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ABSTRACT 

 Proteins are a highly diverse group of macromolecules and serve as the primary effectors 

of nearly all cellular functions, driving biological processes. The proteome is extremely 

multifaceted, owing to proteoforms—the diverse protein products arising from post-translational 

modifications (PTMs), alternative splicing, and genetic mutations. The complexity of the proteome 

is further exacerbated by the assembly of proteins into functional complexes which are highly 

dynamic entities that display substantial diversity in their composition, PTMs, and non-covalent 

interactions. Top-down mass spectrometry (MS)-based proteomics has emerged as a powerful 

technology for characterizing endogenous proteins, their proteoforms, and non-covalent 

complexes. However, the high dynamic range of the proteome, immense diversity of proteoforms, 

and low abundance of protein complexes in their native environments present challenges to 

studying endogenous proteins and protein complexes. Therefore, my doctoral work has sought to 

address these challenges by developing top-down MS-based proteomics strategies for the 

characterization of endogenous proteins and protein complexes directly from cardiac tissues. My 

methods aim to investigate biological heterogeneity at the proteoform level, elucidate protein 

structure-function relationships, and provide a comprehensive view of the endogenous heart 

proteoform landscape. Chapter 1 introduces the role of proteoforms and protein diversity in 

biological systems and provides a comprehensive overview of denatured and native top-down MS-

based proteomics, with a focus on applications to cardiovascular diseases. Chapter 2 describes 

the implementation of denatured top-down MS (dTDMS) for the simultaneous quantification of 

sarcomeric proteoforms and protein expression in the myocardia of non-failing donors without 

heart diseases, compared to end-stage ischemic cardiomyopathy (ICM) patients. This approach 

uncovered significant PTM and expression-level changes in sarcomeric proteins that correlated 
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with left ventricular dysfunction in ICM patients, providing valuable insights into the molecular 

alterations underlying human ICM. Chapter 3 describes a native nanoproteomics strategy for the 

enrichment and subsequent native top-down MS (nTDMS) analysis of the endogenous cardiac 

troponin complex, the master regulator and calcium (Ca2+) sensitive switch, directly from human 

cardiac tissue. Chapter 4 describes a direct infusion nTDMS platform which extends the 

application of Fourier-transform ion cyclotron resonance MS to directly characterize the structure, 

PTMs, and Ca2+ binding of endogenous proteins from human cardiac tissue lysate without prior 

separation methods. Finally, Chapter 5 details a dTDMS approach to identify, quantify, and 

localize endogenous S-glutathionylation in ventricular myosin light chain 1 from human, swine, 

and mouse cardiac tissues. Overall, the studies detailed in this dissertation have comprehensively 

characterized endogenous proteins and protein complexes directly from cardiac tissues, providing 

valuable insights into the physiological and pathophysiological processes of the heart, while also 

establishing a framework for their structural characterization to reveal native assemblies and non-

covalent interactions.  

 

 

 

 

 

 

 



xii 
 

LIST OF FIGURES 

Figure 1.1. Schematic illustration comparing denatured and native top-down MS-based 

proteomics…………………………………………………………………………………....……7 

Figure 1.2. Schematic illustration of representative myofilament and Z-disc proteins in the cardiac 

sarcomere…………………………………………………………………………………...…....20 

Figure 2.1. Label-free top-down proteomics workflow for the simultaneous quantification of 

sarcomeric protein expression and modification in ICM……………………………………....…29 

Figure 2.2. Diverse proteoform landscape detected in donor and ICM human cardiac tissues.......30 

Figure 2.3. Mutual linear range response determination for key sarcomeric proteins…………....33 

Figure 2.4. Coordinated decrease in cTnI and ENH2 phosphorylation in ICM………...……..….35 

Figure 2.5. Differential isoform expression of tropomyosin and -actin………………...…..…..37 

Figure 2.6. Increase in MLP and calsarcin-1 phosphorylation in ICM……………...……..…..…40 

Figure 3.1. Native nanoproteomics platform for the characterization of endogenous cTn 

complexes from human heart tissue………………………………..……………………………..70 

Figure 3.2. High-resolution native top-down MS analysis demonstrates heterogeneity of 

endogenous heterotrimeric cTn complexes…………………………………………..………..…73   

Figure 3.3. Native top-down MS (nTDMS) analysis for the characterization of cTn complexes 

directly from human heart tissue……………………………………………………...………..…75 

Figure 3.4. Native top-down MS (nTDMS) enables localization of endogenous Ca2+ binding 

domains within TnC……………………………………………………………………….....…..78 



xiii 
 

Figure 3.5. Ion mobility separation of TnC monomer and cTn dimer Ca2+ bound proteoforms by 

native TIMS-MS……………………………………………………………………….……..….81 

Figure 3.6. Addition of a Ca2+ chelator to the cTn complex provides insights into cTn-Ca2+ binding 

dynamics……………………………………………………………………………………...….83 

Figure 4.1. nTDMS workflow for the characterization of endogenous cardiac proteins………..123 

Figure 4.2. Direct infusion of cardiac tissue lysate for native FTICR-MS analysis…………..…125 

Figure 4.3. nTDMS characterization of endogenous MLC-2v………………………………….127 

Figure 4.4. nTDMS characterization of endogenous MLC-1v…………………..……….….….130 

Figure 4.5. nTDMS characterization of endogenous α-Tpm………………………..….……….132 

Figure 5.1. Endogenous SSG of MLC-1v is detected in human and swine cardiac tissues, but not 

in mouse tissues using top-down proteomics………………………………………………...….150 

Figure 5.2. Top-down proteomics reveals treatment of non-reduced cardiac tissue lysates with 

GSSG increases MLC-1v SSG levels in human, swine, and mice…………………………........154 

 

 

 

 

 

 



xiv 
 

LIST OF SUPPLEMENTAL FIGURES 

Supplemental Figure S2.1. Sarcomeric proteoform levels between left ventricle and apex tissues 

in healthy donors are comparable ………………………………………………..………………54 

Supplemental Figure S2.2. SDS-PAGE of HEPES (H) and TFA (T) extracts from donor and ICM 

human cardiac tissues……………………………………………………………………….....…55 

Supplemental Figure S2.3. Online LC-MS/MS characterization of MLC-1v…..………..…..…56 

Supplemental Figure S2.4. Online LC-MS/MS characterization of MLC-2v………...….……..57 

Supplemental Figure S2.5. SDS-PAGE of HEPES (H) and TFA (T) from three extraction 

replicates from donor human cardiac tissue………………………….………………………...…58 

Supplemental Figure S2.6. Extraction replicates showing highly similar and reproducible 

chromatographic profiles……………………………………………………………….………..59 

Supplemental Figure S2.7. Mutual linear range response determination for major sarcomeric 

proteins……………………………………………………………………………………..….....60 

Supplemental Figure S2.8. Quantification of full-length and truncated cTnT phosphorylation...61 

Supplemental Figure S2.9. cTnT point mutation present in ICM samples……...…………..…...62 

Supplemental Figure S2.10. Quantification of calsarcin-1 proteoform phosphorylation….....…63 

Supplemental Figure S3.1. Optimization of elution buffer solution for cTn enrichment with NP-

Pep……………………………………………………………………………………………....102 

Supplemental Figure S3.2. Inter-batch enrichment of cTn by NP-Pep...……………………....103 



xv 
 

Supplemental Figure S3.3. SDS-PAGE demonstrates successful enrichment of cTn complex 

subunits; cTnT (~35 kDa), cTnI (~24 kDa), and TnC (~18 kDa)……………...……………...…104 

Supplemental Figure S3.4. Evaluation of NP-Pep enrichment performance using RPLC-

MS/MS………………………………………………………………………………………….105 

Supplemental Figure S3.5. Reproducibility of the NP-Pep enrichment capturing cTn subunits in 

human heart tissues using RPLC-MS/MS………………………………………...………...…..106 

Supplemental Figure S3.6. Native size exclusion chromatography (SEC) for online buffer 

exchange (OBE) enables MS analysis of protein complexes………………………………..…..107 

Supplemental Figure S3.7. Reproducibility of native cTn enrichment and SEC-OBE native MS 

analysis………………………………………………………………………………………….108 

Supplemental Figure S3.8. Isotopically resolved native MS spectra of endogenous cTn 

heterotrimer complex (~77 kDa)……………………………….……………………………….109 

Supplemental Figure S3.9. Native top-down MS (nTDMS) fragmentation map of cTnT 

monomer………......................................................................................................................…110 

Supplemental Figure S3.10. Native top-down MS (nTDMS) fragmentation map of cTnI 

monomer……………………………………………………………………………………..…111 

Supplemental Figure S3.11. Relative proportion of Ca2+ bound in each TnC binding 

domain……………………………………………………………………………………..……112 

Supplemental Figure S3.12. Collisional activation ramping of TnC monomer by native top-down 

MS…………………………………………………………………………………………...….113 



xvi 
 

Supplemental Figure S3.13. Localization of Ca2+ binding in TnC monomer domain III by native 

top-down MS (nTDMS)……………………………………..……………………………..…...114 

Supplemental Figure S3.14. Localization of Ca2+ binding in TnC monomer domain IV by native 

top-down MS (nTDMS)……………..…………………………………………………..……...115 

Supplemental Figure S3.15. Localization of Ca2+ binding in TnC monomer domain II by native 

top-down MS (nTDMS)………………………………...………………………………..……..116 

Supplemental Figure S3.16. Optimization of TIMS parameters for high resolution native MS 

analysis of bovine serum albumin (BSA)………………………………...………………...…...117 

Supplemental Figure S3.17. Plot of CCS value as a function of charge state by native TIMS-

MS………………………………………………………………………………………..……..118 

Supplemental Figure S4.1. nTDMS characterization of endogenous MLC-2v using 

CAD…………………………………………………………………………………………….140 

Supplemental Figure S4.2. nTDMS characterization of MLC-2v using ECD…...…………….141 

Supplemental Figure S4.3. Structural representation of MLC-2v………………..…………....142 

Supplemental Figure S4.4. Localization of Ca2+ binding in MLC-2v by nTDMS…….……….143 

Supplemental Figure S4.5. Characterization of endogenous MLC-1v using nTDMS……...….144 

Supplemental Figure S4.6. Characterization of endogenous α-Tpm using nTDMS…..……….145 

Supplemental Figure S5.1. Top-down MS-based proteomics workflow for the identification of 

protein SSG in human, swine, and mouse cardiac tissues……………………………………….164 

Supplemental Figure S5.2. Highly-reproducible top-down online LC-MS/MS method…...….165 



xvii 
 

Supplemental Figure S5.3. Top-down proteomics identifies endogenous SSG in human MLC-

1v……………………………………………………………………………………….…….…166 

Supplemental Figure S5.4. Top-down proteomics identifies endogenous SSG in swine MLC-

1v……………………………………………………………………………………………..…167 

Supplemental Figure S5.5. Endogenous SSG is not detected by top-down proteomics in mouse 

MLC-1v……………………………………………………………………………………........168 

Supplemental Figure S5.6. Sex-based differences of SSG in human MLC-1v…………....…...169 

Supplemental Figure S5.7. Reproducible online LC-MS/MS analysis of MLC-1v from human 

cardiac tissue…………………………………………………………………………………....170 

Supplemental Figure S5.8. Reproducible online LC-MS/MS analysis of MLC-1v from swine 

cardiac tissue……………………………………………………………………………………171 

Supplemental Figure S5.9. Characterization of endogenous human MLC-1v + SSG using top-

down proteomics………………………………..………………………………………………172 

Supplemental Figure S5.10. Characterization of endogenous swine MLC-1v + SSG using top-

down proteomics……………………………..………………………………………………....173 

Supplemental Figure S5.11. Top-down proteomics reveals treatment of non-reduced human 

cardiac tissue lysates with GSSG increases SSG levels in MLC-1v……………………...……..174 

Supplemental Figure S5.12. Top-down proteomics reveals treatment of non-reduced swine 

cardiac tissue lysates with GSSG increases SSG levels in MLC-1v………………...………......175 

Supplemental Figure S5.13. Top-down proteomics reveals treatment of non-reduced mouse 

cardiac tissue lysates with GSSG increases SSG levels in MLC-1v……………………..….…..176 



xviii 
 

Supplemental Figure S5.14. Overview of major cardiac proteoforms accessed by top-down 

proteomics when non-reduced human tissue lysate was incubated with 1 mM GSSG…………..177 

Supplemental Figure S5.15. Overview of major cardiac proteoforms accessed by top-down 

proteomics when non-reduced swine tissue lysate was incubated with 1 mM GSSG…………...178 

Supplemental Figure S5.16. Overview of major cardiac proteoforms accessed by top-down 

proteomics when non-reduced mouse tissue lysate was incubated with 1 mM GSSG…………..179 

Supplemental Figure S5.17. Characterization of the human MLC-1v + SSG proteoform following 

incubation with 1 mM GSSG using top-down proteomics………………...…………………….180 

Supplemental Figure S5.18. Characterization of the swine MLC-1v + SSG proteoform following 

incubation with 1 mM GSSG using top-down proteomics……………………...…………….....181 

Supplemental Figure S5.19. Characterization of the mouse MLC-1v + SSG proteoform following 

incubation with 1 mM GSSG using top-down proteomics…………………...………………….182 

Supplemental Figure S5.20. Sequence alignment of human, swine, and mouse MLC-

1v………………………………………………………………………………………...…...…183 

 

 

 

 

 

 



xix 
 

LIST OF SUPPLEMENTAL TABLES 

Supplemental Table S2.1. Sarcomeric proteoforms identified……..…………………………....49 

Supplemental Table S2.2. Proteoform changes in ICM……………………………………........50 

Supplemental Table S2.3. Available clinical data for donors and ICM patients…………..…..…51 

Supplemental Table S2.4. Generation of extracted ion chromatograms for sarcomeric 

proteins………………………………………………………………………………………...…53 

Supplemental Table S3.1. Clinical characteristics of non-failing donor hearts used……..…..….98 

Supplemental Table S3.2. cTn proteoforms identified in native top-down MS experiment...…...99 

Supplemental Table S3.3. Summary of native TIMS-MS CCS (Å2) values for TnC monomer, 

cTn(I-C) dimer, and cTn(I-T-C) heterotrimer complex. Theoretical CCS values were determined 

using the IMPACT method……………………………………………………………...………100 

Supplemental Table S3.4. Summary of native TIMS-MS CCS (Å2) values for the cTn(I-T-C) 

complex incubated with 0, 25, 50, and 100 mM EGTA……………………………………….....101 

Supplemental Table S4.1. Comparison of theoretical and experimental monoisotopic masses for 

all proteins analyzed………………………………………………………………………….....139 

Supplemental Table S5.1. MLC-1v proteoforms identified in top-down MS experiments from 

human, swine, and mouse cardiac tissues……………..………………………………………...162 

Supplemental Table S5.2. Clinical characteristics of human hearts used………………...….…163



1 
 

CHAPTER 1: 

Introduction 

 

 

 

 

 

 

 

 

 

 

 

 

 



2 
 

1.1 Protein Diversity and the Role of Proteoforms 

Proteins are a highly diverse group of macromolecules and serve as the primary effectors 

of cellular function, including catalysis, signaling, and structural support.1, 2 Together, proteins 

constitute the proteome—an organized network of proteins that perform their roles at precise times 

and locations within the cell, often interacting with other proteins or biomolecules to carry out 

their functions.3 Unlike the relatively static genome,4, 5 the proteome is highly dynamic and 

complex due to proteoforms—diverse protein products resulting from protein post-translational 

modifications (PTMs), alternative splicing events, and mutations.6-8 The complexity of the 

proteome is further increased by the assembly of proteins into functional complexes.9, 10 Therefore, 

in the post-genomic era, proteomics—the study of proteins and their associated proteoforms—has 

become essential for the large-scale identification and quantification of proteins in biological 

systems, as well as for providing crucial insights into the underlying mechanisms and functions of 

proteins that are differentially expressed in both healthy and diseased states.11, 12 However, the vast 

dynamic range of the proteome and immense diversity of proteoforms, which may exhibit 

functional differences, can make proteomic analyses challenging.11  

1.1.1. Protein Structure 

 Proteins are assembled from a set of twenty different amino acids. Each of the twenty 

standard amino acid residues contain an α-carboxyl group, an α-amino group, and a unique side 

chain on the α-carbon that varies in size, charge, and polarity. Protein structure can be characterized 

at multiple levels of complexity, typically categorized into four distinct structural levels. The 

simplest level of protein structure, known as the primary structure, is the sequence of amino acids 

covalently linked together by peptide bonds to form a polypeptide chain. While some regions of 

the primary sequence may vary without compromising biological function, most proteins contain 
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essential regions with conserved sequences that are critical for determining their function and 

higher-order structures. The secondary structure of a protein refers to the local spatial arrangement 

of adjacent amino acid residues within a polypeptide chain that is stabilized by hydrogen bonds 

between the backbone atoms. Repetitive folding patterns that make up the secondary structure of 

a protein, such as α-helices and β-sheets, form through interactions between the amino and 

carbonyl groups of the backbone. The tertiary structure of a protein refers to the overall three-

dimensional (3D) shape of the polypeptide chain, resulting from additional folding beyond the 

secondary structure.  Protein 3D structure is stabilized by interactions between the side chains of 

amino acids, including hydrogen bonds, disulfide bridges, ionic bonds, Van der Waals interactions, 

and nonpolar/polar interactions. A protein typically has one or more stable 3D structures, or 

conformations that are integral to its biological function, where even minor changes in its structure 

can drastically alter the protein’s function. Finally, proteins composed of more than one 

polypeptide chain or subunit have a quaternary structure, varying from simple dimers to large 

complexes. 

