature of 57 °C. At 37 °C, enzyme deactivation was immeasurable across the first 4 h, with 

only a drop in activity after a 16 h incubation Figure 6.4). The curves presented in Figure 6.2 

represent best fit trendlines of the data using a second-order kinetic model (Figure 6.4). These fits 

allow for quantitative reporting of the rate of trypsin deactivation, as summarized in Table 6.1. 
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Figure 6.2 Time course assessment of trypsin activity following pre-incubation (pH 8), as determined by 

BAEE assay. (A) Loss of enzyme activity in the absence of calcium ions is noted at the specified 

temperatures; (B) Inclusion of 10 mM Ca2+ increases initial activity and sustains enzyme stability up to a 

maximum 57 °C. All values are normalized to the initial activity at 37 °C in the absence of calcium. 

Trendlines represent a fit to a second order kinetics model of the form AT = Ao/{1 + ktAo}. 

 

 

 
Figure 6.3 (A) Second-order kinetics models of trypsin de-activation at 47 C with 0-100 mM added 

calcium chloride. (B) Estimated cumulative activity based on integrated second-order kinetics models. 
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Table 6.1 Summary of trypsin deactivation rates at various temperatures in the presence or absence of 

calcium ions. 

 No Added Ca2+ +10 mM Ca2+ 

Temperature 

Initial  

Activity / 

% 

Rate  

Constant,  

k / h−1 

Calculated 

Half-Life  

/h 

Initial  

Activity/% 

Rate 

Constant,  

k / %−1 h−1 

Calculated 

Half-Life 

/h 

37 °C 100 ± 15 0.004 ± 1 × 10−4 2.4 150  20 0.0001 ± 2 × 10−5 51.3 

47 °C 130 ± 12 0.013 ± 8 × 10−4 0.6 210  17 0.0004 ± 8 × 10−5 11.6 

57 °C 128 ± 7 0.017 ± 1 × 10−4 0.5 229  16 0.0018 ± 2 × 10−4 2.4 

67 °C 108 ± 20 0.12 ± 8 × 10−3 0.03 340  20 0.19 ± 0.01 0.03 

 

 

 
Figure 6.4 Second-order kinetics models of trypsin deactivation at 37-67 C (A) with no added calcium 

ions, and (B) with 10 mM added calcium chloride. 

 

 

From Table 6.1, it is noted a 25-fold improvement in the stability of trypsin at 47 °C with 

calcium ions compared to the same temperature without calcium, as seen from the drop in the 

deactivation rate constant. Moreover, the enzyme shows a 5-fold increase in the half-life at 47 °C 

with calcium ions, at nearly 12 h, compared to only 2.4 h with conventional conditions (37 °C, no 

calcium). The stability improvement also adds a >2-fold enhancement in initial activity at 47 °C. 

However, at 67 °C, while the initial activity was considerably higher, the presence of calcium no 

longer provided a stabilizing effect, resulting in a deactivation rate similar to the no-calcium 

condition. To reflect trypsin activity over the duration of a digestion, the cumulative (integrated) 

enzyme activity (AT) is presented as a function of temperature in Figure 6.5. These plots are 

obtained through the extrapolated rate constant and integrating the second-order kinetics curves to 

arrive at Equation 6.2 below: 
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𝐴𝑇 =  
1

𝑘
 ln (1 +  𝐴𝑜𝑘𝑡) 

(6.2) 

 

 
Figure 6.5 Cumulative activity across a 16 h time course estimated from integrated activity over time (A) 

in the absence of calcium, (B) with 10 mM added calcium ions, and (C) comparing the proposed optimal 

condition of 47 °C with 10 mM calcium ions to conventional conditions. 

 

 

In this equation, k is the de-activation rate constant, A0 is the initial trypsin activity and t is 

the cumulative digestion time. With inclusion of calcium, the cumulative activity is optimal at 47 

°C at all points over a twelve-hour incubation period. It is also evident that higher temperature 

digests, specifically 67 °C, show a significantly lower cumulative activity, even relative to a 37 °C 

digestion. A temperature of 47 °C in the presence of 10 mM calcium was chosen as the preferable 

conditions for the enhanced rapid digestion approach. A direct comparison of the cumulative 

activity under this condition to that of a conventional digestion (37 °C, no calcium) is provided in 

Figure 6.5C. An overnight (16 h) digestion is seen to be equivalent to 2.5 h digestion under 

enhanced conditions. Likewise, a 1 h digest under enhanced conditions provides ~50% of the 

cumulative activity of a 12 h conventional digest. While these results suggest that accelerated 

digestion could achieve equivalent cleavage efficiency of a 37 °C digest but in a fraction of the 

time, it is realized that the BAEE assay does not capture the complexity of a proteomic system 

undergoing trypsin digestion. To determine the practical influence of these activity and stability 

enhancements, relative MS-based peptide quantitation was employed following bottom-up 

preparations ranging in digestion time, temperature, and calcium inclusion. 
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6.3.2. Proteome Identifications Show High Similarity between Digestion Conditions  