1.1.2. Protein Post-Translational Modifications 

PTMs are reversible or irreversible covalent modifications to the amino acid sequence of 

proteins that greatly increase the functional diversity of the proteome, with more than 500 unique 

PTMs having been identified.13 Major classes of PTMs include phosphorylation, methylation, 

acetylation, and oxidative cysteine modifications. These protein modifications are involved in 

nearly all biological processes and are essential for regulating protein activity, localization, and 

stability by altering protein structure, function, and interactions with other biomolecules.13, 14 

However, aberrations in PTMs can lead to detrimental changes in protein structure and function, 

contributing to the onset and progression of diseases such as cardiovascular disease, cancer, and 
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neurological disorders.11, 15 Therefore, characterizing protein PTMs in biological systems is crucial 

for understanding their roles in both physiological and pathophysiological processes.  

Protein phosphorylation is a critical and reversible PTM that commonly occurs on serine, 

threonine, and tyrosine amino acid residues. Phosphorylation happens when protein kinases 

catalyze the transfer of a phosphate group from adenosine triphosphate (ATP) to the polar side 

chain of an amino acid residue in a target protein, while protein phosphatases mediate the removal 

of the phosphate group. Due to the reversible nature of protein phosphorylation, this modification 

is involved in the regulation of numerous cellular processes including cell signal transduction, cell 

growth, and apoptosis.16, 17 Moreover, abnormal protein phosphorylation has been associated with 

several diseases.18 For example, hyperphosphorylation of the neuronal microtubule-associated 

protein tau has been found to be a pathological PTM in Alzheimer’s disease that can lead to 

degeneration of neurons in the brain.19 Thus, altered protein phosphorylation states may serve as 

promising diagnostic, prognostic, and predictive disease biomarkers.  

Methylation and acetylation are two other commonly detected PTMs. Methylation involves 

the addition of a methyl group from S-adenosylmethionine, primarily targeting the side chains of 

lysine and arginine residues, though alanine, cysteine, histidine, and asparagine residues can also 

be modified. Essential functional processes such as protein-protein interactions, transcriptional 

regulation, and protein stability can be regulated by protein methylation.15 In contrast, acetylation 

involves the transfer of an acetyl group from acetyl-coA to lysine, serine, or threonine residues. 

Notably, acetylation occurs at lysine residues on the N-terminus of approximately 90% of human 

proteins.20 Acetylation modulates many diverse biological processes, including signal 

transduction, cell metabolism, and DNA damage repair.15, 21 For example, histone acetylation is an 
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important epigenetic modification that can alter chromatin structure to regulate gene expression.22, 

23  

Redox reactions involving reactive protein cysteine thiols can lead to various reversible or 

irreversible PTMs, induced by reactive oxygen species (ROS) or reactive nitrogen species 

(RNS).24 Irreversible oxidative cysteine PTMs, such as the formation of sulfinic and sulfonic acids, 

are often indicative of oxidative stress.25 Conversely, reversible oxidative cysteine PTMs, 

including nitrosylation, glutathionylation, and sulfenylation, play key roles in dynamic processes 

including redox signaling, cellular homeostasis, and enzymatic catalysis.26 Aberrant reversible 

oxidative cysteine PTMs can also serve as indicators of oxidative stress and disease.25, 27 Therefore, 

there is growing interest in characterizing oxidative cysteine modifications to better understand 

their functions within endogenous biological systems. However, the low abundance, labile nature, 

and diversity of these PTMs make their analysis challenging.   

1.2 Top-Down MS-Based Proteomics Approaches for Characterization of Intact Proteins 

and Protein Complexes 

 Mass spectrometry (MS)-based proteomics has emerged as a valuable technology for the 

characterization of proteins, their proteoforms, and protein complexes in biological systems. 

Traditional MS-based proteomics has been carried out using the bottom-up proteomics (BUP) 

approach, where proteins are enzymatically digested into peptides, separated by liquid 

chromatography (LC), and analyzed by MS and tandem MS (MS/MS), providing protein 

identification, expression-level quantification, and PTM information.28 While BUP is commonly 

used due to peptides being more soluble and easier to separate, this approach faces many 

challenges including limited sequence coverage from incomplete peptide recovery after enzymatic 
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digestion and loss of proteoform information due to the “peptide-to-protein” inference problem.4, 

8, 29  

 Top-down proteomics (TDP) is a powerful approach for the identification, quantification, 

and characterization of proteoforms.11, 30-34 In contrast to BUP, TDP analyzes intact proteins 

without digestion, preserving PTMs and protein structure. Top-down MS (TDMS) involves 

accurate intact molecular mass measurements and the fragmentation of whole proteoforms in the 

gas-phase using MS/MS to facilitate sequence analysis and localization of PTMs (Figure 1.1).35-

37 Notably, TDMS can be performed in either denaturing or native conditions. In denatured TDMS 

(dTDMS), proteins are prepared and electrosprayed under denaturing solution conditions typically 

using aqueous-organic solvent compositions with added acidic modifiers, which induce protein 

unfolding.38 As a result, dTDMS is primarily performed to analyze protein primary sequence, 

quantify proteoforms, and site-localize PTMs (Figure 1.1a.).39-42 While dTDMS can provide 

unique insights into the precise primary structure of a protein, it is also critical to characterize 

proteins and their non-covalently bound functional complexes with other proteins and/or ligands.43 

In native TDMS (nTDMS), proteins and their non-covalent complexes are electrosprayed under 

non-denaturing solution conditions, typically using the volatile buffer ammonium acetate.38 The 

application of nTDMS offers valuable insights into protein sequence, PTMs and ligand binding 

sites (Figure 1.1b).44-48 Additionally, nTDMS can elucidate the higher-order structure of proteins 

and protein complexes, providing information on solvent accessibility, subunit stoichiometry, and 

conformational dynamics (Figure 1.1b).31, 49-52 Thus, nTDMS has emerged as an invaluable 

structural biology tool for the characterization of proteins and their non-covalent complexes under 

near-physiological conditions. 

 



7 
 

 

Figure 1.1. Schematic illustration comparing denatured and native top-down MS-based proteomics. 

(a) Denatured top-down MS-based proteomics analyzes intact proteins and their proteoforms to 

characterize protein primary sequence, localize PTMs, and quantify protein expression. (b) Native top-

down MS-based proteomics analyzes intact proteins, their proteoforms, and non-covalent complexes in 

non-denaturing solution conditions to characterize PTMs, ligand binding sites and higher-order structure. 

 There are still many inherent challenges that TDP faces, including protein solubility, 

dynamic range, proteome complexity, analytical throughput, and intact protein data analysis.30, 53, 

54 For example, the proteome’s high dynamic range (108-1012) limits the detection of low-

abundance proteoforms in complex biological matrices.55 Moreover, the complexity of the 

proteome makes the analysis of large proteoforms (>30 kDa) or heavily modified proteins 

extremely difficult, often requiring separation of intact proteins and protein complexes prior to MS 

analysis.30, 56-58 Nonetheless, TDP has become indispensable for various applications including 

global proteoform discovery in complex biological samples, biomedical research to uncover novel 
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disease biomarkers, and biopharmaceutical drug development for the characterization of protein-

based biotherapeutics such as monoclonal antibodies.34 Undoubtedly, continuous improvements in 

sensitivity, sample preparation, separation, and bioinformatics for TDP will deepen our 

understanding of the molecular mechanisms underlying diseases and advance the translation of 

TDP into the clinic. 

1.2.1. Sample Preparation for Top-Down Proteomics 

Sample preparation is an essential step for achieving reliable TDP data. Traditionally, 

sample preparation methods (e.g. homogenization and sonication) often use high concentrations 

of salts (>100 mM) and surfactants such as Triton X-100 and sodium dodecyl sulfate (SDS) to 

effectively extract and solubilize proteins.33, 54 However, most salts and common surfactants cause 

signal suppression and compete with proteins for ionization, leading to the formation of adducted 

species during electrospray ionization (ESI)-MS analysis, and are thus MS-incompatible.38 For 

example, SDS can cause complete signal suppression at levels as low as 0.01%.59 Therefore, 

removal of MS-incompatible salts and surfactants is necessary prior to MS analysis. 

To prepare protein samples for TDP analysis, incompatible salts and other impurities are 

commonly removed or exchanged into MS-compatible conditions using molecular weight cut-off 

(MWCO) ultrafiltration spin filters, size exclusion chromatography (SEC), or reversed-phase 

liquid chromatography (RPLC).33, 34 Additionally, to remove surfactants used for solubilization of 

hydrophobic membrane proteins, protein precipitation is usually performed with 

chloroform/methanol or cold acetone.60-62 However, protein precipitation may result in protein 

loss, incomplete removal of impurities, and sample variability.63 Therefore, advances in the 

development of MS-compatible surfactants have been crucial for TDP. Specifically, a MS-

compatible photocleavable anionic surfactant, 4-hexylphenylazosulfonate (Azo), has been 
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developed for TDP applications.64 Azo can be easily synthesized and used as a replacement for 

SDS, enabling the solubilization of membrane proteins for the comprehensive characterization of 

PTMs by TDMS. Similarly, a nonionic, cleavable MS-compatible surfactant, n-decyl-disulfide-β-

D-maltoside (DSSM) was developed to mimic n-dodecyl-β-D-maltoside (DDM), for TDP 

characterization of membrane proteins from cell lysates.65 Furthermore, to prepare protein samples 

for TDP analysis, the introduction of artifactual proteoforms must be minimized. This can be 

achieved by adding protease and phosphatase inhibitors to buffers to prevent protein 

dephosphorylation and degradation, while also handling samples at 4°C to reduce artifactual 

oxidation of proteins.66  

Particular attention must be given during native TDP sample preparation to preserve the 

higher-order structure of proteins and their non-covalent complexes. In nTDMS, the volatile salt 

ammonium acetate is commonly used to replace non-volatile salts, where ammonium can transfer 

a proton to either a protein or to acetate, resulting in the formation of gaseous ammonium and 

unadducted protein ions.67 Samples can be further desalted using offline SEC spin filters or online 

SEC to separate proteins and protein complexes from MS-incompatible salts and small molecules. 

Meanwhile, membrane protein complexes must be extracted from their native environment using 

surfactants, such as DDM or oligoglycerol detergents (OGDs), which dissolve biological 

membranes and form soluble micelles by shielding the hydrophobic surfaces of proteins from 

water.68, 69 The entire protein-micelle complex is then ionized, and the protein is released from the 

surfactant micelle in the mass spectrometer via in-source collisional activation.46  

The high dynamic range inherent within the proteome complicates the detection of low-

abundance proteins in complex biological matrices, often requiring front-end fractionation or 

enrichment strategies prior to TDMS analysis. Organelle fractionation (i.e. nuclear, cytosolic, 
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membrane, and mitochondrial) is an important strategy for enriching and analyzing subproteomes, 

enabling more targeted proteomics analysis.70 There are three techniques by which subcellular 

fractionation can be performed including sequential extraction, differential centrifugation, and 

affinity capture. The separation of a complex biological sample into subproteomes offers two key 

advantages: more in-depth and comprehensive characterization of the subproteomes and the ability 

to gain additional insights into protein expression and PTMs within individual subcellular 

compartments.71 For example, subcellular fractionation of whole cell lysate from the human cell 

line H1299 was used in a large-scale TDP study, which resulted in the identification of 347 

mitochondrial proteins, many of which exhibited PTMs or variations in primary structure, thereby 

providing substantial coverage of the low molecular weight (MW) human proteome.72    

 Affinity purification (AP) is a widely used approach for the targeted isolation and 

purification of intact proteins and protein complexes, with antibodies being the most commonly 

used affinity reagents in biological research.35, 73, 74 For example, a recent study using a stationary-

phase-dissolvable native AP (SNAP) was developed to purify protein complexes for subsequent 

nTDMS analysis.75 However, antibody-based methods are limited by batch-to-batch variability, 

high cost, poor chemical stability, and inability to target specific proteoforms.76, 77 To address this 

problem, surface-functionalized superparamagnetic nanoparticles with a peptide affinity ligand 

(NP-Pep) were developed for denatured TDP analysis of cardiac troponin I (cTnI), a gold-standard 

cardiac biomarker, directly from serum.78 The NP-Pep enrichment platform enabled highly 

sensitive and comprehensive proteoform-resolved cTnI analysis, while depleting highly abundant 

proteins such as human serum albumin. More recently, this NP-Pep method has been applied to 

structurally characterize the endogenous cardiac troponin (cTn) complex directly from human 

cardiac tissues using nTDMS, providing insights into cTn-calcium (Ca2+) binding dynamics, 
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complex stoichiometry, and high-resolution mapping of the proteoform landscape.79 Conceivably, 

this NP platform could be readily adapted to enrich other low-abundance protein targets when 

functionalized with the appropriate affinity ligand.  

1.2.2. Intact Protein Separation 

 Major challenges for TDP include achieving in-depth proteome coverage and analyzing 

large proteoforms (>30 kDa), primarily due to the wide dynamic range of the proteome and the 

exponential decay in the signal-to-noise (S/N) ratio as protein MW increases.56, 80 Thus, TDP 

workflows often necessitate high-resolution separation of intact proteins prior to TDMS analysis. 

LC-based methods, such as RPLC, SEC, ion-exchange chromatography (IEC), and hydrophobic 

interaction chromatography (HIC), are advantageous for TDP due to their direct compatibility with 

MS. 