Figure 6.6 provides a summary of total peptide and protein identifications from each of the 

digestion conditions explored. Identifications are optimized in the 1 h digest at 47 °C with calcium, 

showing a 39% increase in peptide IDs compared to the conventional overnight digest. The Venn 

diagram in Figure 6.7 shows that miscleaved peptide segments observed in the conventional 

preparation are often represented as more completely digested peptides in the rapid digest—this 

therefore increases the overall heterogeneity and non-redundant identifications. Without the 

addition of calcium, a 1 h digest at 47 °C resulted in 17% fewer peptide IDs and 26% fewer 

peptides than 1 h at 37 °C. This reflects the consequences of reduced enzyme stability at higher 

temperature without calcium (4-fold difference in enzyme half-life) and highlights the importance 

of conserving trypsin activity even across a 1 h digest. Moreover, under enhanced conditions, a 15 

min digest produced 12% fewer peptides than the optimal 1 h digest. This suggests that valuable 

cleavage events are ongoing between the 15 min and 60 min points. The Venn diagrams in Figure 

6.6B,C show 61.8% overlap in identified peptides and 94.2% protein overlap when comparing the 

enhanced 1 h digestion to the conventional overnight protocol. Only 6.8% of peptides (and no 

proteins) were unique to the conventional digest. Not only does the accelerated digestion protocol 

capture the proteome profile made visible through conventional digestion, but subsequent analysis 

of the resulting peptide profile suggests a more complete digestion of the sample using enhanced 

conditions. 
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Figure 6.6 Bottom-up proteome identifications. (A) Total peptide and protein identifications following 

digestions ranging from 15 min to overnight at 37 or 47 °C, with and without 10 mM added calcium 

chloride. Venn diagrams of (B) peptide and (C) protein identifications in the 1 h digest at 47 °C with 10 

mM Ca2+ are compared to the conventional overnight digest at 37 °C with no added Ca2+. 

 

 

Figure 6.7 Venn diagram comparing in-silico digestion of miscleaved peptides identified in the 

conventional digest with peptides identified in both the rapid (60 min, 47 °C, +10 mM Ca2+) and 

conventional digests. 
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Proteome identifications were next assessed based on miscleavage frequency to infer the 

degree of digestion completion (Figure 6.8). As expected, the frequency of fully-cleaved peptides 

increases with longer digestion under conventional conditions, albeit with only marginal gains 

beyond 1 h. These diminishing returns are reflective of a decline in enzyme activity from 68% at 

1 h to only 6% after 16 h (Figure 6.2). Miscleavage analysis of bottom-up proteome identifications. 

Absolute count and frequency of fully-cleaved and miscleaved peptides identified across digestion 

conditions. 

 

 
Figure 6.8 Miscleavage analysis of bottom-up proteome identifications. Absolute count and frequency of 

fully-cleaved (0 MCs) and miscleaved peptides (1-2 MCs) identified across digestion conditions. 

 

Under enhanced conditions (47 °C with calcium), the frequency of fully-cleaved peptides 

increases from 47.7% at 15 min to 56% at 60 min—equivalent to the overnight digest under 

conventional conditions (Figure 6.8). Both rapid digests at 47 °C also show 62% overlap with the 

peptides identified in the conventional sample (Figure 6.9); however, the higher frequency of fully-

cleaved peptides lends favor to a 1 h digest over the shorter 15 min protocol, which is attributed to 

there being four times as much cumulative activity. In the absence of calcium ions, the 1 h digest 

at elevated temperature had 15% higher miscleavage frequency (Figure 6.8), being comparable to 

15 min at 37 °C, despite having more than double the cumulative activity (Figure 6.5). Figure 6.10 

demonstrates the consistently high overlap in bottom-up protein identifications from experimental 

rapid conditions compared to the conventional digest, the exception being a rapid digest at 47 °C 

in the absence of stabilizing calcium ions (Figure 6.10E). Protein coverage contributed by fully-

cleaved vs. miscleaved peptides is compared in Figure 6.11 for the rapid digest (A) and the 

conventional digest (B). In both cases, >90% of proteins are associated with at least one fully-
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cleaved peptide, however the fewer proteins are uniquely identified with miscleaved peptides in 

the rapid digest suggests a more complete digestion compared to the conventional sample. 

 

 

Figure 6.9 Venn diagrams of bottom-up peptide identifications compared across the “light” and “heavy” 

label, representing the indicated digestion conditions, within each LC-MS/MS injection.  

 

 
Figure 6.10 Venn diagrams of bottom-up protein identifications compared across the “light” and “heavy” 

label, representing the indicated digestion conditions, within each LC-MS/MS injection.  

 

 



118 

 

 
 

Figure 6.11 Venn diagrams of bottom-up protein identifications contributed by fully-cleaved peptides vs. 

those with 1-2 miscleavages in (A) the enhanced rapid digest and (B) the conventional/control digest. 

 

 

6.3.3. Relative Quantitation Reveals Trypsin Cleavage Is Accelerated at Elevated Temperature 

with Added Calcium Ions 

A quantitative examination of digestion products is now provided based on differential dimethyl 

labeling of various accelerated vs. conventional preparations. Peptides identified from each 

digestion condition were sorted based on their number of miscleavages and their cumulative signal 

intensities were plotted over time (Figure 6.12A,B). Under conventional conditions, longer 

digestions contribute a significant increase in the frequency of fully-cleaved peptides, with a 

corresponding decrease in the intensity of miscleaved peptides, demonstrating the importance of 

overnight incubation to maximize cleavage under conventional conditions. At 47 °C with calcium 

ions present, lengthening the digest from 15 min to 1 h also yields a 10% increase in the intensity 

of fully-cleaved peptides. However, extending the incubation period beyond 1 h does not yield a 

statistical gain in digestion efficiency. The intensity ratio of peptides observed from four rapid 

digestion conditions were compared to those from conventional overnight digestion and grouped 

according to the degree of cleavage (fully-cleaved, singly, and doubly miscleaved) with results 

summarized in Figure 6.13. At 37 °C (A&B), shorter digests lead to fully-cleaved peptides with a 

relative signal intensity below 1, while miscleaved peptides have ratios above 1. This translates to 

the overnight digestion having maximal signal intensity of fully-cleaved peptides and minimizes 

signals for peptides with miscleavage sites. At 47 °C with calcium ions, a more complete digest is 

observed with 1 h incubation vs. 15 min (Figure 6.12B). Interestingly, a 1 h enhanced rapid digest 

was also seen to increase the signal of all types of peptides compared to the conventional overnight 

digestion. The intensity ratio of fully-cleaved peptides is well above 1, though so too are the 
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miscleaved peptides, relative to conventional overnight digestion (Figure 6.13D). From this 

quantitative assessment, the results show that the 1 h digest at 47 °C with calcium ions improves 

the overall throughput with enhanced digestion completion, while contributing greater intensity 

for peptides of all types compared to the conventional approach. 

 

Figure 6.12 Relative quantitation of fully-cleaved (0 MC), singly miscleaved (1 MC), and doubly 

miscleaved (2 MC) peptides. Time course of digestion completion, inferred by % total peptide intensity 

contributed by fully-cleaved, singly and doubly miscleaved peptides at (A) 37 °C with no added Ca2+ and 

(B) 47 °C with 10 mM added Ca2+ compared to a conventional overnight digest. 
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Figure 6.13 Tukey Box-and-Whisker plots of the distribution of relative peptide peak areas following 

digestion at (A) 15 or (B) 60 min, each at 37 °C with no added calcium or at 47 °C with 10 mM added 

calcium for (C) 15 or (D) 60 min. The relative peak intensity is compared to a conventional overnight digest 

at 37 °C. 

 

6.3.4. Trypsin Specificity Is Enhanced in the Rapid Digest at Elevated Temperature with Added 

Calcium Ions 

The normally stringent specificity of trypsin has reportedly been compromised at elevated 

temperatures [42,43]. To evaluate the enzyme’s specificity in the enhanced rapid digest, the MS 

data were also subject to a search for semi-tryptic peptides. The enhanced and conventional digests 

demonstrated equivalent frequency of semi-tryptic cleavage, with 81% and 79% of identified 

peptides having full trypsin specificity, respectively. A Venn diagram comparing the semi-tryptic 

peptide identifications from the two digests (Figure 6.14A) shows 64% overlap, which is similar 

to that observed for fully tryptic peptides (Figure 6.7B). However, quantitative analysis of these 

semi-tryptic peptides shown in Figure 6.14B revealed a lower relative abundance of semi-tryptic 

peptides for the enhanced digestion compared to fully tryptic peptides, suggesting enhanced 

specificity is achieved in the rapid digest. 
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Figure 6.14 Evaluation of cleavage specificity in the 1 h digest at 47 °C with Ca2+ compared to a 

conventional overnight digest at 37 °C. (A) Venn diagram of semi-tryptic peptides identified in each 

digestion condition. (B) Tukey Box-and-Whisker plot comparing peptide quantitation for fully tryptic and 

semi-tryptic peptides, showing a greater relative abundance of fully tryptic peptides, *** p <0.001.  

 

The cleavage efficiency of trypsin varies depending on the nature of the residues proximal 

to the cut site, with reduced digestion expected for dibasic sites and when K and R residues are 

adjacent to acidic residues [161,421]. The relative cleavage efficiencies of these “hard-to-cut” 

regions are compared between the enhanced and conventional digests. From Figure 6.15A,B, it 

was found that 55% of all miscleaved peptides were contributed by acidic or dibasic cut sites. 