RPLC is the primary method employed in denatured TDP for online desalting, offline 

fractionation, and high-resolution separation prior to dTDMS analysis. In RPLC, denatured 

proteins are separated based on hydrophobic interactions using a nonpolar stationary phase and 

polar mobile phase, then eluted into the mass spectrometer using increasing concentrations of 

organic solvent.34 As a result, the most polar proteins elute first, while the most hydrophobic 

proteins elute last. Although RPLC is commonly used for MS analysis of intact proteins, generally 

only the most abundant proteins and their associated proteoforms are separated, often failing to 

separate proteins larger than 50 kDa in complex biological samples.56 Therefore, efforts to enhance 

RPLC separation of complex biological samples have focused on reducing column particle size 

and increasing column pressure and length.81, 82  
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 SEC separates proteins based on size, with smaller proteins able to penetrate the pores of 

the stationary phase, while larger proteins do not enter the pores and elute first. There are several 

advantages with using SEC, including its high tolerance with a wide range of mobile phases in 

both denaturing and native conditions, preservation of biological activity of proteins, and reduced 

sample loss due to minimal interaction between the proteins and the stationary phase.83 SEC often 

requires large sample amounts and is considered a low-resolution separation technique; however, 

SEC has still proven to be highly useful in TDP applicaitons.56, 83-85  For example, SEC has been 

successfully used for rapid online buffer exchange (OBE), effectively separating protein 

complexes from non-volatile salts within a short amount of time, followed by subsequent native 

MS analysis.86  

 HIC and IEC are non-denaturing separation methods that can be directly coupled to MS, 

with both methods requiring high concentrations of salt in the mobile phase. In HIC, proteins are 

separated based on hydrophobicity using a decreasing salt concentration gradient with a stationary 

phase that has hydrophobic ligands (pentyl, hexyl, heptyl groups) attached to a hydrophilic 

underlayer.87, 88 Bound proteins are typically eluted from the stationary phase from low to high 

hydrophobicity. By using volatile ammonium acetate as the salt in the mobile phase, HIC can be 

directly coupled online to MS, preserving native protein structure and enabling the analysis of 

monoclonal antibodies.89 In contrast, IEC separates proteins based on surface charge 

characteristics using an increasing salt concentration gradient and charged stationary phase.90, 91 A 

negatively charged stationary phase (cation exchange) will separate positively charged proteins, 

whereas a positively charged stationary phase (anion exchange), will separate negatively charged 

proteins. Recently, the use of online mixed-bed (containing both anion- and cation-exchange 
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material) IEC for nTDMS analysis of complex endogenous samples was reported, identifying 

endogenous proteins and protein complexes from human cardiac tissue up to 146 kDa.92  

 Multi-dimensional liquid chromatography (MDLC) is a powerful approach for overcoming 

the complexity of the diverse proteome, as it combines multiple orthogonal separation techniques 

to resolve proteins with diverse physicochemical properties to ultimately provide deeper proteome 

coverage.30, 93 A strategy for TDP is the use of two-dimensional (2D) LC coupled to MS in an 

offline approach, where fractions are first collected from the first dimension and then analyzed in 

the second dimension that is interfaced directly with MS.56, 85, 94, 95 For example, a novel 2D LC 

strategy combining HIC (first dimension) and RPLC (second dimension) was used to achieve high-

resolution intact protein separation of a complex cell lysate.95 Moreover, offline serial SEC (sSEC) 

which combines columns with varying pore sizes connected in series, has been coupled with 

RPLC-MS/MS to enable high-resolution size-based fractionation and detection of proteins up to 

223 kDa.56 Similarly, small-scale sSEC (s3SEC) coupled to RPLC-MS/MS was developed to 

facilitate size-based separation of proteins extracted from minimal amounts of sample (1 mg 

tissue).85 While 2D LC strategies can provide deeper coverage into the proteome, the use of 

additional dimensions of separation may hold promise for reducing the complexity of the proteome 

even further. Expanding on this concept, a 3D LC strategy combining HIC, IEC, and RPLC-MS 

was demonstrated, achieving a 14-fold increase in protein identifications compared to 2D 

approaches.96 Although multi-dimensional separation techniques have advanced TDP, offline 

protein fractionation still remains time consuming, low-throughput, and requires relatively large 

sample amounts. Therefore, to achieve comprehensive proteome coverage, there remains a clear 

need for the further development of online MDLC strategies. Techniques such as multiple heart-

cutting, active solvent modulation, and stationary-phase assisted modulation will likely be 
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essential for attaining deeper proteome coverage, particularly for non-denatured proteins and 

protein complexes.97-99  

1.2.3. Instrumentation for Top-Down Proteomics 

 The main components of a mass spectrometer are the inlet system, ionization source, mass 

analyzer, and detector. Soft ionization techniques such as ESI and matrix-assisted laser 

desorption/ionization (MALDI) enables the transfer of biological analytes from condensed phase 

to gas phase, followed by their ionization.100-102 ESI is advantageous over MALDI for intact 

protein analysis due to the production of multiply-charged ions, which lowers the mass-to-charge 

ratio (m/z) of the analyte to fall within the mass range of common mass analyzers.103 Furthermore, 

these multiply-charged analytes can be efficiently fragmented in the gas phase using both energy- 

and electron-based fragmentation techniques. The development of nano-ESI, which reduces the 

emitter orifice to generate finer droplets for introduction into to the MS, has further expanded the 

application of ESI in TDP studies.104 Nano-ESI offers several advantages, including minimal 

sample consumption and improved analytical sensitivity.105, 106  

 There are several instrumentation platforms with high-resolution mass analyzers available 

for TDP analysis. One of the most widely used mass analyzers in TDP is the quadrupole time-of-

flight (QTOF) mass spectrometer, which is ideal for analyzing large proteins and protein 

complexes due to the nearly unlimited m/z range of the TOF and the quadrupole’s ability to 

function as a mass filter or collision cell.107, 108 For example, a QTOF mass spectrometer with a 

modified ESI source was used for native MS analysis of membrane protein complexes ranging 

from 127 to 232 kDa, as well as for the analysis of the 801 kDa chaperone GroEL protein.109 More 

recently, the introduction of a hybrid trapped ion mobility QTOF (timsTOF) mass spectrometer, 

which positions ions in an electric field against a moving buffer gas, allows for the determination 
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of ion mobility values for structural analysis of native proteins and protein complexes.41, 79, 110, 111 

From these measured mobility values, the collision cross section (CCS) can be calculated using 

the Mason-Schamp equation, providing insights into protein shape and conformation.  

The Fourier-transform ion cyclotron resonance (FTICR) and Orbitrap mass analyzers are 

used for their high-resolving power, which provides accurate mass measurements of intact proteins 

and protein complexes. FTICR MS has significantly advanced denatured and native TDP for 

characterizing proteoforms and their complexes in biological systems due to its ultrahigh resolving 

power, mass accuracy, and capability to perform various electron- and energy-based fragmentation 

techniques.112, 113 The slower scan speed of FTICR MS does limit its efficiency for high-throughput 

LC-MS/MS analysis.54 However, direct infusion FTICR MS workflows present a promising 

strategy for the rapid, in-depth characterization of proteoforms directly from complex biological 

samples.114 Similarly, Orbitrap mass spectrometers with ultrahigh mass range (UHMR) have 

enabled TDP analysis of high MW proteins and protein complexes approaching one megadalton.115 

Additionally, the Orbitrap mass spectrometer can be coupled with LC for global proteoform 

analysis, as well as for measuring the binding of ligands to protein complexes.116, 117  

1.2.4. Top-Down Tandem MS  

TDP provides a comprehensive approach to characterize protein primary sequence, 

modifications, as well as the higher-order structure of protein complexes. In a MS/MS experiment, 

specific proteoforms of interest are first isolated and then fragmented using various fragmentation 

techniques to achieve backbone cleavages and generate sequence-informative fragment ions. 

Energy-based fragmentation techniques such as collisionally activated dissociation (CAD) and 

higher-energy collisional dissociation (HCD)118 are the most widely used and robust techniques 

for TDMS analysis.33, 54 In these techniques, selected precursor protein ions are accelerated to 
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collide with an inert gas, such as nitrogen, generating b- and y-type fragment ions from the 

cleavage of C-N amide bonds along the protein backbone. CAD and HCD are commonly employed 

in dTDMS studies to localize PTMs and fully characterize the sequence of a protein.40, 58, 72, 119 

However, because these methods tend to cleave the most labile bonds, they may inadvertently 

cleave labile PTMs. For nTDMS analysis of protein complexes, CAD was initially thought to 

induce unfolding and subunit dissociation, making this fragmentation technique unsuitable for 

structural characterization.120 However, recent native TDP studies have demonstrated that CAD 

can provide valuable sequence information directly from native protein complexes, offering 

insights into non-covalent metal-binding and higher-order structural details.79, 121  

 Electron-based fragmentation techniques such as electron capture dissociation (ECD)122 

and electron transfer dissociation (ETD),123 have become important alternatives to collision-based 

techniques, particularly for their ability to preserve labile PTMs. ECD and ETD induce non-

specific cleavage of N-Cα bonds in the protein backbone, generating c- and z●-type fragment ions. 

ECD has been extensively used in dTDMS studies for mapping labile PTMs such as 

phosphorylation.35, 74, 124-126 For example, ECD was used to localize phosphorylation sites on cTnI 

to Ser22/23 and determined the order of phosphorylation/desphosphorylation between these sites 

in normal and diseased heart tissues.35 In addition to site-localizing PTMs, ECD has proven highly 

effective for the structural elucidation of proteins and protein complexes in nTDMS studies, 

characterizing subunit binding interactions, solvent accessibility, and non-covalent metal 

binding.31, 127-130 While ECD and ETD fragmentation techniques offer numerous advantages for 

proteoform characterization, their dependence on charge state can limit fragmentation efficiency, 

particularly for lower charge states of native proteins and protein complexes.131 
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 The advent of ultraviolet photodissociation (UVPD) using 193 nm photons has extended 

the utility of the TDP approach for characterization of intact proteins and protein complexes even 

further.132, 133  Although the mechanism of UVPD is still not yet fully understood, extensive 

backbone cleavages occur when chromophores in the peptide backbone absorb high-energy 

photons and become electronically excited, leading to the generation of b-, y-, c-, and z●-type 

fragment ions, along with a-/x-type fragment ions from the cleavage of Cα-C bonds. Furthermore, 

unlike ECD and ETD, UVPD’s fragmentation efficiency is independent of the charge state of the 

precursor ion. As a result, UVPD enables comprehensive characterization of protein sequences and 

the identification and localization PTMs in TDP analyses.134  

1.2.5. Top-Down Proteoform Quantification 

  Quantitative analysis of proteoforms using TDP can reveal significant changes in protein 

expression and PTMs to uncover disease-associated proteoform alterations and identify potential 

biomarkers.135 Three main quantitative approaches have been developed for TDP analysis: 

metabolic labeling, chemical labeling, and label-free quantification.34, 136 Metabolic labeling 

involves differential isotopic labeling of proteins in vitro for the relative quantification of 

proteoforms expressed by cells cultured under various conditions.136 Methods such as stable 

isotope labeling by amino acids (SILAC) and neutron encoding (NeuCode) SILAC, have shown 

great potential for TDP.137-139 In contrast, chemical labeling uses isotopically labeled chemical tags, 

such as tandem mass tags, which covalently bind to specific amino acid residues, allowing for the 

quantification of intact proteoforms, typically at the MS/MS level.136 Label-free quantification, 

which does not rely on isotopic labels or chemical tags, is the most widely used method in TDP 

for the relative quantification of proteoform intensity between LC-MS runs in complex biological 

samples.35, 39, 40, 136, 140-142 Label-free quantification of intact proteoforms typically occurs at the 
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MS level by averaging across specific chromatographic peaks to identify proteoforms based on 

their unique charge state distributions and m/z ion intensities in the mass spectrum. The intensity 

of the proteoform of interest is then calculated by combining the ion intensities of multiple charge 

states using deconvolution algorithms, followed by statistical analysis to compare different groups.  

Recently, a label-free TDP platform was developed to simultaneously quantify protein expression 

and PTMs in complex biological samples.143 In this platform, protein expression levels were 

determined by integrating the area under the curve (AUC) of extracted ion chromatograms (EICs), 

while the relative quantification of PTMs was based on the deconvoluted averaged mass spectra. 

Furthermore, this method was applied to simultaneously quantify sarcomeric proteoforms with 

high reproducibility, revealing molecular changes in PTMs and protein expression-levels that 

correlated with left ventricular (LV) dysfunction in ischemic cardiomyopathy (ICM) patients.144   

1.2.6. Data Analysis 

 A fundamental aspect of TDP is the identification of MS/MS fragment ions produced from 

intact proteoforms, which often results in highly complex spectra with overlapping charge 

states.145, 146 TDP data analysis typically involves spectral deconvolution, database searching, 

validation, and visualization.33 Given the inherent complexity of high-resolution MS/MS spectra, 

advanced software tools are critical for deconvoluting spectral data and ensuring accurate database 

searching for proteoform identification. Deconvolution is crucial in TDP data analysis for 

simplifying complex spectra by transforming an isotope and charge state distribution into a single 

monoisotopic mass.34 Several deconvolution strategies have been developed for TDP data analysis 

including eTHRASH,147 TopFD,148 pParseTD,149 MSDeconv,145 and SNAP. However, determining 

charge states for large MW proteins and protein complexes, particularly those lacking isotopic 

resolution in complex native mass spectra with overlapping charge states, poses a significant 
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challenge. To address this, the UniDec algorithm, which utilizes Bayesian deconvolution, 

effectively assigns charge states to generate a zero-charge mass distribution.150 Additionally, 

UniDec offers tools for identifying potential PTMs and ligand-binding sites, making this 

deconvolution algorithm highly valuable for interpreting native mass spectra.151 Database search 

algorithms for proteoform identification include MS-Align,152 TopPIC,148 Proteoform Suite,153 

ProSight PC,154 and Mascot Top Down.155 However, many of these spectral deconvolution and 

database search algorithms lack a user-friendly interface that is easily accessible. Therefore, 

MASH Native, a universal software that integrates multiple spectral deconvolution and database 

search algorithms into a single, user-friendly interface, was developed to process denatured and 

native TDP data.156 

1.3 Applications of Top-Down Proteomics to Cardiovascular Disease 

Cardiovascular disease (CVD) remains the leading cause of morbidity and mortality 

worldwide, imposing significant economic burdens.157 CVD encompasses a broad range of 

diseases that contribute to or are associated with heart failure (HF), including cardiomyopathies, 

acute myocardial infarction (AMI), and atrial fibrillation. The etiology of CVD is highly 

heterogenous, with underlying causes varying significantly from patient to patient.158, 159 Thus, 

understanding the molecular mechanisms underlying CVD is crucial for identifying novel disease 

biomarkers and developing therapeutic interventions.  

The sarcomere is the basic contractile unit of the heart, composed of structural building 

blocks of the myocardium, including actin-based thin and myosin-based thick filaments, which are 

laterally bordered by the Z-disk (Figure 1.2).160-162 Fluctuations in intracellular Ca2+ concentration 

induce conformational changes within the cTn complex and tropomyosin, supporting actin-myosin 

cross-bridge formation that regulates cardiac contraction and relaxation.163, 164 The Z-disk protein 
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network cross-links myofilaments into highly organized 3D structures, stabilizing the 

sarcomere.165, 166 Alterations in expression levels, PTMs, and Ca2+ handling of sarcomeric proteins 

play consequential roles in cardiac physiology and pathophysiology.71, 167, 168 Therefore, to fully 

understand how these alterations influence CVD mechanisms, a holistic view of the endogenous 

heart proteoform landscape needs to be obtained.  

Figure 1.2. Schematic illustration of representative myofilament and Z-disc proteins in the cardiac 

sarcomere. Myofilament proteins are tropomyosin (Tpm), cardiac troponin I (cTnI), cardiac troponin T 

(cTnT), troponin C (TnC), alpha-cardiac actin (α-CAA), myosin heavy chain (MYH), titin, ventricular 

myosin light chain 2 (MLC-2v), and ventricular myosin light chain 1 (MLC-1v). Z-disc proteins are the 

enigma homolog 2 (ENH2), four-and-a-half LIM domains 1 (FHL1), elfin, muscle LIM protein (MLP), 

capZ, cypher, and desmin. Red circles represent phosphorylation, while yellow circles represent calcium 

(Ca2+) binding.  

1.3.1. Identification and Characterization of Cardiac Sarcomeric Proteoforms 

 TDP is uniquely suited to provide a ‘bird’s eye view’ of the cardiac sarcomeric proteoform 

landscape, capturing biological heterogeneity at the intact proteoform level.11, 135 By delivering 

whole-sequence information for intact proteins and their associated proteoforms, TDP enables the 

comprehensive identification and characterization of sarcomeric protein isoforms, polymorphisms, 
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and combinatorial PTMs.35, 126, 169-172 Most notably, dTDMS has been used to comprehensively 

map all PTMs of cTnI across species, including mouse, rat, pig, and human hearts.35, 124, 171, 173-175 

In human cTnI, high-resolution top-down analysis localized phosphorylation sites to Ser22/Ser23 

in heart tissue from non-failing and chronic HF patients.35 Interestingly, this study found 

differences in the phosphorylation/dephosphorylation order between the two sites in cTnI in non-

failing and diseased human tissues, with Ser22 being phosphorylated prior to Ser23 in non-failing 

hearts, and Ser23 being dephosphorylated prior to Ser22 in diseased hearts.35  

While phosphorylation remains the most extensively characterized PTM in sarcomeric 

proteins, many other important PTMs need to be identified and fully characterized. For instance, 

Bayne et al. employed dTDMS to identify and localize deamidation of human ventricular myosin 

light chain 2 (MLC-2v) at Asn13, a modification found to be atrial-specific.119 In addition, S-

glutathionylation (SSG) of ventricular myosin light chain 1 (MLC-1v) was recently identified in 

human, swine, and mouse cardiac tissues for the first time.176 Using dTDMS, SSG was localized 

to Cys66 in human, Cys68 in swine, and Cys84 in mouse cardiac tissues.176 Together, these studies 

demonstrate how TDP preserves the combinatorial nature of endogenous PTMs and remains the 

most effective method for simultaneously characterizing multiple co-occurring PTMs, including 

those that were previously unknown.  

1.3.2. Quantification of Cardiac Sarcomeric Proteoforms 

Quantitative analysis of proteoforms using TDP enables the detection of disease-associated 

alterations in protein expression and PTMs, providing unique insights into the molecular 

mechanisms underlying physiological and pathophysiological processes in the heart.135 

Phosphorylation of cTnI has been identified as a potential next-generation cardiac biomarker, as 

altered phosphorylation profiles of cTnI are associated with dysregulated cellular signaling during 
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the onset and progression of HF.35 Many previous studies have quantified cTnI phosphorylation in 

non-failing donor hearts compared to failing hearts using denatured TDP.35, 39, 78, 144 Across these 

studies, cTnI has consistently been found to be predominately bis-phosphorylated (ppcTnI) in non-

failing donor hearts and unphosphorylated in in diseased hearts.   

The ability to simultaneously quantify the proteoforms of multiple endogenous sarcomeric 

proteins opens new possibilities for investigating how the coordinated signaling between 

myofilament and Z-disc proteins may influence the onset and progression of CVD. Peng et al. 

provided the first report of concerted changes in the phosphorylation of myofilament and z-disk 

proteins using dTDMS.172 A significant, concerted decrease in the phosphorylation of myofilament 

proteins cTnI, MLC-2, and the z-disc protein enigma homolog 2 (ENH2) was observed in acutely 

infarcted swine myocardium, suggesting that coordinated signaling between myofilament and z-

disc proteins may contribute to contractile dysfunction in AMI.172 Similarly, a coordinated 

decrease in the phosphorylation of cTnI and ENH2 was observed in both human HCM39 and 

ICM144, suggesting potential dysregulation of the cAMP-dependent protein kinase A (PKA)-

mediated pathway, as both proteins can be phosphorylated by PKA. In addition to quantifying 

disease-associated proteoforms, TDP can also enable the simultaneous quantification of protein 

expression.143 For example, sarcomeric protein expression levels were found to be significantly 

altered in human ICM tissues compared to non-failing donor tissues, with notable decreases 

observed in several sarcomeric proteins, including cTnI and ENH2 expression.144  

  The heart is highly heterogenous, exhibiting chamber-specific variations that are essential 

for regulating physiological and pathophysiological functions. Thus, quantifying chamber-specific 

variations in protein isoform expression and PTMs is essential for understanding cardiac function, 

elucidating disease mechanisms, and advancing biomarker discovery. Gregorich et al. investigated 
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chamber-specific and transmural variations in myofilament protein PTMs from swine cardiac 

tissues, focusing on the phosphorylation of cTnI, cardiac troponin T (cTnT), alpha-tropomyosin 

(α-Tpm) and MLC2 using quantitative dTDMS.177 Notably, minimal transmural differences in the 

phosphorylation of these myofilament proteins were observed.177 However, significant chamber-

specific variations in the phosphorylation of cTnI and α-Tpm were observed, including lower basal 

phosphorylation of cTnI and higher phosphorylation of α-Tpm in the atria compared to the 

ventricles.177 Chamber-specific variations have also been discovered for the MLC isoforms in adult 

non-failing human hearts using dTDMS which revealed that MLC-1v, rather than MLC-2v, 

exhibited ventricle-specific expression, whereas MLC-2a exhibited atria-restricted expression.119 

Overall, TDP offers an unbiased approach to characterizing chamber-specific variations in protein 

isoform expression and PTMs, emphasizing the importance of precise tissue sampling to address 

heterogeneity in the heart when investigating disease mechanisms and identifying proteoform-

specific biomarkers.  

1.3.3. Structural Characterization of Endogenous Cardiac Proteins and Protein Complexes  

  Comprehensive characterization of the structure, dynamics, and Ca2+ binding properties of 

endogenous sarcomeric proteins and their non-covalent complexes is essential for understanding 

cardiac function and disease mechanisms. nTDMS has emerged as a powerful structural biology 

tool, that can localize PTMs, identify Ca2+-binding sites, and elucidate the 3D structure of 

endogenous sarcomeric proteins and their non-covalent complexes in the gas-phase.79, 92, 114 A 

native nanoproteomics platform was recently developed for the enrichment and subsequent 

nTDMS analysis of the endogenous cTn complex, the master regulator and Ca2+ sensitive switch 

of cardiac muscle.79 Seventeen endogenous cTn proteoforms were identified directly from human 

cardiac tissue, while preserving PTMs including N-terminal acetylation and phosphorylation, 
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along with Ca2+ binding.79 CAD fragmentation of the cTn complex enabled localization of Ca2+ 

binding regions within TnC, even revealing sequential binding of Ca2+ ions to the subunit.79 Native 

TIMS-MS analysis also provided insights into the conformational changes that occur to the cTn 

complex upon Ca2+ binding during cardiac contraction.79 nTDMS was further applied to the direct 

infusion of human cardiac tissue lysate for FTICR MS analysis, enabling the characterization of 

endogenous sarcomeric proteins, including MLC-2v, MLC-1v, and α-Tpm.114 This analysis 

localized the Ca2+ binding region in MLC-2v and established a direct link between the structural 

features of these sarcomeric proteins and their functional roles within the sarcomere.114 

Nonetheless, the intricacies in native sample preparation and the heterogeneous nature of 

biological samples present significant challenges to studying endogenous proteins and their non-

covalent complexes directly from cardiac tissues.178 To overcome these challenges, further 

development of non-denaturing chromatographic strategies is needed to advance nTDMS analysis 

of endogenous proteins and provide more comprehensive insights into the human heart proteome. 

Fisher et al. recently demonstrated the use of online mixed-bed IEC for nTDMS analysis of 

endogenous proteins from human heart tissue lysate, detecting metal-binding and oligomeric 

proteins up to 146 kDa.92 While this approach provides improved coverage compared to direct 

infusion nTDMS, MDLC will likely be necessary for achieving even deeper coverage into the 

human heart proteome. 
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CHAPTER 2:  

Defining the Sarcomeric Proteoform Landscape in Ischemic 

Cardiomyopathy by Top-down Proteomics 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Portions of this chapter are adapted from the following published manuscript:  

Chapman, E.A.; Aballo, T.J.; Melby, J.A.; Zhou, T.; Price, S.J.; Rossler, K.J.; Lei, I.; Tang, P.C.; 

Ge, Y. Defining the Sarcomeric Proteoform Landscape in Ischemic Cardiomyopathy by Top-

Down Proteomics. Journal of Proteome Research 2023, 22 (3), 931-941. DOI: 

https://doi.org/10.1021/acs.jproteome.2c00729. Copyright © 2023, reused with permission from 
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2.1 Abstract  

Ischemic cardiomyopathy (ICM) is a prominent form of heart failure but the molecular 

mechanisms underlying ICM remain relatively understudied due to marked phenotypic 

heterogeneity. Alterations in post-translational modifications (PTMs) and isoform switches in 

sarcomeric proteins play important roles in cardiac pathophysiology. Thus, it is essential to define 

sarcomeric proteoform landscape to better understand ICM. Herein, we have implemented a top-

down liquid chromatography (LC)-mass spectrometry (MS)-based proteomics method for the 

identification and quantification of sarcomeric proteoforms in the myocardia of donors without 

heart diseases (n = 16) compared to end-stage ICM patients (n = 16). Importantly, quantification 

of post-translational modifications (PTMs) and expression reveal significant changes in various 

sarcomeric proteins extracted from ICM tissues. Changes include altered phosphorylation and 

expression of cardiac troponin I (cTnI) and enigma homolog 2 (ENH2) as well as an increase in 

muscle LIM protein (MLP) and calsarcin-1 (Cal-1) phosphorylation in ICM hearts. Our results 

imply that the contractile apparatus of the sarcomere is severely dysregulated during ICM. Thus, 

this is the first study to uncover significant molecular changes to multiple sarcomeric proteins in 

the LV myocardia of the end-stage ICM patients using LC-MS-based top-down proteomics.   
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2.2 Introduction 

 
Heart failure (HF) is the leading cause of death worldwide and produces immense 

economic costs.179-182 Ischemic cardiomyopathy (ICM) is a prominent form of HF wherein left 

ventricular (LV) systolic dysfunction reduces blood flow to the heart, leading to oxygen 

deprivation and myocardial hypoxia.183-185 However, the molecular mechanisms underlying ICM 

remain relatively understudied due to marked phenotypic heterogeneity.  

The sarcomere, the basic contractile unit of the heart, contains the structural building blocks 

for myocardium including actin-based thin and myosin-based thick filaments laterally bordered by 

the Z-disk.160-162 In the presence of intracellular calcium, conformational changes within the 

cardiac troponin complex and tropomyosin induce actin-myosin cross-bridge formation to regulate 

cardiac contraction.163, 164 The Z-disk protein network helps cross-link myofilaments into highly 

organized three-dimensional structures to stabilize the sarcomere.165, 166 Alterations in post-

translational modifications (PTMs) in sarcomeric proteins such as phosphorylation, oxidation, 

degradation, and isoform switches play important roles in cardiac pathophysiology.167, 168, 186-188 

Thus, it is essential to quantitatively determine the changes in the PTMs and isoforms of 

sarcomeric proteins to better understand ICM.  

Top-down mass spectrometry (MS)-based proteomics is a powerful tool for the analysis 

and characterization of diverse proteoforms, the myriad number of expressed protein products that 

arise from polymorphisms, alternative splice variants, and post-translational modifications 

(PTMs).6-8, 11, 33 Distinct from the bottom-up MS approach in which intact proteins are 

enzymatically digested into peptides,28 top-down MS analyzes intact proteins and labile PTMs. 

Additionally, tandem top-down MS (MS/MS) can fragment intact proteins to comprehensively 

characterize proteoforms from complex biological samples.2, 30, 39, 78, 189 Quantitative analysis of 
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proteoforms using the top-down approach can reveal significant changes in isoform expression 

and relative abundance of PTMs across various heart disease phenotypes.4, 135 We previously 

detected a decrease in phosphorylation of cardiac troponin I (cTnI) in ischemic human hearts using 

quantitative top-down MS/MS and affinity purification.35, 190 Recently, our lab has developed a 

highly robust top-down LC-MS/MS method that can simultaneously quantify protein expression 

and PTM and applied to non-human skeletal and cardiac muscle tissues.143 However, a study 

characterizing changes in the sarcomeric proteoform landscape of human ICM remains lacking. 

Herein, we aimed to uncover sarcomeric proteoform changes in failing heart tissues from 

patients in end-stage ischemic heart failure and non-failing heart tissues from donors without heart 

disease to better understand ICM. We have implemented a top-down MS proteomics method for 

the simultaneous quantification of sarcomeric proteoforms with high reproducibility to reveal the 

molecular changes protein PTMs and isoforms correlated with LV dysfunction in ICM patients. 

Our results elucidate significant PTM and expression-level changes in myofilament and Z-disk 

proteins during ischemic heart failure. Collectively, our results demonstrate the unique advantages 

of top-down proteomics for defining the sarcomeric proteoform landscape and quantifying protein 

expression and PTMs in parallel, providing valuable insights into the molecular alterations 

underlying human ICM. 

 

2.3 Results  

2.3.1. Analysis of Sarcomeric Proteins in Donor versus ICM Tissues by Online Top-Down LC-

MS/MS 

The goal of this project was to reveal the molecular mechanisms underlying ICM using 

top-down MS-based proteomics. To do so, we implemented an online top-down LC-MS/MS 
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method to simultaneously quantify sarcomeric protein expression and modification levels between 

LV tissue from non-failing donor hearts and left ventricular apex from ICM tissues collected 

during LVAD surgeries (Figure 2.1). We have demonstrated that LV and apex tissues in donor 

hearts (n = 4) have similar sarcomeric proteoform levels (Figure S2.1), which allows sarcomeric 

proteoform comparison between donor LV and ICM apex tissues in this study.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.1. Label-free top-down proteomics workflow for the simultaneous quantification of 

sarcomeric protein expression and modification in ICM. Sarcomeric proteins were extracted from ~10 

mg of non-failing donor (n = 16) and ICM (n = 16) human cardiac tissues using a differential pH-based 

extraction. Tissue was first homogenized in HEPES buffer (pH = 7.4) to remove cytosolic proteins. After 

centrifugation, the remaining pellets were homogenized in TFA buffer (pH = 2.0) to enrich for sarcomeric 

proteins. Intact proteins (400 ng) were then separated by online reversed-phase LC and MS data (MS1) were 

acquired using a Bruker maXis II quadrupole-time-of-flight (QTOF) mass spectrometer. All data analysis 

was performed using Bruker DataAnalysis v. 4.3. Protein modifications were quantified by calculating the 

relative abundance of the most abundant proteoforms from the deconvoluted spectra. Protein expression 

was quantified by finding the area under the curve (AUC) of the EIC.   

 

The whole procedure including tissue homogenization, sarcomeric protein extraction, and LC-

MS/MS analysis can be performed in less than 3 h, demonstrating a fast and high-throughput 
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method to simultaneously characterize protein expression and PTMs. SDS-PAGE was used to 

visualize proteins in the HEPES versus TFA extractions (Figure S2.2). The results showed that 

our differential pH-based extraction method successfully depletes cytosolic proteins and enriches 

sarcomeric proteins in donor and ICM cardiac tissues. Our online top-down LC-MS/MS method 

revealed a diverse sarcomeric proteoform landscape in donor and ICM tissue samples (Figure 

2.2).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 2.2. Diverse proteoform landscape detected in donor and ICM human cardiac tissues. (a) 

Representative base peak chromatograms (BPC) showing high-resolution separation of intact sarcomeric 

and Z-disk proteins muscle lim protein (MLP), cysteine-rich protein 2 (CRIP2), cardiac troponin T (cTnT), 

enigma homolog 2 (ENH2), cypher-6, elfin, cypher-5, four and a half LIM domain protein 2 (FHL2), 

calsarcin-1, cardiac troponin I (cTnI), tropomyosin (Tpm), ventricular myosin light chain-1 (MLC-1V), 
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atrial myosin light chain-1 (MLC-1a), ventricular myosin light chain-2 (MLC-2v), alpha-actin (-actin), 

troponin C (TnC) in non-failing donor (blue trace) and ICM (red trace) tissues procured via left ventricular 

device surgery. (b) High-resolution deconvoluted mass spectra highlighting the variety of sarcomeric and 

Z-disk proteoforms observed. Red p and pp denote monophosphorylated and bisphosphorylated 

proteoforms, respectively. 

 

Myofilament proteins identified include cTnI, cardiac troponin T (cTnT), troponin C (TnC), 

tropomyosin (Tpm) isoforms, -actin isoforms, ventricular isoform of MLC-2 (MLC-2v), 

ventricular isoform of MLC-1 (MLC-1v), and atrial isoform of MLC-1 (MLC-1a). We also 

detected various Z-disk proteins such as enigma homolog 2 (ENH2), muscle LIM protein (MLP), 

cysteine-rich protein 2 (CRIP2), cypher-5, cypher-6, elfin, calsarcin-1 (Ca1-1), and four and a half 

LIM domains 2 (FHL2).191, 192 Sarcomeric proteins were first identified based on their intact 

protein mass with a mass error tolerance within 4 ppm. A total of 35 human sarcomeric 

proteoforms were identified compared to 63 human sarcomeric proteins present in Uniprot. 

Conceivably, it is difficult to identify large proteins due to the limited fragments obtained from 

online LC-MS/MS data.39, 56, 80 A full list of sarcomeric proteoforms identified in donor and ICM 

tissues can be found in Table S2.1.   

For further protein characterization we employed online LC-MS/MS analysis with 

collisionally activated dissociation (CAD) fragmentation to generate b- and y-ions. LC-MS/MS 

was performed on all sarcomeric proteins detected. Fragment assignments were confirmed in 

MASH Native software to identify the ventricular isoforms of MLC-1 and MLC-2. The method 

applies for all sarcomeric proteins detected in the analysis. Uniprot databases were used to map 

the sequences of human MLC-1v and MLC-2v. Removal of N-terminal methionine and addition 

of N-terminal trimethylation was validated for human MLC-1v and MLC-2v which is in good 

agreement with previous literature.193 The determination of the N-terminal modifications was 
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further validated by comparison of the theoretical fragment ion masses and the experimental 

fragment ion masses. Previous studies have reported the localization of mono-phosphorylated 

MLC-2v to Ser15 or Ser19.194, 195 This data indicates that Ser19 is a site of MLC-2v 

phosphorylation due to sequence informative b and y-ions further demonstrating the power of top-

down MS/MS. Total fragmentation of MLC-1v reveals 25 b-ions and 23 y-ions achieving 23% 

sequence coverage (Figure S2.3). Similarly, total fragmentation of MLC-2v reveals 14 b-ions and 

22 y-ions achieving 21% sequence coverage (Figure S2.4). Overall, these data reveal how top-

down MS/MS can be used to unambiguously sequence intact myofilament proteins for protein 

identification and characterization. 