Based solely on the relative frequencies of miscleavage sites, the motif diagrams in Figure 6.15C 

reflect equivalent efficiency for digestion of acidic and basic amino acids within 2 residues or the 

C-terminal cleavage site. However, a quantitative assessment of these peptides (Figure 6.15D 

shows that acidic and dibasic C-terminal digestion sites were cleaved with significantly greater 

efficiency in the enhanced digest compared to the conventional (p <0.001). The combination of 

enhanced cleavage of traditionally difficult sites with a reduction in semi-tryptic peptides lends a 

conclusion that the accelerated (1 h) incubation at 47 °C with added calcium ions provides an 

enhanced digestion relative to the conventional overnight (37 °C) approach. 
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Figure 6.15 Singly miscleaved peptides identified in (A) the rapid digest and (B) conventional digest were 

further classified based on the nature of the missed cleavage site, with 55 % of singly miscleaved peptides 

attributed to acidic or basic residues immediately adjacent to the cut site. (C) Motif diagrams highlighting 

the frequency of acidic and basic residues being within 2 residues of the C-terminal cleavage site. (D) 

Comparison of the slopes correlating peptide intensity in the rapid vs. conventional digest for all peptides, 

those whose C-terminal cleavage site is adjacent to an acidic residue and those whose C-terminal cleavage 

site is adjacent to another lysine or arginine (*** p <0.001). 

 

6.4. Discussion  
 

Proteolysis with trypsin is a critical, yet throughput-limiting component of bottom-up 

proteome workflows. Many works describe accelerated digests, which are typically validated by 

achieving high proteome and sequence coverage for simple protein systems. However, the growing 

interest of quantitative investigations motivates a high-throughput digestion approach that 

conserves the completion of a conventional overnight digest of a proteomic mixture. The present 

study first aimed to quantify both the initial activity and deactivation of trypsin over time as a 

function of temperature as influenced by the presence of calcium ions. Integrating the residual 

trypsin activity curves over extended periods provides a quantitative evaluation of the cumulative 

enzyme activity experienced over the duration of a digestion. These results lead to a conclusion 
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that the cumulative enzyme activity is maximized at 47 °C, justifying the use of this modestly 

higher temperature digestion but only in the presence of calcium ions. Performing digests at even 

higher temperatures is not justified as the enhanced initial activity seen in a BAEE assay is not 

sustained. For example, at 57 °C, the cumulative activity is at most ~50% above that obtained at 

37 °C, but only for a short period. Owing to enzyme deactivation, cumulative activity drops below 

that seen at 37 °C after only 3 min. From the optimal digestion conditions suggested by these 

activity assays, quantitative bottom-up LC-MS was employed to compare accelerated protocols to 

a conventional (overnight, 37 °C digest). Not only is the proteome coverage evaluated, but also 

the quantitative profiling of partially vs. fully-cleaved peptides, as well as the digestion specificity.  

Our evaluation of initial trypsin activity as a function of temperature showed strong 

agreement with the enhancement reported by Sipos et al. in 1973 [253]. They showed a 37% 

improvement in activity when temperature was increased from 37 °C to 47-57 °C, similar to the 

30 ± 10% increase seen here (Figure 6.1B). Sipos also demonstrated that calcium ions shifted the 

optimal temperature to 67 °C owing to increased thermostability. Interestingly, though the same 

temperature shift was observed, a greater enhancement factor was seen (3.4 ± 0.2-fold compared 

to their 2.6-fold) (Figure 6.1B). This discrepancy may be attributed to lower enzyme purity in the 

earlier work. Likewise, the addition of calcium ions provided a 50 % increase in initial activity at 

37 °C, which was twice that observed by Sipos (~24%).  

The stabilizing effects of calcium can sustain trypsin activity at higher temperatures for 

longer periods. However, at 67 °C, calcium no longer prevents trypsin deactivation. At elevated 

temperatures of 47 and 57 °C, 19.3- and 5-fold increases in the enzyme’s half-life are observed, 

respectively. Therefore, the addition of calcium ions provides a drastic improvement in trypsin 

stability so long as a critical temperature (57 °C) is not exceeded. This suggests that the stabilizing 

effects of calcium ions are limited by the rate of protein denaturation as opposed to the rate of 

autolysis at this temperature, which aligns with Trampari’s discussion of accelerated unfolding at 

similar temperatures [166]. The cumulative activity of trypsin calculated by integrating the activity 

over time justifies the use of only a modest temperature increase, when in the presence of calcium 

ions. Considering a higher temperature digestion, the enhanced initial activity seen in a BAEE 

assay is not sustained, meaning cumulative activity suffers. For example, at 57 °C, the cumulative 

activity difference is maximized at very short times by ~50 % vs. 37 °C. However, cumulative 

activity drops below that seen at 37 °C after only 3 min.  
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As reported by Nord and Bier (1956) [252], this study also found that trypsin deactivation 

initially followed second-order kinetics (Figure 6.4). Sipos reported a similar trend, noting a 

second-order rate for autolysis, with subsequent deactivation following a pseudo- first order rate 

[253]. It is speculated that the gradual acceleration of activity loss is due to thermal aggregation, 

which is reported to occur most readily at temperatures exceeding 54 °C [166]. These trendlines 

allowed us to integrate the cumulative trypsin activity and show that a 1 h digest at 47 °C with 

calcium yields a cumulative enzyme activity equivalent to a 6 h digest under conventional 

conditions. However, applied to a real proteomic system, other benefits of high temperature 

digestion may be realized.  

It is evident that short digestions yield many MS-detectable peptides. In fact, a 15 min 

incubation at 37 °C generated more peptides than the overnight control digestion, although with 

fewer total proteins identified. There was also a high degree of overlap (~95%) in the proteome 

coverage by each of the experimental digestion conditions compared to the control digest (Figure 

6.10). Nonetheless, significant differences were observed. For example, shorter digestions 

translate into more miscleavages, which is evident from the data. Figure 6.16 indeed shows a larger 

proportion of low-abundance proteins [422] identified using the optimized enhanced digestion 

protocol. Focusing on the types of peptides, as well as their relative abundances across the various 

digestion conditions allows a more complete assessment of each digestion condition. In theory, 

less complete digests yield a greater variety of peptides, which would be desirable for a single 

protein or simple proteome systems. However, for more complex systems, the variety of peptides 

generated would further mask lower abundance proteins from being detected. Figure 6.11 shows 

that miscleaved peptides are not contributing significantly to the total proteome coverage, with 

95% of protein identifications having at least one fully-cleaved peptide in both the enhanced rapid 

and conventional digests. These results demonstrate the relevance of a robust (more complete) 

digestion for accurate and reproducible bottom-up quantitation.  

 



125 

 

 
Figure 6.16 Histogram of the frequency of identifying low vs. high abundance proteins in the experimental 

digestion conditions, showing the greatest frequency of low-abundance proteins in the optimized rapid 

digest (60 min at 47 C with 10 mM added calcium ions).  

 

It is assumed that a more complete digest will identify peptides with fewer miscleaved sites 

than a less complete digest and consequently more homogenous digestion products which lends 

favor to quantitative and targeted analyses. At 37 °C, fully-cleaved peptides increase in relative 

intensity as one transitions from 15 min to 1 h to overnight digestion. This reflects a slower 

digestion rate compared to the enhanced conditions (47 °C with added calcium). Not only does the 

enhanced digestion produce fully-cleaved peptides with higher relative intensity than the control 

digestion, but the intensity of peptides with miscleavage sites was also higher than that of the 

control. In other words, the enhanced digestion protocol provides a more complete digestion, but 

also yields higher signal intensities than the conventional digestion, meaning a greater number of 

peptides of all types can be detected. This may reflect a greater degree of protein or peptide loss 

during extended incubation. It may also be reflective of differences in the degree of peptide 

modifications over time. The enhanced digestion of the accelerated protocol motivates its 

application in bottom-up quantitative studies where complete and consistent production of 

proteotypic peptides is critical.  

High temperatures have been reported to compromise the selective structure of the active 

site of trypsin. However, a qualitative assessment of semi-tryptic peptides showed that non-

specific cleavage was less prevalent in the enhanced digestion protocol. Although the proportion 

of semi-tryptic peptides was equivalent to the control, quantitative analysis revealed a higher 
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relative abundance of fully tryptic peptides compared to those with semi-specific cleavages. This 

suggests an enhancement in the enzyme’s specificity under the temperature- and calcium-enhanced 

conditions.  

The cleavage efficiency of trypsin is highly dependent on the nature of the amino acid 

residue adjacent to the lysine or arginine. A 2005 report by Šlechtová et al. described differential 

cleavage rates depending on the residues surrounding the potential cut site [161]. It was shown 

there, and by Pan et al. [421], that trypsin cleaves at arginine with greater efficiency than at lysine, 

owing to the stronger interaction of R with the enzyme’s active site [423]. Under conventional 

digestion conditions, peptides terminating in arginine are generated with greater frequency than 

those with a C-terminal lysine. Surprisingly, the enhanced digest at high temperature with added 

calcium demonstrated equivalent cleavage efficiency at arginine vs. lysine, suggesting a reduction 

in the bias towards arginine cleavage under the enhanced conditions. It is speculated that lysine 

may be able to interact more strongly with the active site of trypsin due to weakening of the 

intramolecular H-bonding network within the catalytic pocket [140] at the elevated temperature, 

while the calcium ions may conserve the conformation sufficiently to maintain high selectivity for 

lysine and arginine [254]. From the relative intensity of miscleaved peptides, one also notes that 

the enhanced digestion protocol showed a greater degree of cleavage of lysine and arginine when 

adjacent to acidic or basic residues. These sites are known to electrostatically inhibit the interaction 

of adjacent tryptic sites with the enzyme’s catalytic pocket, suggesting that the elevated 

temperature, the calcium-assisted protocol increased the cleavage efficiency of ‘difficult to digest’ 

cut sites, further supporting enhanced enzyme specificity in the optimized rapid digest. 

 

6.5. Conclusions  
 

The present study characterizes the relationship between trypsin stability and bottom-up 

MS results in terms of sample coverage and quantitation. Trypsin deactivation follows second-

order kinetics until the rate of denaturation exceeds that of autolysis. Further analysis of these 

kinetics models based on cumulative activity facilitated the estimation of optimal proteome 

digestion conditions for a bottom-up workflow. Subsequent bottom-up LC-MS/MS comparisons 

with relative peptide quantitation against a control showed that the number and abundance of fully-

cleaved peptides was optimized following a 1 h digest at 47 °C with 10 mM added calcium ions. 