2.3.2. Simultaneous Quantification of Sarcomeric Protein Expression and Modification in ICM 

using Online Top-Down LC-MS/MS Method with High Reproducibility and Linearity 

We next assessed the reproducibility and linearity of our top-down online LC-MS/MS 

method. To ensure our extraction protocol and LC-MS/MS method was reproducible we 

performed three extraction replicates using donor tissue sample (Figure S2.5, Figure S2.6). With 

the same amount of protein loaded for each biological replicate, overlaid base peak chromatograms 

(BPCs) and total ion chromatograms (TICs) show highly similar chromatographic profiles and MS 

signal intensities demonstrating the comparative reproducibility of our method.  

To compare protein expression levels between ICM and donor samples using top-down 

quantitative analysis, we first evaluated the linearity of our instrument response with 250, 400, 

500, 600, 750, 1000, and 1200 ng of total protein from the same donor tissue extract injected in 

triplicate.143 EICs of representative sarcomeric proteins ENH2, cTnI, -Tpm, MLC-1v, MLC-2v, 

and TnC were generated, and a mutual linear range of 250-1200 ng was established by measuring 

the summed abundance of the AUC of each EIC (Figure 2.3a-b). Injection replicates across each 
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amount of total protein loaded demonstrated excellent reproducibility, sensitivity, and linearity 

achieving R2 values greater than 0.99. (Figure 2.3c, Figure S2.7). As the instrument responds 

linearly to differing amounts of total protein loaded, this analysis allows us to be confident in 

quantitating changes in expression level. Therefore, we can also be confident in quantifying 

changes in protein abundance between samples. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 2.3. Mutual linear range response determination for key sarcomeric proteins. (a) Overlaid 

BPCs of 250, 400, 500, 600, 750, 1000, and 1200 ng of total protein loaded into the LC-MS demonstrating 

highly similar proteoform profiles. (b) EICs were generated for ENH2, cTnI, -Tpm, MLC-1v, MLC-2v, 
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and TnC by combining the top 3-5 most abundant charge states of all proteoforms of the same protein. (c) 

Mutual linear range response determination for key sarcomeric proteins. AUCs of the individual sarcomeric 

proteins exhibit mutual linear correlation with 250-1200 ng of total protein injected with 3 injection 

replicates for each point.  

 

2.3.3. Correlated Decrease in ENH2 and cTnI Expression and Modification in ICM Tissues  

Significant alterations in PTM and expression level changes in ENH2 and cTnI were 

identified in ICM compared to non-failing donor samples. Three major cTnI proteoforms were 

observed in the deconvoluted mass spectra for donor and ICM samples including 

unphosphorylated cTnI, monophosphorylated cTnI (pcTnI), and bisphosphorylated cTnI (ppcTnI) 

(Figure 2.4a). Two major ENH2 proteoforms were observed in donor and ICM samples including 

unphosphorylated ENH2 and monophosphorylated ENH2 (pENH2) (Figure 2.4a). We then 

quantified the expression of cTnI and ENH2 and observed decreased expression levels in ICM 

compared to donor tissues (Figure 2.4b). Total phosphorylation levels were quantified by 

calculating the relative abundance of proteoforms as their representative percentages among all 

detected proteoforms in the deconvoluted mass spectra (Ptotal). Total phosphorylation levels of 

ENH2 in donor tissues were between 0.29 to 1.00 mol Pi/mol protein and 0.10 to 0.80 mol Pi/mol 

protein in ICM tissues (Figure 2.4c). We observed a significant decrease in pENH2, with total 

phosphorylation of ENH2 decreasing from 85% to 50% in ICM tissues compared to donor tissues. 

Total phosphorylation levels of cTnI in donor tissues were between 0.55 to 1.98 mol Pi/mol protein 

and 0.25 to 1.44 mol Pi/mol protein in ICM tissues (Figure 2.4c). Notably, we also observed a 

significant decrease in cTnI phosphorylation, with total phosphorylation of cTnI decreasing from 

90% to 56% in ICM tissues compared to donor tissues. To determine if the decrease in 

phosphorylation of ENH2 and cTnI in ICM tissues were dependent on one another, we plotted a 
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linear correlation achieving a strong, positive Pearson correlation coefficient (r = 0.8926) and p < 

0.00001 (Figure 2.4d).  

 

 

 

 

 

 

 

 

 

 

Figure 2.4. Coordinated decrease in cTnI and ENH2 phosphorylation in ICM. (a) Representative high-

resolution deconvoluted spectra and EICs of cTnI and ENH2 in non-failing donor (blue) compared to ICM 

(red) tissues. Red p and pp denote monophosphorylated and bisphosphorylated proteoforms, respectively. 

(b) Quantification of cTnI and ENH2 expression. Groups were considered significantly different by paired-

student t tests with p < 0.05. (c) Total protein phosphorylation calculated by mol pi/mol protein for cTnI 

and ENH2. Box, median and interquartile range (25%, 75%); whiskers, minimum and maximum values. 

Horizontal lines represent the median of the group. Groups were considered significantly different by 

paired-student t tests with p < 0.001. (d) Linear correlation between ENH2 and cTnI phosphorylation. The 

Pearson correlation coefficient (r = 0.8926) considers the groups strongly correlated and statistically 

significant with p < 0.00001.  

 

These findings agree with a previous study in human hearts with hypertrophic cardiomyopathy 

(HCM) which implied that the coordinated decrease in ENH2 and cTnI phosphorylation is due to 

dysregulation of the cAMP-dependent protein kinase A (PKA)-mediated pathway.39 PKA 

signaling is essential for cardiac function and plays important roles in cardiac contractility, 
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metabolism, and homeostasis. Inactivation of this pathway has previously been associated with 

impaired cardiac contraction and myocardial ischemia.196, 197 β-blockers remain widely used as 

antihypertensives to manage cardiovascular symptoms such as high blood pressure and irregular 

arrhythmia. While β-blockers antagonize β-adrenergic receptors in which the PKA-mediated 

pathway is activated by, the effect of β-blockade on the PKA-mediated pathway remains 

incompletely understood.198, 199 Nonetheless, our previous study investigated the effect of β-

blockade on reduced cTnI phosphorylation and found no significant correlation between reduced 

phosphorylation in cTnI and β-blocker treatments.35 Thus, the decreased PKA-mediated 

phosphorylation of cTnI and ENH2 in ICM hearts may be independent of β-blocker treatment. 

2.3.4. Differential Isoform Expression of Tpm and -Actin  

Human Tpm is a thin-filament associated protein which is expressed as several isoforms 

that closely interact with cTnT and -actin to regulate muscle contraction.125, 169, 200 Tpm1 encodes 

for both -Tpm and -Tpm, whereas Tpm2 and Tpm3 encode for -Tpm and -Tpm, 

respectively.169, 201 Our previous study confirmed the presence of -Tpm, -Tpm, and -Tpm in 

the human heart with -Tpm being the most abundantly expressed isoform.169 The major isoforms 

of Tpm that we detected in this study were unphosphorylated -Tpm, monophosphorylated -Tpm 

(p-Tpm), and monophosphorylated -Tpm (p-Tpm) (Figure 2.5a). The low abundance 

isoforms detected were unphosphorylated -Tpm, unphosphorylated -Tpm, and 

unphosphorylated skeletal -Tpm (sk-Tpm). We quantified the abundance of each isoform 

relative to the total abundance of all isoforms by finding the AUC for -Tpm, -Tpm, and sk-

Tpm in donor versus ICM tissues (Figure 2.5c). -Tpm was too low in abundance and could not 

be accurately quantified. We observed a significant decrease in sk-Tpm expression, with total 

sk-Tpm expression decreasing from 2.9% to 1.5% of total Tpm abundance in ICM tissues 
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compared to donor tissues. The difference in isoform expression of -Tpm and -Tpm in donor 

versus ICM tissues were not significant. The mechanism of how Tpm isoform ratios affect cardiac 

function remains unclear; however, we also detected a decrease in sk-Tpm expression in HCM 

tissues using top-down MS/MS.39 Thus, our data implies that changes in sk-Tpm isoform 

expression in the heart may alter cardiac function and impair systolic function in ICM. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.5. Differential isoform expression of tropomyosin and -actin. (a) Representative high-

resolution deconvoluted spectra of tropomyosin in non-failing donor (blue) compared to ICM (red) tissues. 

We identified four Tpm isoforms including -Tpm, -Tpm, -Tpm, and -Tpm. Red p denotes 
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monophosphorylated proteoforms. (b) Representative deconvoluted spectra of -CAA and -SKA in non-

failing donor (blue) compared to ICM (red) tissues. (c) Quantification of Tpm and -actin isoforms by 

finding the AUCs of each respective isoform. Groups were considered significantly different by paired-

student t tests with p < 0.005. 

In cardiac and skeletal muscle, ACTC and ACTA encode for skeletal α-actin (-SKA) and 

cardiac α-actin (-CAA) isoforms, respectively. These two isoforms are co-expressed in 

myocardium and play roles in sarcomere structure and integrity. Here, we observed both -actin 

isoforms in donor and ICM tissues (Figure 2.5b). We observed a significant increase in -SKA 

expression, with total -SKA expression increasing from 36% to 45% of total -actin abundance 

in ICM tissues compared to donor tissues (Figure 2.5d). Previously, our lab has found a significant 

increase in the relative abundance of -SKA in non-failing donor hearts compared to failing dilated 

cardiomyopathy (DCM) hearts.170 Therefore, these data agree with previous reports that the 

upregulation of -SKA expression in failing hearts is a promising biomarker of heart disease. 

2.3.5. Increased Phosphorylation of Full-Length cTnT in ICM Tissues 

The deconvoluted mass spectra for cTnT showed multiple proteoforms including 

unphosphorylated cTnT, monophosphorylated cTnT (pcTnT), unphosphorylated truncated cTnT 

with a lysine cleaved from the C-terminus (cTnT [aa 1-286]), and monophosphorylated truncated 

cTnT (pcTnT [aa1-286]) (Figure S2.8a). We observed a significant increase in full-length cTnT 

phosphorylation, with total cTnT phosphorylation increasing from 79% to 86% ICM tissues 

compared to donor tissues (Figure S2.8b). There also appeared to be an increase in total 

phosphorylation of truncated cTnT [aa 1-286]; however, the change in total cTnT [aa 1-286] 

phosphorylation between donor and ICM tissues was not significant (Figure S2.8c). Similar to 

cTnI, cTnT can be phosphorylated by a variety of kinases and is a choice biomarker for the 

detection of cardiac injury due to its cardiac specificity.202, 203 cTnT mutations are known to be a 
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common cause of many different cardiomyopathies and PTMs play a vital role in cardiac 

contractility.203-205 Interestingly, we observed a homozygous and heterozygous cTnT 

polymorphism in four ICM and one donor samples (Figure S2.9). The polymorphism 

corresponded to a +28 Da mass shift, indicating a possible alanine (A) to valine (V) point mutation 

which has previously been reported as a cardiomyopathy variant at amino acid positions 38 or 

114.206, 207 However, being that this point mutation was also present in one donor tissue sample, it 

is unlikely this polymorphism to be a potential biomarker for ICM. 

2.3.6. Increased Phosphorylation of Z-Disk Proteins in ICM Tissues  

In addition to myofilament proteins, we also identified and quantified Z-disk proteins such 

as MLP and calsarcin-1. The deconvoluted mass spectra for MLP showed unphosphorylated MLP 

and monophosphorylated MLP (pMLP) (Figure 2.6a). The deconvoluted mass spectra for 

calsarcin-1 revealed multiple phosphorylated proteoforms including unphosphorylated calsarcin-

1, monophosphorylated calsarcin-1 (pCal-1), bisphosphorylated calsarcin-1 (ppCal-1), and 

trisphosphorylated calsarcin-1 (pppCal-1) (Figure 2.6c). Total phosphorylation levels of MLP in 

donor tissues were between 0.0 to 0.44 mol Pi/mol protein and 0.02 to 0.66 mol Pi/mol protein in 

ICM tissues. We observed a significant increase in MLP phosphorylation, with total 

phosphorylation increasing from 19% to 46% of total MLP abundance in ICM tissues compared 

to donor tissues (Figure 2.6b). We also quantified phosphorylation of calsarcin-1 (Figure S2.10). 

The total phosphorylation levels of calsarcin-1 in donor tissues were between 0.73 to 1.72 mol 

Pi/mol protein and 0.96 to 1.75 mol Pi/mol protein in ICM tissues. Similar to MLP, we observed 

a significant increase in calsarcin-1 phosphorylation, with total phosphorylation of calsarcin-1 

increasing from 86% to 90% of total calsarcin-1 abundance in ICM tissues compared to donor 

tissues (Figure 2.6d). MLP and calsarcin-1 are known to be involved in severe forms of 
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cardiomyopathy. Mutations in the CSRP3 gene which encodes for MLP have been directly 

involved in the development of HCM and DCM.208 Calsarcin-1 is a mediator of protein 

phosphatase activity and deficiency of this protein sensitizes the heart to calcineurin, a protein 

phosphatase that plays important roles in HCM when dysregulated.209, 210 Nevertheless, the 

molecular mechanisms and effect of PTMs on MLP and calsarcin-1 remain relatively unknown. 

This is the first study to report increased phosphorylation of MLP and calsarcin-1 in ICM. The 

total phosphorylation of MLP and calsarcin-1 exhibited a negative linear correlation with a Pearson 

correlation coefficient r = -0.03, indicating that these two phosphorylation’s are not correlated 

which are unlikely to be phosphorylated by the same kinase or closely interact with each other in 

the z-disk. Despite reports of MLP being significantly down regulated in DCM and ICM,211 we 

did not observe a significant change in MLP expression.  

 

 

 

 

 

 

 

 

 

 

 

Figure 2.6. Increase in MLP and calsarcin-1 phosphorylation in ICM. (a) Representative high-

resolution deconvoluted spectra of MLP in non-failing donor (blue) compared to ICM (red) tissues. Red p 
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denotes monophosphorylated MLP. (b) Total protein phosphorylation calculated by mol pi/mol protein for 

MLP. Box, median and interquartile range (25%, 75%); whiskers, minimum and maximum values. 

Horizontal lines represent the median of the group. Groups were considered significantly different by 

paired-student t tests with p < 0.01. (c) Representative high-resolution deconvoluted spectra of calsarcin-1 

(Cal-1) in non-failing donor (blue) compared to ICM (red) tissues. Red p, pp, and ppp denotes mono-, bis-

, and tris-phosphorylated proteoforms, respectively. (d) Total protein phosphorylation calculated by mol 

pi/mol protein for calsarcin-1. Box, median and interquartile range (25%, 75%); whiskers, minimum and 

maximum values. Horizontal lines represent the median of the group. Groups were considered significantly 

different by paired-student t tests with p < 0.05. 

 

2.4 Discussion  

Overall, in this study, we have focused on sarcomere subproteome and achieved 

simultaneous quantification sarcomeric protein expression and PTMs from non-failing donor and 

failing ICM human cardiac tissues. ICM is a highly heterogenous cardiovascular disease that is 

characterized by significant alterations to the left ventricle of the heart, impacting systolic function 

and inducing myocardial hypoxia. While ischemic heart disease is the leading cause of death 

worldwide, there are only very few proteomics studies that have been performed directly using 

human ICM samples due to the difficulty in obtaining human heart tissue samples.212, 213 Roselló-

Lletí et al. analyzed cardiac protein changes in ICM from human LV tissues using 2-dimensional 

gel electrophoresis followed by in-gel digestion and bottom-up MS, showing that proteins involved 

in cellular stress response, respiratory chain, and cardiac metabolism were altered.212 More 

recently, Yi et al. quantitatively analyzed the LV proteome in human ICM using bottom-up LC-

MS/MS and observed differentially expressed proteins related to metabolism, immune response, 

muscle contraction, and signal transduction.213 Nonetheless, bottom-up proteomics suffers from 

many limitations including the protein interference problem and loss of vital information about 

PTMs and alternative splice variants due to proteolytic cleave of intact proteins into peptides.8, 29 
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On the other hand, top-down proteomics can directly analyze intact proteins allowing for 

identification and characterization of proteoforms with full sequence coverage.6-8, 11, 33 Therefore, 

top-down proteomics is ideally suited for studying human ICM at the proteoform level to reveal 

molecular changes within the human sarcomeric proteome.  

In this study, we have extracted sarcomeric proteins and utilized top-down online LC-

MS/MS for simultaneous quantification of many sarcomeric proteoforms in failing human ICM 

tissues compared to non-failing donor tissues. Specifically, we discovered a significant decrease 

in cTnI and ENH2 phosphorylation with a significant increase in MLP, Calsarcin-1, and cTnT 

phosphorylation in failing ICM tissues compared to non-failing donor tissues (Table S2.2). We 

also found sarcomeric protein expression levels to be significantly altered in ICM tissues compared 

to non-failing donor tissues with a significant decrease in cTnI, ENH2, and -Tpm expression and 

significant increase in -SKA expression. Previously, our lab has employed a top-down MS 

combined with affinity purification of cTnI to characterize cTnI proteoforms in ICM and DCM 

tissues, which revealed that cTnI phosphorylation was greatly reduced in failing ICM and DCM 

hearts compared to brain-dead donor hearts, implying that phosphorylation of cTnI is a potential 

biomarker for chronic heart failure.35 Moreover, in another previous study, Peng et al. generated 

swine models with acute myocardial infarction (AMI) and identified reduced phosphorylation in 

cTnI and MLC2 in the myofilaments and ENH2 in the Z-disk.172 We do observe some similar 

proteoform changes in swine and human ischemia such as reduced phosphorylation of cTnI and 

ENH2. On the other hand, we have also observed unique differences only in human ischemia but 

not in swine ischemia such as significant increases in cTnT, calsarcin-1, and MLP 

phosphorylation, whereas reduced phosphorylation of MLC2 was observed in swine AMI. 

Additionally, our lab has previously published an extensive study of the sarcomeric proteoform 
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landscape in human HCM.39 We found some similar proteoform changes in ICM and HCM such 

as decreased phosphorylation of cTnI and ENH2, whereas significant increases in MLP and 

calsarcin-1 phosphorylation were only observed only in ICM but not in HCM. Since human heart 

tissue samples in ICM and HCM were obtained from end-stage/late-stage heart failure patients, 

conceivably they share similarity likely due to the converging pathways and similar molecular 

processes that leads towards heart failure. Conversely, distinct proteoform changes observed are 

representative of their respective cardiomyopathies.  

One major limitation of this study is the difficulty in detecting the large proteins (>50 kDa) 

using our online top-down LC-MS/MS approach mainly due to the co-elution of proteins during 

the 1DLC separation prior to MS/MS analysis and the exponential decrease in the signal-to-noise 

ratio as protein molecular weight increases.30, 56 Moreover, it is difficult to identify large proteins 

due to the limited fragments from online LC-MS/MS data. Our lab has previously developed a 

top-down 2D-LC method using offline serial size exclusion chromatography (sSEC) to separate 

high MW proteins up to 223 kDa and coupling with top-down MS for detection of large 

proteoforms.56 While the 2DLC sSEC method allows for high-resolution size-based fractionation 

of large intact proteins from complex protein mixtures, this offline 2DLC method was time 

consuming and required a large amount of samples. Here we only have a limited amount of ICM 

tissue samples which were collected during LVAD surgery. Despite these limitations, the major 

advantages of this online top-down LC-MS/MS method include high reproducibility, superior 

linearity, and unambiguous quantification of protein PTMs and expression in the sarcomeric 

subproteome from failing ICM and non-failing donor human cardiac tissues. 
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2.5 Conclusions 

We employed a top-down MS proteomics method for the simultaneous quantification of 

sarcomeric protein expression and PTMs from ICM and donor human cardiac tissues. This study 

represents the first top-down LC-MS/MS-based proteomics study of human ICM, which uncovers 

a diverse sarcomeric proteoform landscape and molecular changes associated with end-stage 

ischemic heart failure. We identified five significant changes in phosphorylation and four 

significant changes in protein expression in ICM. Notably, we observed a coordinated decrease in 

the phosphorylation and expression of cTnI and ENH2, implying dysregulation in the PKA-

mediated pathway during ischemic HF. Our results also revealed that Z-disk proteins are altered 

during ICM, as we observed a significant increase in phosphorylation of calsarcin-1 and MLP. 

Finally, our results showed differential isoform expression of α-SKA and skβ-Tpm in ICM. 

Overall, our results highlight the importance of characterizing ICM at the proteoform level to 

reveal molecular changes within the extremely complex cardiac proteome. In-depth understanding 

of the molecular consequences underlying ICM will provide valuable information on ICM disease 

progression and possible therapeutic interventions.  
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2.6 Methods 

2.6.1. Chemicals and Reagents  

All reagents were purchased from MilliporeSigma (Burlington, MA, USA) unless otherwise noted. 

Buffers were prepared with HPLC-grade water from Fisher Scientific (Fair Lawn, NJ, USA). 

Isopropanol and acetonitrile were purchased from Fisher Scientific (Fair Lawn, NJ, USA). 

Amicon, 0.5 mL cellulose ultra-centrifugal filters with a molecular weight cutoff (MWCO) of 10 

kDa were purchased from MilliporeSigma.  

2.6.2. Human Cardiac Tissue Collection 

LV myocardium from nonfailing donor hearts with no history of heart diseases were used as 

control tissues (donor, n = 16). Apex myocardium from failing ICM hearts were collected during 

left ventricular assist device (LVAD) implantation in which left ventricular apex is removed (ICM, 

n = 16).214 Donor heart tissue was stored in cardioplegic solution prior to dissection and snap-

frozen immediately in liquid nitrogen and stored at -80 ℃. ICM heart tissue was stored on dry ice 

immediately after surgical removal and then stored at -80 ℃. Donor and ICM hearts were obtained 

from the University of Wisconsin (UW)-Madison Organ and Tissue Donation and University of 

Michigan, respectively. The procedures for the collection of human non-failing donor heart and 

ICM failing heart tissues were approved by the Institutional Review Board (IRB) of the UW-

Madison and University of Michigan, respectively. Available clinical deidentified data including 

age, gender, cause of death, and medical history are listed for the heart tissues used in this study 

in Table S2.3.  

2.6.3. Sample Preparation  

Sarcomeric proteins were extracted from human heart tissues using a differential pH-based 

extraction as previously published.66 First, ~10 mg of heart tissue was quickly homogenized at 4 
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℃ and washed twice in 100 L of HEPES buffer (25 mM HEPES pH = 7.4, 60 mM NaF, 10 mM 

L-Methionine, 1 mM DTT, 1 mM PMSF, 1 mM Na3VO4, 1x Protease Inhibitor Cocktail, and 1x 

Phosphatase Inhibitor Cocktail) with a Teflon pellet pestle. The homogenate was centrifuged at 

21,000 g for 30 minutes at 4 ℃. The pellets were re-dispersed in 50 L of freshly prepared 

trifluoroacetic acid (TFA) buffer (1% TFA pH = 2.0, 1 mM TCEP, 10 mM L-Methionine). The 

homogenate was centrifuged at 21,000 g for 30 minutes at 4 ℃ and the supernatant was collected. 

All samples were normalized to 0.08 mg/mL protein in 0.2% formic acid with 2 mM L-methionine 

by the Pierce BCA assay prior to LC-MS/MS analysis.  

2.6.4. Top-Down Data Acquisition 

Top-down LC-MS/MS was carried out by using a NanoAcquity ultra-high pressure LC system 

(Waters) coupled to a high-resolution maXis II quadrupole time-of-flight mass spectrometer 

(Bruker Daltonics). 5 L (400 ng) of total protein was injected onto a home-packed PLRP column 

(PLRP-S) (Agilent Technologies), 10-m particle size, 500-m inner diameter, 1,000 Å pore size) 

using an organic gradient of 5 to 95% mobile phase B (mobile phase A: 0.2% formic acid in water; 

mobile phase B: 0.2% formic acid in 50:50 acetonitrile:isoproponal) at a flow rate of 12 L/min 

and temperature of 35 ℃. Column pressure was maintained between 700-1200 psi. Mass spectra 

were taken at a scan rate of 0.5 Hz over 530-2000 m/z range. A total of three replicate runs were 

collected for each concentration between 250-1200 ng to establish instrument sensitivity and 

reproducibility. Samples were randomized during processing and LC-MS/MS analysis to correct 

for batch effects.215   

 Data-dependent LC-MS/MS was performed on sarcomeric protein extracts. The three most 

intense ions in each mass spectrum were selected and fragmented by collision-activated 

dissociation (CAD) with a scan rate of 2 Hz from 200-3000 m/z. The isolation window for online 
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AutoMS/MS CAD was 10 m/z. The collision DC bias was set from 18 to 35 eV for CAD with 

nitrogen as the collision gas.  

2.6.5. Data Analysis 

LC-MS raw files were processed and analyzed with Compass DataAnalysis 4.3 (Bruker Daltonics) 

software. All chromatograms were smoothened by the Gauss algorithm with a smoothing width of 

2.04 s. Sophisticated Numerical Annotation Procedure (SNAP) peak-picking algorithm (quality 

factor: 0.4; signal-to-noise ratio (S/N): 3.0) was used to determine the monoisotopic mass of all 

detected ions. Mass spectra were deconvoluted using the Maximum Entropy algorithm within the 

DataAnalysis 4.3 software. The resolving power for Maximum Entropy deconvolution was set to 

60,000k for proteins that were isotopically resolved.  

Protein modifications were quantified based on the ratio of the peak intensity of the 

proteoform to the summed peak intensities of all proteoforms of the same protein using the 

deconvoluted mass spectrum. In order to quantify protein expression, the top 3-5 most abundant 

charge state ions of all proteoforms of the same protein were combined to generate one extracted 

ion chromatogram (EIC) (Table S2.4). The area under the curve (AUC) of each EIC was then 

manually integrated using the DataAnalysis 4.3 software.  

 Top-down LC-MS/MS data was processed using MASH Native software with the topPIC 

(v. 1.5.4) algorithm embedded.148, 156 The fragment ions in the MS/MS spectra were searched and 

assigned based on the canonical entries of the Homo sapiens UniProt (UniProtKB) protein 

database (UP000005640, 20,389 reviewed entries, version December 2022). Monoisotopic masses 

were used for all proteoform determinations, and all fragment ions were manually validated with 

a mass tolerance of 20 ppm.   
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2.6.6. Statistical Analysis 

Statistical analysis for group comparison was completed using paired-student t tests to determine 

the level of statistical significance for the quantification of sarcomere protein modification and 

expression. All p-values at p < 0.05 were considered significant. All error bars indicated in the 

figures represent the mean  standard error of the mean (S.E.M.). Statistical analysis for the 

coordinated decrease in enigma homolog 2 (ENH2) and cTnI phosphorylation was completed 

using a Pearson’s correlation. The Pearson correlation coefficient (r) is considered strongly 

correlated if it is above 0.7.  
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2.7 Supplemental Information 

 

2.7.1. Supplemental Tables 

 
Table S2.1. Sarcomeric proteoforms identified. Gene, Uniprot ID, proteoform, modified forms, retention 

time (RT) in minutes, calculated most abundant mass, experimental most abundant mass, and mass error 

for the proteoforms we identified in this experiment. Online LC-MS/MS data allowed for confident 

assignment of high-abundance proteoform identifications. The low-abundance modified proteoforms were 

manually identified based on highly accurate intact mass measurements together with the prior knowledge 

on identified sarcomeric proteforms from previous publications35, 39, 169, 193 or Uniprot. Abbreviations: 

muscle LIM protein (MLP); cysteine rich protein 2 (CRIP2); enigma homolog 2 (ENH2); cardiac troponin 

T (cTnT); four and a half LIM domains protein (FHL2); cardiac troponin I (cTnI); tropomyosin (Tpm); 

myosin light chain 1, ventricular isoform (MLC-1v); myosin light chain 1, atrial isoform (MLC-1a); myosin 

light chain 2, ventricular isoform (MLC-2v); cardiac -actin (c-actin); skeletal -actin (s-actin); 

troponin C (TnC); N-terminal acetylation (N-acetyl); phosphorylation (phospho); mono-phosphorylation 

(p); bis-phosphorylation (pp); tris-phosphorylation (ppp); N-terminal tri-methylation (N,N,N-trimethyl).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Gene Uniprot ID Proteoform Modified Forms RT (min)

 Calc Most 

Abundant 

Mass (Da)

Expt Most 

Abundant 

Mass (Da)

Mass Error 

(ppm)

CSRP3 P50461-1 MLP Met removal 12.6-13.3 20836.90 20836.88 1.0

CSRP3 P50461-1 pMLP Met removal, phospho 12.6-13.3 20916.87 20916.88 0.5

CRIP2 P52943-1 CRIP2 Met removal, N-acetyl 12.6-13.3 22403.00 22403.00 0.0

CRIP2 P52943-1 pCRIP2 Met removal, N-acetyl 12.6-13.3 22482.97 22482.94 1.3

PDLIM5 Q96HC4-2 ENH2 Met removal, N-acetyl 15.3-15.9 25841.39 25841.31 3.1

PDLIM5 Q96HC4-2 pENH2 Met removal, N-acetyl, phospho 15.3-15.9 25921.35 25921.31 1.5

TNNT2 P45379-6 cTnT [aa 1-286] aa 1-286, Met removal, N-acetyl 15.3-15.9 34373.34 34373.31 0.9

TNNT2 P45379-6 pcTnT [aa 1-286]
aa 1-286, Met removal, N-acetyl, 

phospho
15.3-15.9 34453.31 34453.38 2.0

TNNT2 P45379-6 cTnT Met removal, N-acetyl 15.3-15.9 34502.44 34502.38 1.7

TNNT2 P45379-6 pcTnT Met removal, N-acetyl, phospho 15.3-15.9 34582.41 34582.38 0.9

LDB3 O75112-6 Cypher-6 Met removal, N-acetyl 16.9-17.4 30909.83 30909.81 0.6

PDLIM1 O00151-1 Elfin Met removal, N-acetyl 16.9-17.4 35955.05 35955.00 1.4

PDLIM1 O00151-1 Elfin [N175S] Met removal, N-acetyl, N175S 16.9-17.4 35982.06 35982.19 3.6

LDB3 O75112-5 Cypher-5 Met removal, N-acetyl 17.4-17.8 35548.24 35548.19 1.4

FHL2 Q14192-1 FHL2 Met removal, N-acetyl 18.4-18.9 32101.63 32101.56 2.2

MYOZ2 Q9NPC6-1 Calsarcin-1 N-acetyl 18.9-19.4 29940.11 29940.06 1.7

MYOZ2 Q9NPC6-1 pCalsarcin-1 N-acetyl, phospho 18.9-19.4 30020.08 30020.06 0.7

MYOZ2 Q9NPC6-1 ppCalsarcin-1 N-acetyl, 2x phospho 18.9-19.4 30100.04 30100.00 1.3

MYOZ2 Q9NPC6-1 ppp  Calsarcin-1 N-acetyl, 3x phospho 18.9-19.4 30180.01 30180.13 4.0

TNNI3 P19429-1 cTnI Met removal, N-acetyl 18.9-20.0 23918.83 23918.81 0.8

TNNI3 P19429-1 pcTnI Met removal, N-acetyl, phospho 18.9-20.0 23998.79 23998.81 0.8

TNNI3 P19429-1 ppcTnI Met removal, N-acetyl, 2x phospho 18.9-20.0 24078.76 24078.75 0.4

TPM1 P09493-1 α-Tpm N-acetyl 20.2-21.2 32750.74 32750.69 1.5

TPM1 P09493-1 pα-Tpm N-acetyl, phospho 20.2-21.2 32830.70 32830.63 2.1

TPM1 P09493-6 κ-Tpm N-acetyl 20.2-21.2 32691.70 32691.69 0.3

TPM1 P09493-6 pκ-Tpm N-acetyl, phospho 20.2-21.2 32771.67 32771.63 1.2

TPM3 P06753-1 γ-Tpm Met removal, N-acetyl 20.2-21.2 32860.79 32860.75 1.2

TPM2 P07951-1 skβ-Tpm N-acetyl 20.2-21.2 32892.62 32892.56 1.8

MYL3 P08590-1 MLC-1v Met removal, N,N,N-trimethyl 21.4-22.6 21841.96 21841.94 0.9