The corresponding proteome coverage was equivalent to that of a conventional digest. However, 
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the optimized rapid digest demonstrated enhanced tryptic cleavage specificity by way of reduced 

abundance of semi-tryptic peptides and greater cleavage efficiency at conventionally inhibited cut 

sites. In summary, a 1 h digest at 47 °C with 10 mM added calcium ions is shown to provide a 

more complete and more specific digest than the conventional overnight approach while also 

increasing throughput. This study employed unmodified, TPCK-treated trypsin. Commercial 

preparations of modified trypsin may also include calcium in their preparations. While preliminary 

BAEE assessment of enzyme activity and stability for modified trypsin showed results equivalent 

to the calcium-enhanced conditions, it is not yet known to what extent the enhanced stability can 

be attributed to the modified trypsin vs. the addition of calcium. This will be addressed in a future 

study. It is therefore recommended that proteomics researchers adopt this efficient, economical, 

and robust approach to optimize reproducibility, quantitation accuracy and turnaround time. 
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7. Future Work & Conclusions 
 

 

7.1 Thesis Summary 
 

 Proteome characterization by bottom-up mass spectrometry—both qualitative and 

quantitative—relies on robust sample preparation strategies that simultaneously maximize 

recovery and digestion efficiency. Additionally, high impact clinical applications of these 

analytical systems demand maximized depth and quantitative precision along with constant 

improvements to throughput. The first chapter of this thesis aimed to review the fields that paved 

the way for modern proteome approaches, including a description of genomics and the expanding 

multi-omics initiatives. The international objective of completely sequencing the human proteome 

was described along with a discussion of the progress to date. The unique advantages of DDA and 

DIA-MS acquisition strategies were compared for qualitative and quantitative approaches.  

 With the sophistication of modern LC-MS technology, there is a demand for sample 

preparation strategies that match the potential throughput, sample coverage and quantitative 

precision allotted by the MS acquisition. A sample preparation strategy must ultimately be highly 

repeatable to establish reliable MS results. Recovery is discussed as a function of solubilization as 

well the sustained recovery following subsequent preparative steps including surfactant depletion 

strategies (e.g., precipitation) and digestion. The effects of surfactants on protein solubility are 

described, motivating their inclusion for optimal sample coverage including biologically important 

membrane proteins. The variables influencing protein solubility are further discussed in the interest 

of optimizing precipitation for surfactant depletion ahead of LC-MS analysis. A review of 

precipitation strategies is provided including mechanistic discussions, motivating the optimization 

of precipitation-based bottom-up workflows detailed in Chapters 2, 3, and 4.  

 Following efficient solubilization and purification, the depth of coverage achieved by 

bottom-up MS strategies is limited by digestion efficiency with variably miscleaved products 

increasing the sample’s heterogeneity. Moreover, variances in digestion efficiency inhibit the 

precision of quantitation. Despite the controlling influence of digestion completion on the resulting 

sample coverage and quantitation “accelerated” digestion approaches often fail to evaluate 

digestion completion, favoring the result of a longer list of non-redundant peptide identifications 

and the associated high sequence coverage. A review of rapid/alternative digestion strategies is 
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provided along with a discussion of current limitations. The mechanisms of trypsin-catalyzed 

hydrolysis are described in the interest of exploiting optimal enzyme activity and stability for the 

development of a truly accelerated digestion approach, forming the basis of research projects 

described in Chapters 5 and 6.  

 Bottom-up sample preparation workflows have taken on many strategies, varying in 

complexity and technological demands. Previous work from this group determined that the 

century-old approach of organic solvent-based precipitation provides quantitative recovery of a 

proteome sample under specific conditions that control for ionic strength. Additionally, the 

ProTrap XG cartridge was developed and commercialized, facilitating the isolation of the 

precipitated protein from the MS-contaminating supernatant. Chapter 2 of this thesis evaluates the 

role of ionic strength in determining the rate of precipitation. From this work, a rapid approach to 

precipitation-based bottom-up proteome preparation was proposed, offering a simple and fast 

strategy of depleting surfactants prior to LC-MS/MS analysis. The reliability of qualitative 

proteome profiling is influenced by variances/biases in front-end sample preparation. Even more 

so, quantitative precision relies on highly repeatable workflows that minimize the variance 

associated with sample recovery and digestion. Chapter 3 describes an evaluation of the 

repeatability of precipitation-based bottom-up proteome sample preparation in the ProTrap XG 

with comparisons to conventional solution and in-gel digestion strategies. The inclusion of SDS 

afforded by the robust precipitation strategy demonstrated enhanced proteome coverage, while the 

quantitative recovery of the protein pellet and subsequent urea-based digestion enabled optimized 

quantitative precision. The optimized precipitation-based workflow in the ProTrap XG cartridge 

was subsequently applied to the development of a multi-omics preparative strategy, described in 

Chapter 4. The proteome and peptidome fractions were precipitated in sequence for bottom-up and 

intact LC-MS/MS analysis respectively. The residual supernatant comprising the recovered 

metabolome was assessed following a range of initial precipitation strategies. The qualitative and 

quantitative advantages of various precipitation solvent systems for multi-omics analysis were 

discussed. Briefly, methanol-based precipitation lent favor to increased total metabolome 

identifications, while the acetone strategy identified fewer total (but more structurally diverse) 

metabolites and improved peptidome coverage.  