MYL4 P12829-1 MLC-1a Met removal, N,N,N-trimethyl 23.2-24.1 21474.90 21474.88 0.9

MYL2 P10916-1 MLC-2v Met removal, N,N,N-trimethyl 24.6-25.6 18699.40 18699.44 2.1

MYL2 P10916-1 pMLC-2v
Met removal, N,N,N-trimethyl, 

phospho
24.6-25.6 18779.37 18779.38 0.5

ACTC1 P68032-1 α-CAA
Met removal, Cys removal, N-

acetyl, methylation
27.8-29.0 41839.92 41839.94 0.5

ACTA1 P68133-1 α-SKA Met removal, Cys removal, N-acetyl 27.8-29.0 41871.89 41871.88 0.2

TNNC1 P63316-1 TnC N-acetyl 30.5-31.1 18443.58 18443.56 1.1
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Table S2.2. Proteoform changes in ICM. Summary of significant proteoform changes in failing heart 

tissues from patients in end-stage ischemic heart failure (n = 16) compared to non-failing donor patients (n 

= 16). Groups were considered significantly different by paired-student t tests with p < 0.05. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Proteoform Change ICM Compared to Donor Fold Change p -value

cTnI phosphorylation Decreased 2.2 6.09E-06

ENH2 phosphorylation Decreased 1.7 1.40E-04

MLP phosphorylation Increased 2.5 2.59E-03

Calsarcin-1 phosphorylation Increased 1.2 3.16E-02

cTnT phosphorylation Increased 1.1 1.21E-02

Skeletal β-Tpm expression Decreased 1.7 3.63E-03

Skeletal α-actin expression Increased 1.4 8.80E-03

cTnI expression Decreased 1.3 4.30E-02

ENH2 expression Decreased 1.5 3.23E-02



51 
 

Table S2.3. Available clinical data for donors and ICM patients. Donor heart and ICM tissue from left 

ventricular assist device (LVAD) surgeries have been coded to Donor# and ICM#, respectively. Samples 

were obtained from two sources: the University of Wisconsin (UW)-Madison Organ and Tissue Donation 

and the University of Michigan. The sample code (assigned for this publication) and Biopsy ID (assigned 

at the time of de-identification) are provided. Clinical data such as age, gender, cause of death, and medical 

history data are listed if available.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Sample Code Biopsy ID Age Gender Cause of Death Medical History

Donor 1 D12 - - - -

Donor 2 D03 - - - -

Donor 3 D05 - - - -

Donor 4 D10 - - - -

Donor 5 YG07 44 M Cerebrovascular/stroke -

Donor 6 YG08 60 M Head Trauma

No past history of heart 

disease; echo and 

coronary angiogram 

normal

Donor 7 YG06 - - Stroke -

Donor 8 YG59 56 M Braindead

Emphysema, high 

cholesterol, bipolar, 

depression, meth & 

marijuana use, PTSD, 

vitamin D deficiency, 

smoker

Donor 9 YG23 27 M Head Trauma
No past history of 

coronary artery disease

Donor 10 YG25 61 M Head Trauma

No past history of heart 

disease; echo and 

coronary angiogram 

normal

Donor 11 YG42 24 M Burn Victim

No past history of heart 

disease; echo and 

coronary angiogram 

normal

Donor 12 YG43 57 M

Acute Respiratory Distress 

Syndrome 

(ARDS)/Pulmonary Emboli

-

Donor 13 YG49 47 M Stroke
Type-1 diabetic, end-stage 

renal failure

Donor 14 YG53 65 F Head Trauma

Trivial mitral valve 

regurgitation, mild 

hypertension, smoking, 

anxiety

Donor 15 YG54 62 M Head Trauma

No past history of heart 

disease, had 

hypothyroidism and high 

cholesterol 

Donor 16 YG57 64 F Stroke

Hypertension, 

hyperlipidemia, smoking, 

and mild coronary artery 

and aortic valve 

calcification

ICM 1 LVAD 99 64 M - -

ICM 2 LVAD 20 60 M Heart failure Coronary artery disease

ICM 3 LVAD 37 51 M - Coronary artery disease
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Table S2.3. continued.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

ICM 4 LVAD 40 64 M - Coronary artery disease

ICM 5 LVAD 54 38 M - Coronary artery disease

ICM 6 LVAD 56 55 F - -

ICM 7 LVAD 61 29 M - Coronary artery disease

ICM 8 LVAD 68 64 M - -

ICM 9 LVAD 71 71 M -
Triple vessel coronary 

artery disease

ICM 10 LVAD 78 66 M - -

ICM 11 LVAD 81 71 M - -

ICM 12 LVAD 87 58 F - -

ICM 13 LVAD 89 71 M - -

ICM 14 LVAD 90 68 F - -

ICM 15 YG22 36 M - -

ICM 16 YG09 - F - -
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Table S2.4. Generation of extracted ion chromatograms for sarcomeric proteins. Protein, modified 

forms, and extracted ions used for expression quantification when determining the mutual linear range of 

our method. Three extracted ions were used for low abundant proteoforms and five extracted ions were 

used for highly abundant proteoforms. Abbreviations: cardiac troponin I (cTnI); myosin light chain 1, 

ventricular isoform (MLC-1v); myosin light chain 2, ventricular isoform (MLC-2v); tropomyosin (Tpm); 

enigma homolog 2 (ENH2); troponin C (TnC); N-terminal acetylation (N-acetyl); phosphorylation 

(phospho); N-terminal tri-methylation (N,N,N-trimethyl). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Protein Modified Forms
Extracted Ions for Expression 

Quantification (+/- 0.2 m/z)

Met removal, N-

acetyl
748.4378; 704.4726; 684.3767

Met removal, N-

acetyl, phospho
750.9405; 728.2137; 800.9330

Met removal, N-

acetyl, 2x phospho

777.7114; 753.9991; 688.9428; 

730.6374; 803.5994

MLC-1v
Met removal, N,N,N-

trimethyl

841.0841;809.9702;874.6852;911.0886;7

54.1784

Met removal, N,N,N-

trimethyl

850.9823;935.9796;813.5469;891.4557;9

85.1853

Met removal, N,N,N-

trimethyl, phospho
854.6166; 839.9766; 817.5043

N-acetyl
840.7429; 780.7640; 762.6302; 

799.7830; 819.7488

N-acetyl, phospho 842.7948; 782.6649; 764.4892

Met removal, N-

acetyl

763.3985; 741.6150; 701.5574; 

811.0497; 837.1796

Met removal, N-

acetyl, phospho
785.9555; 720.5417; 864.4494

TnC N-acetyl
1025.6500; 1085.9245; 971.7224; 

1153.7303; 1230.5803

MLC-2v

cTnI

α-Tpm

ENH2
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2.7.2. Supplemental Figures 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure S2.1. Sarcomeric proteoform levels between left ventricle and apex tissues in healthy donors 

are comparable. Total protein phosphorylation calculated by mol Pi/mol protein for MLP, cTnT, ENH2, 

cTnI, α-Tpm, and MLC-2v in LV (magenta) and apex (green) tissues from four healthy donor hearts (n = 

4). Groups were considered significantly different by paired-student t tests with p < 0.05. 
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Figure S2.2. SDS-PAGE of HEPES (H) and TFA (T) extracts from donor and ICM human cardiac 

tissues. The results show depletion of cytosolic proteins during the HEPES (H) extraction and successful 

enrichment of sarcomeric proteins during the TFA (T) extraction from human cardiac tissues. 500 ng of 

total protein was loaded into each gel lane.  
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Figure S2.3. Online LC-MS/MS characterization of MLC-1v. (a) Representative CAD fragment ions. 

Circles represent the theoretical isotopic abundance distribution of the isotopomer peaks corresponding to 

the assigned monoisotopic mass. (b) Sequence map of MLC-1v. N-terminal trimethylation is circled in 

blue. For MLC-2v there were 25 b ions and 23 y ions achieving 23% sequence coverage. 
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Figure S2.4. Online LC-MS/MS characterization of MLC-2v. (a) Representative CAD fragment ions. 

Circles represent the theoretical isotopic abundance distribution of the isotopomer peaks corresponding to 

the assigned monoisotopic mass. (b) Sequence map of MLC-2v. N-terminal trimethylation is circled in blue 

and phosphorylation is circled in red. For MLC-2v there were 14 b ions and 22 y ions achieving 21% 

sequence coverage. 
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Figure S2.5. SDS-PAGE of HEPES (H) and TFA (T) from three extraction replicates from donor 

human cardiac tissue. The results show reproducible depletion of cytosolic proteins (H) and successful 

enrichment of sarcomeric proteins (T) from human cardiac tissues. 500 ng of total protein was loaded into 

each gel lane.  
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Figure S2.6. Extraction replicates showing highly similar and reproducible chromatographic 

profiles. Overlaid BPCs and TICs of three biological extraction replicates of donor cardiac tissue showing 

high reproducibility of the method.  
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Figure S2.7. Mutual linear range response determination for major sarcomeric proteins. Individual 

linear fittings for cTnI, MLC-1v, MLC-2v, -Tpm, ENH2, and TnC from 250 to 1200 ng total protein 

amount loaded to the LC-MS.  
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Figure S2.8. Quantification of full-length and truncated cTnT phosphorylation. (a) Representative 

deconvoluted spectra of cTnT in non-failing donor (blue) compared to ICM (red) tissues. We observed 

unphosphorylated cTnT, monophosphorylated cTnT (pcTnT), unphosphorylated truncated cTnT with a 

lysine cleaved from the C-terminus (cTnT [aa 1-286]) and monophosphorylated truncated cTnT (pcTnT 

[aa1-286]). Red p denotes monophosphorylated proteoforms. The asterisk represents a phosphate adduct. 

(b) Total protein phosphorylation calculated by mol Pi/mol protein for full-length cTnT in donor (n = 16) 

and ICM (n = 16) tissues. Horizontal bars represent the mean of the group and error bars represent the SEM 

in black. Groups were considered statistically different at p < 0.05. (c) Total protein phosphorylation 

calculated by mol Pi/mol protein for truncated cTnT[aa 1-286] in donor (n = 16) and ICM (n = 16) tissues. 

Horizontal bars represent the mean of the group and error bars represent the standard error of mean (SEM) 

in black. Groups were considered statistically different at p < 0.05.  
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Figure S2.9. cTnT point mutation present in ICM samples. Representative deconvoluted spectra of 

cTnT homozygous and heterozygous polymorphism (+28 Da) observed in four ICM tissue samples.  
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Figure S2.10. Quantification of calsarcin-1 proteoform phosphorylation. Total protein phosphorylation 

calculated by mol pi/mol protein calsarcin-1 for p calsarcin-1, pp calsarcin-1, and ppp calsarcin-1. Box, 

median and interquartile range (25%, 75%); whiskers, minimum and maximum values. Horizontal lines 

represent the median of the group.  Groups were considered significantly different by paired-student t tests 

with p < 0.05. 
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CHAPTER 3: 

Structure and Dynamics of Endogenous Cardiac Troponin Complex 

in Human Heart Tissue Captured by Native Nanoproteomics 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Portions of this chapter are adapted from the following published manuscript:  

Chapman, E.A.*; Roberts, D.S.*; Tiambeng, T.N.; Andrews, J.; Wang, M.; Reasoner, E.A.; 

Melby, J.A.; Li, B.H.; Kim, D.; Alpert, A.J.; Jin, S.; Ge, Y. Structure and Dynamics of Endogenous 

Cardiac Troponin Complexes in Human Heart Tissue Captured by Native Nanoproteomics. Nature 

Communications 2023, 14 (1), 8400. DOI: https://doi.org/10.1038/s41467-023-43321-z. *denotes 

equal contribution. Copyright © 2023, reused with permission from Springer Nature. 
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3.1 Abstract 

 

Protein complexes are highly dynamic entities that display substantial diversity in their 

assembly, post-translational modifications, and non-covalent interactions, allowing them to play 

critical roles in various biological processes. The heterogeneity, dynamic nature, and low 

abundance of protein complexes in their native states present challenges to study using 

conventional structural biology techniques. Here we develop a native nanoproteomics strategy for 

the enrichment and subsequent native top-down mass spectrometry (nTDMS) of endogenous 

cardiac troponin (cTn) complexes directly from human heart tissue. The cTn complex is enriched 

and purified using peptide-functionalized superparamagnetic nanoparticles under non-denaturing 

conditions to enable the isotopic resolution of cTn complexes, revealing their complex structure 

and assembly. Moreover, nTDMS elucidates the stoichiometry and composition of the cTn 

complex, localizes Ca2+ binding domains, defines cTn-Ca2+ binding dynamics, and provides high-

resolution mapping of the proteoform landscape. This native nanoproteomics strategy opens a 

paradigm for structural characterization of endogenous native protein complexes.  
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3.2 Introduction 

The vast majority of proteins within a cell assemble into protein complexes to perform 

specific functions and play crucial roles in regulating diverse biological processes.10, 178 Thus, 

comprehensive characterization of the structure and dynamics of endogenous protein complexes 

is essential for understanding fundamental biological processes and disease mechanisms to 

develop new therapeutic interventions.10, 178 Protein complexes are highly dynamic entities with 

substantial diversity in their assembly, post-translational modifications (PTMs), and non-covalent 

interactions. Moreover, endogenous protein complexes often exist in low abundance in their native 

states.178 These present tremendous challenges to study their structure and dynamics using 

traditional structural biology techniques such as X-ray crystallography, nuclear magnetic 

resonance (NMR) spectroscopy, and cryo-electron microscopy (cryo-EM).178  Native top-down 

mass spectrometry (nTDMS), a technique combining native MS44, 47, 49, 216, 217 and top-down 

proteomics6, 39-41, 58, 64, has emerged as a powerful structural biology tool for characterization of 

protein complexes.31, 45, 48, 50, 51, 218 In nTDMS, intact proteins are introduced into the mass 

spectrometer under non-denaturing conditions, preserving the noncovalent interactions between 

protein subunits and their associated ligands as well as PTMs. The intact proteins are then 

fragmented in the gas-phase to map the PTMs and ligand binding sites.31 nTDMS enables the 

structural characterization of macromolecular protein complexes, subunit stoichiometry, non-

covalent interactions, as well as the analysis of their proteoforms – the diverse protein products 

arising from alternative splice isoforms, genetic variations, and PTMs.6-8 However, so far only 

over-expressed recombinant or high-abundance proteins and protein complexes have been 

characterized by nTDMS. Significant challenges remain in the structural characterization of 
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endogenous protein complexes that are present in relatively lower-abundance due to the difficulty 

in isolating them and sensitivity required to resolve heterogenous complexes.178  

Here, we have developed a native nanoproteomics platform integrating the native 

enrichment of protein complexes directly from tissues using surface functionalized 

superparamagnetic nanoparticles (NPs) with high-resolution nTDMS to characterize the structure 

and dynamics of endogenous protein complexes. Specifically, we applied this method to enrich 

and structurally elucidate the heterotrimeric cardiac troponin (cTn) complex (~77 kDa), a key 

protein complex essential to cardiac muscle contraction, directly from human heart tissues. The 

cTn complex is a master regulator of cardiac contraction and represents the Ca2+ sensitive 

switch219, 220 of striated muscles assembled from three molecular subunits: troponin C (TnC), the 

Ca2+-binding subunit; cardiac troponin I (cTnI), the actin-myosin inhibitory subunit; and cardiac 

troponin T (cTnT), the thin-filament anchoring subunit.221, 222  Both cTnI and cTnT serve as gold 

standard biomarkers for diagnosing acute coronary syndrome due to their cardiac specificity and 

their release into the bloodstream following cardiac injury.223 Moreover, the association of Ca2+ 

ions with the TnC subunit along with phosphorylation of the cTnI subunit together initiate a 

cascade of molecular events on the thin filament and induce actin-myosin cross bridge formation 

necessary for cardiac contraction.224, 225 However, only partial structural information of the core 

domain of the human cTn complex in its Ca2+ saturated state has been obtained from conventional 

X-ray crystallography excluding the intrinsically disordered but functionally critical regions of the 

N- and C- terminal regions of both cTnI and cTnT.226 Moreover, the cTn structure is highly 

dynamic due to Ca2+ binding222, 227, 228 and PTMs35, 39, 229 that regulates muscle contraction, yet 

traditional methods have not effectively captured these dynamic conformational changes, 

primarily because they are limited to visualizing the static state of the thin filament.230 
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Furthermore, recombinantly expressed cardiac troponin subunits are frequently utilized and 

incorporated into reconstituted cTns or cardiac thin filaments to investigate the structure-function 

relationships of the complex as well as Ca2+ sensitivity.231-233 However,  the lack of post-

translational machinery in prokaryotic cell expression systems presents intrinsic limitations when 

recapitulating eukaryotic, post-translationally modified endogenous proteins such as 

phosphorylated cTn subunits, using recombinant protein systems. 234, 235.  