 The optimization of proteome recovery facilitated by an SDS-rapid precipitation strategy 

in the ProTrap XG left conventional overnight digestion as the throughput-limiting step in a 
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bottom-up preparative workflow. Given the importance of optimized throughput as well as 

robust/complete digestion, the influence of common proteomics additives on trypsin activity and 

stability over time were evaluated and are described in Chapter 5. It was found that even trace 

quantities of surfactants reduce the total catalytic activity of the enzyme by several orders of 

magnitude at varying rates. Contrasting with frequently reported observations by others, it was 

concluded from this work that surfactants do not enhance trypsin digestion. The conserved activity 

observed in modest concentrations of chaotropes and organic solvents suggests these are preferable 

denaturants towards enhanced digestion of hard-to-solubilize membrane proteins. 

 The historical combination of high temperature and calcium ions for improved trypsin 

activity was subsequently investigated. Elevated temperatures are frequently exploited towards 

accelerated enzymatic cleavage; however, the degree of enzyme denaturation and thermal 

aggregation is often overlooked. The effects of temperature on trypsin’s initial activity and stability 

over time were compared in the presence and absence of stabilizing calcium ions (described in 

Chapter 6). It was found that 47 °C with 10 mM added calcium ions provided maximized total 

(cumulative) activity across accelerated digestion periods. A bottom-up relative quantitation 

approach was employed to analyze comparative digestion products, which demonstrated high 

digestion completion following a 1 h trypsinization under the temperature- and calcium-enhanced 

conditions. This leads to a simple and cost-effective approach to accelerated trypsin digestion, 

offering significant throughput gains compared to the conventional overnight incubation. In 

combination with the rapid precipitation strategy described in Chapters 2 and 3, this work has 

reduced a multi-day sample preparation strategy to a couple of hours. 

 Taken altogether, the results of this thesis point to the benefits of a precipitation-based 

proteome workflow facilitated by the ProTrap XG filtration cartridge. The rapid precipitation 

approach presented in Chapter 2 affords the inclusion of surfactants for complete proteome 

solubilization, which was demonstrated in Chapter 3 to enhance identification repeatability and 

quantitative precision compared to conventional solution and in-gel strategies. Following 

precipitation, protein pellets may be re-solubilized in urea and subject to a rapid (60-min) digestion 

that exploits a dilute chaotrope, increased temperature, and the stabilizing effects of calcium ions, 

based on the findings from Chapters 5 and 6. This workflow is anticipated to increase the 

throughput of large-scale bottom-up preparations, affording reproducible proteome profiling and 

quantitation. Work presented in Chapter 4 demonstrated the potential of the ProTrap XG cartridge 
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for a multi-omics workflow, highlighting enhanced metabolome coverage and quantitative 

precision compared to the conventional methanol precipitation approach.  

 

7.2 Future Work 
 

 The present thesis described the development and optimization of precipitation-based 

protein recovery as well as a rapid enzymatic digestion for enhanced throughput and quantitation 

precision. While both sets of work were validated fundamentally, it is of interest to design and 

execute future investigations to determine the scope of their application and practical utility in 

high-impact settings. 

 

7.2.1 Rapid and quantitative organic solvent precipitation 

The work described in Chapter 2 demonstrated a rapid approach to organic solvent-based proteome 

precipitation. The kinetics of precipitation were characterized across temperature and ionic 

strength, enabling the elucidation of a 2-minute protocol that provides complete recovery of a 

proteome sample. It was shown, however, that the initial proteome concentration is an influential 

factor in the rate of precipitation, suggesting 5-30 min incubation would assure robust recovery of 

dilute samples. Future investigations could further evaluate the efficiency of this rapid 

precipitation approach for low sample quantities to determine the utility of the approach for single-

cell proteome initiatives, for example.  

Based on the combined precipitation results presented by this group over the last decade, 

the role of ionic strength in determining precipitation rate and recovery is critical. An ion-pairing 

mechanism (strengthened by the reduced dielectric of organic solvents) has been speculated; 

however, a computational simulation study may further clarify the rate-limiting variables and 

reveal additional influential factors. Bottom-up LC-MS/MS analysis of variably precipitated 

pellets and supernatants revealed a slight bias towards the rapid recovery of high-molecular-weight 

proteins. It has also been shown that increased organic solvent content enhances the recovery of 

low-molecular-weight species. Thus, a simulation strategy could further characterize the influence 

of a protein’s molecular weight on its rate of aggregation, among other variables (e.g., salt type, 

pH). 

In the presented work, the rapid precipitation strategy was applied to a test sample of 

cultured S. cerevisiae. Further studies should be conducted to validate the scope of this approach 
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for diverse sample types and research objectives, including targeted analysis of low-abundance 

proteins. Section 7.3 describes preliminary results following the use of the rapid precipitation 

strategy in the ProTrap XG towards the detection of potential immunotherapy targets. Additional 

application studies could confirm the use of the approach for top-down MS with specific PTM 

characterization. 

 

7.2.2 Evaluating the Repeatability of Sample Preparation in the ProTrap XG  

The repeatability of a ProTrap XG-based workflow was characterized against conventional 

solution and in-gel approaches. However, an abundance of cartridge- and bead-based sample 

preparation strategies have been reported towards semi-automation and high throughput. Future 

studies have been designed to evaluate the efficacy and repeatability of a ProTrap XG-based 

preparation compared to other commercialized cartridges on the basis of sample recovery, 

qualitative coverage, and quantitation. To complement the results presented on quantitative 

precision, future experiments are needed to evaluate the accuracy of protein quantitation following 

the precipitation-based bottom-up preparation. This quantitative assessment could be conducted 

for a selected target analyte by way of AQUA or iTRAQ approaches.  

 

7.2.3 Precipitation-Based Multi-omics 

A precipitation-based approach to simultaneous proteome, peptidome, and metabolome 

preparation was described. A limitation of the current approach is the avoidance of surfactants in 

the initial solubilization step in order to conserve the MS-compatibility of the metabolome fraction 

(i.e., supernatant). Future efforts are needed to evaluate the inclusion of acid-labile or photo-

cleavable surfactants, which would afford enhanced coverage of the proteome, peptidome, and 

perhaps the non-polar fraction of the metabolome.  

 The current analysis of the peptidome fraction should be considered “preliminary”. Future 

studies could investigate the use of the sequential precipitation approach for specific 

characterization of a target hormone or immuno-peptidome characterization. Further application 

of the whole workflow to the detection of a multi-omic biomarker panel would validate the 

implantation of this rapid multi-omics preparation approach for clinical assay development. 
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7.2.4 Effect of Denaturants on Trypsin Activity 

Chapter 5 of this thesis characterizes the effects of several denaturing additives on trypsin activity 

and stability. These surfactants, chaotropes, and aqueous/organic solvent systems lend favor to the 

solubilization of membrane proteins, which is imperative for whole proteome digestion efficiency. 

However, the additives assessed here demonstrated significant deactivating effects on the trypsin 

enzyme. Future studies are currently ongoing in this group to evaluate the implications of including 

SDS and SDC for trypsin digestion of membrane-enriched proteome samples. Both qualitative 

sample coverage and quantitative precision of digestion products will be evaluated. 

 

7.2.5 Calcium-Assisted Rapid Digestion in the ProTrap XG 

The combined investigations on trypsin activity presented in Chapters 5 and 6 demonstrate the 

unique benefits of elevated temperature and calcium ions on trypsin’s thermostability. Bottom-up 

LC-MS/MS analysis with relative quantitation, described in Chapter 6, validated the digestion 

efficiency and cleavage specificity afforded by a 1-hour digest under enhanced conditions. It is of 

interest to apply this accelerated digestion strategy to the development of MRM assays for clinical 

samples. Initial experiments are underway towards the application of a rapid ProTrap XG-based 

sample preparation for the development of an MRM assay for potential immunotherapy drug 

targets. The motivation, methods, and preliminary results of these efforts are described in Section 

7.3. Additional investigations have been proposed to characterize the use of 47 °C and Ca2+-

enhanced approaches for in-gel and on-bead digestion strategies.  

 

7.3 Conclusions 

   
 Modern MS-based proteomics platforms are enabling deep coverage and precise 

quantitation of complex biological samples, with impactful applications in the understanding, 

diagnosis, and treatment of diseases. However, the quality of mass spectrometry data is at the 

mercy of robust front-end sample preparation strategies that enable complete proteome recovery 

and repeatable digestion while meeting current throughput demands. The present thesis aimed to 

characterize the variables influencing protein solubility—both in the interest of optimizing 

solubilization as well as to optimize precipitation efficiency—and proteolytic enzyme 

activity/stability. Through these diverse investigations, a high-throughput SDS-based preparative 
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workflow was developed, relying on rapid and quantitative purification by organic solvent 

precipitation, which is further facilitated by the ProTrap XG filtration cartridge. It was shown that 

this optimized precipitation approach is also amenable to metabolomics and multi-omics 

preparations. To complement the throughput of the rapid precipitation strategy, an accelerated 

digestion approach was elucidated on the basis of maximized cumulative activity through the 

thermostabilizing effects of added calcium ions. The combination of these high-throughput 

strategies is currently being applied to the development of an MRM assay to determine 

immunotherapy targets, exemplifying the potential of this enhanced preparative approach for 

large-scale and high-impact settings such as the clinic. 
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