In this work, we enrich and purify cTn complexes directly from human heart tissue and 

achieve isotopic resolution of endogenous cTn complexes to reveal cTn complex structure and 

assembly. Our results elucidate the stoichiometry and composition of the heterotrimeric cTn 

complex, define the conformational roles of cTn-Ca2+ binding dynamics, locate the Ca2+ binding 

domains (II-IV), and map the proteoform landscape with direct analysis of the stoichiometry of 

various proteoforms. Overall, this work demonstrates that nTDMS, enabled by native 

nanoproteomics, can comprehensively characterize the structure and dynamics of endogenous 

protein complexes. 

 

3.3 Results 

3.3.1. A Native Nanoproteomics Platform for the Enrichment and Comprehensive 

Characterization of Endogenous Protein Complexes  

Our antibody-free native nanoproteomics platform integrates native enrichment and 

purification of endogenous protein complexes using peptide functionalized superparamagnetic 

iron oxide (magnetite, Fe3O4) NPs (NP-Pep) followed by comprehensive characterization using 

nTDMS (Figure 3.1). Building on our previous denatured NP enrichment study78, we sought to 

establish a method that could enrich and purify native protein complexes directly from human 
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heart tissue. We first optimized the native protein extraction buffers to effectively extract intact 

protein complexes from human heart tissue using a high ionic strength lithium chloride (LiCl) 

buffer at physiological pH and a phosphate wash buffer for multiple depletions of highly abundant 

cytosolic proteins (Figure 3.1a, Table S3.1). Next, we hypothesize that the specifically designed 

peptide236 on the NP surface that contains a combination of charged and aromatic residues that 

leads to the specific binding to the protein complex of interest, would be amenable to a competitive 

elution strategy using amino acids.237-239 L-Arg and L-Glu are amino acids previously known to 

improve protein solubility and in-solution stability by forming protonated clusters,238 and were 

included to enhance protein complex elution efficacy. Moreover, imidazole, a positively charged 

aromatic small molecule which functions as the side chain of histidine,237 was added to disrupt the 

polar interactions of the peptide functionalized on the NP surface for the native competitive elution 

of NP-captured protein complexes, without disrupting the intermolecular interactions between the 

protein subunits. We found that the optimal buffer composition for effective native competitive 

elution of NP-captured protein complexes was a combination of 750 mM L-Arg, 750 mM 

imidazole, and 50 mM L-Glu (pH 7.5) as native elution efficiency of amino acid solutions 

increases with their concentration (Figure 3.1a, Figure S3.1).240  

For a native proteomics workflow, the NP-Pep was incubated with sarcomeric protein 

mixtures, magnetically isolated to remove non-specifically bound proteins, and the bound protein 

complexes were eluted off the NP-Pep using the above optimized native elution buffer cocktail. 

Non-MS compatible buffers and salts were removed using either online or offline size-exclusion 

chromatography (SEC) to transfer the complexes into a MS-compatible ammonium acetate 

solution. Subsequently, the enriched protein complexes were subjected to various nTDMS 

techniques to characterize protein complex structure, assembly, and dynamics including: online 
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SEC for rapid screening of protein complexes (Figure 3.1b), ultrahigh-resolution Fourier 

transform ion cyclotron resonance (FTICR)-MS to characterize protein complex stoichiometry and 

proteoform landscape (Figure 3.1c), and trapped ion mobility (TIMS)-MS to resolve the structural 

dynamics of non-covalent interactions in regulating protein complex conformational change 

(Figure 3.1d). These techniques allowed for direct analysis of structural features revealing the 

molecular composition, stoichiometry, and non-covalent interaction of endogenous protein 

complexes (Figure 3.1e-f). 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.1. Native nanoproteomics platform for the characterization of endogenous cTn complexes 

from human heart tissue. (a-f). (a) Sarcomeric proteins were extracted using a high ionic strength lithium 

chloride (LiCl) buffer at physiological pH. The heart tissue extract (loading mixture, L) is then incubated 

with peptide-functionalized nanoparticles (NP-Pep). Following magnetic isolation, the nonspecifically 

bound proteins are removed as flow through (F). The bound protein complexes are then eluted (E) off the 

NPs using a native elution buffer containing L-glutamic acid, L-arginine, and imidazole. Native top-down 

MS (nTDMS) analysis of enriched protein complexes proceeds by either (b) native size exclusion 

chromatography (SEC) for online buffer exchange and rapid analysis, (c) ultrahigh-resolution Fourier 
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transform ion cyclotron (FTICR)-tandem MS (MS/MS) analysis for probing complex heterogeneity, 

stoichiometry, and localization of Ca2+ ions, or (d) trapped ion mobility spectrometry (TIMS) coupled with 

MS (timsTOF) for structural characterization of complex-Ca2+ binding dynamics. (e) High-resolution mass 

spectra of endogenous cardiac troponin (cTn) heterotrimeric complexes enriched by NP-Pep directly from 

human heart tissue and analyzed by nTDMS. (f) Structural representation showing the cTn heterotrimeric 

complex. Troponin C (TnC) is depicted in green, cardiac troponin I (cTnI) in purple, cardiac troponin T 

(cTnT) in orange, and Ca2+ ions in yellow. PDB: 1J1E. 

 

3.3.2. Native Enrichment of Endogenous cTn Complex from Human Heart Tissue 

To enrich cTn complexes from human heart tissues, the Fe3O4 NPs were functionalized 

with a 13-mer peptide (NP-Pep; HWQIAYNEHQWQC)78, 236 with high binding affinity (Kd = 270 

pM) towards cTnI under non-denaturing condition. Native cTn complex enrichment yielded TnC, 

cTnI, and cTnT in approximately a 1:1:1 ratio (Figure S3.2, Figure S3.3a), reflecting the 

composition of the heterotrimeric cTn complex in the sarcomere. Moreover, cTn could be enriched 

directly from human heart tissue across multiple NP-Pep synthetic batches and replicates (Figure 

S3.2). To demonstrate the enrichment and purification of all three cTn subunits while preserving 

their proteoforms, we further used an online reversed-phase liquid chromatography (RPLC) top-

down tandem MS (MS/MS) method comparing the initial sarcomere protein loading mixture (L), 

the resulting flow through (F), and the final elution mixtures (E) (Figure S3.3b). Not only were 

all three subunits of the cTn complex, cTnI, cTnT and TnC, significantly enriched, but also the 

PTM profiles of endogenous cTnI, cTnT, and TnC were faithfully preserved, without introducing 

artifactual modifications (Figure S3.4). The top-down proteomics results provide a bird’s eye view 

of the proteoform landscape of TnC, cTnT, and cTnI for direct analysis of the stoichiometry of 

their various proteoforms. Moreover, this native NP enrichment strategy was found to be highly 

reproducible across three independent donor heart tissues (Figure S3.5).  
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We next investigated whether the enriched endogenous cTn complex could be analyzed 

under native conditions by SEC-MS using an online buffer exchange (OBE) method86, 241 for rapid 

analysis of native protein complexes after separation from MS-incompatible buffers (Figure S3.6). 

Upon analysis of the resulting SEC-MS chromatograms, protein complexes were effectively 

separated from non-volatile buffer components within 7 minutes (Figure S3.6). Additionally, 

heterotrimeric cTn complexes (z = 16+-21+) were reproducibly enriched across three independent 

elution mixtures from the same heart tissue sample highlighting the reproducibility of this SEC-

OBE native MS method (Figure S3.7). 

3.3.3. Structural Heterogeneity of Endogenous cTn Complex Revealed by nTDMS  

 

 To comprehensively characterize the endogenous heterotrimeric cTn complex, we 

employed a nTDMS approach using an ultrahigh-resolution FTICR mass spectrometer for 

unequivocal proteoform sequencing and protein complex characterization. Native mass spectra of 

the enriched cTn complex revealed a charge state distribution of 18+ to 21+ (3800 m/z to 4300 

m/z) with the most abundant charge state (z = 19+) detected between 4050 m/z to 4080 m/z (Figure 

3.2, Figure S3.8). In-depth examination of the endogenous cTn complex revealed four unique 

complex proteoforms comprised of both covalent and non-covalent modifications (Figure 3.2b). 

All heterotrimer cTn complex proteoforms were identified with high mass accuracy (< 2 ppm) 

(Figure 3.2b, Table S3.2). Significantly, the predominant forms of the heterotrimeric cTn 

complex were revealed to comprise of mono-phosphorylated cTnT, mono-phosphorylated and bis-

phosphorylated cTnI, and TnC with three bound Ca2+ ions (most abundant cTn complex MW = 

77136 Da). These results show that the human cTn complex exists in structurally diverse molecular 

compositions in the sarcomere with highly heterogenous covalent and non-covalent modifications 

that yield a suite of different intact assemblies. 
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Figure 3.2. High-resolution native top-down MS analysis demonstrates heterogeneity of endogenous 

heterotrimeric cTn complexes.  Native MS spectra of the endogenous cTn complex using ultrahigh-

resolution FTICR-MS to achieve isotopic resolution. Most abundant charge state (z = 19+) is isolated. 

Zoomed-in mass spectra shows the isotopically resolved cTn complex proteoforms detected. Theoretical 

isotope distributions (red circles) are overlaid on the experimentally obtained mass spectrum to illustrate 

the high mass accuracy. All individual ion assignments are within 2 ppm from the theoretical mass. 
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3.3.4. Sequence-Specific Structural Elucidation of cTn Complex Quaternary Structure through 

nTDMS 

 Next, we performed complex-up native MS analysis242 with collisionally activated 

dissociation (CAD)121 to elucidate the stoichiometry and composition of the heterotrimeric cTn 

complex (Figure 3.3). First, the intact heterotrimeric cTn complex (z = 18+-20+) was isolated with 

no dissociated cTn subunits present in the resulting mass spectra (Figure 3.3a). Subunit ejection 

of the cTn complex was then observed by CAD (Figure 3.3b). We detected the intact cTn(I-C) 

dimer at 2700 m/z to 3600 m/z (z = 12+-16+, MW = 42556 Da), cTnT monomer at 2500 m/z to 

3200 m/z (z = 11+-14+, MW = 34580 Da), and TnC monomer at 2600 m/z to 3100 m/z (z = 6+-7+, 

MW = 18520 Da). Ejected cTnI monomer was not detected in appreciable abundance. We suspect 

that this may be due to maintaining native conditions during our MS analysis which seems to 

preserve the strong binding affinity of cTnI to TnC.243, 244 Additionally, it is possible that the 

ejected cTnI monomer may appear at too low of a charge (i.e. too high of m/z range) for us to 

meaningfully detect during our complex-up native MS analysis. 

 To gain additional structural and sequence-specific information of the endogenous cTn 

complex, we performed complex-down analysis242 of the dissociated cTn subunits (Figure 3.3c-

d). The isolation of ejected cTnT monomers (z = 14+) revealed multiple proteoforms, including 

unphosphorylated cTnT, monophosphorylated cTnT (pcTnT), and phosphorylated cTnT with C-

terminal Lys truncation (pcTnT [aa 1-286]) (Figure 3.3c). Further CAD fragmentation revealed 

fragments which suggest that the C-terminus of cTnT is more solvent exposed than the N-terminus 

forming the heterotrimer interface (Figure 3.3c, Figure S3.9). Next, the isolation of ejected cTn(I-

C) dimer (z = 14+) revealed six unique proteoforms with different Ca2+ occupancy and 

phosphorylation states: unphosphorylated cTnI associated with TnC and 2 Ca2+, unphosphorylated  
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Figure 3.3. Native top-down MS (nTDMS) analysis for the characterization of cTn complexes directly 

from human heart tissue. (a-f). (a) Isolation of the heterotrimeric cTn complex achieved by ultrahigh-

resolution FTICR-MS with charge states labeled. Inset shows three common approaches used for nTDMS 

analysis. (b) Complex-up analysis of the cTn complex ejects cTn monomers and dimer to reveal 

heterotrimeric complex stoichiometry. (c) Isolation of ejected cTnT native monomer (z = 14+) followed by 

complex-down analysis using collisionally activated dissociation (CAD) fragmentation. Theoretical isotope 

distributions (red circles) are overlaid on the experimentally obtained mass spectrum to illustrate the high 

mass accuracy. All individual ion assignments are < 2 ppm from the theoretical mass. (d) Representative 

MS/MS spectra and CAD fragment ions (𝑦17
2+, 𝑦39

4+, 𝑦118
9+ ) obtained from the nTDMS analysis. (e) Isolation 

of ejected cTn native dimer (z = 14+) followed by complex-down analysis using CAD fragmentation. 

Theoretical isotope distributions (red circles) are overlaid on the experimentally obtained mass spectrum to 

illustrate the high mass accuracy. All individual ion assignments are within 2 ppm from the theoretical 

mass. (f) Representative MS/MS spectra and CAD fragment ions (cTnI: 𝑦42
3+, 𝑏26

1+, TnC: 𝑦16
1+, 𝑦20

1+) obtained 

from the nTDMS analysis.  
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cTnI associated with TnC and 3 Ca2+, monophosphorylated cTnI (pcTnI) associated with TnC and 

2 Ca2+, pcTnI associated with TnC and 3 Ca2+, bisphosphorylated cTnI (ppcTnI) associated with 

TnC and 2 Ca2+, and ppcTnI associated with TnC and 3 Ca2+ (Figure 3.3d). The cTn(I-C) dimer 

precursor ions (z = 14+) were further subjected to CAD fragmentation requiring high collision 

voltage (70 V) to obtain additional structural information (Figure 3.3d, Figure S3.10). We 

observed phosphorylation of dissociated cTnI monomer at Ser22 and Ser23, which are the targets 

of PKA-mediated phosphorylation.35 Our nTDMS analysis also suggests that both the intrinsically 

disordered C- and N-termini of cTnI are more solvent exposed than the stable internal regions231 

that form the subunit-subunit interfaces of the cTn complex. While the relative stability of the 

different cTn molecular forms could be inferred based on how they responded to the nTDMS 

analysis, we could not infer exactly how Ca2+ binding and phosphorylation impacted the stability 

of the cTn complexes. Moreover, we did not observe lowly charged “stripped” cTn heterotrimer 

complexes that is expected at a much higher m/z likely due to the limitation of our FTICR mass 

spectrometer which is not optimized for detection of ions at very high m/z.84  

3.3.5. Direct Localization of Ca2+ Binding Domains in Endogenous cTn Complex 

 We have characterized the three Ca2+ binding domains present in endogenous TnC using 

nTDMS (Figure 3.4). TnC is an EF-hand Ca2+-binding protein that is an essential Ca2+ sensing 

molecular subunit in the heterotrimeric cTn complex.227, 228 Human TnC consists of three 

functional metal-binding motifs (domains II-IV) that can be occupied by Ca2+ and are responsible 

for regulating cardiac muscle contraction.235 Ca2+ binds to domain II with low-affinity (~10-5 M) 

and serves as the “regulatory” domain for initiating cardiac contraction.245 In contrast, domains III 

and IV, referred to as “structural” sites, bind Ca2+ with high-affinity (~107 M-1).246 Domains III 

and IV consistently remain saturated with Ca2+ during relaxation and contraction, whereas Domain 
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II is only occupied during contraction.247 Notably, domains III and IV exhibit a slower Ca2+ 

exchange rate than domain II.246, 248 The nTDMS isolation spectra of ejected TnC monomer (z = 

8+) revealed multiple proteoforms of endogenous TnC in its Ca2+-bound states (Figure 3.4a). 

Specifically, we observed TnC with 0, 1, 2, and 3 Ca2+ ions bound with baseline isotopic resolution 

and high mass accuracy. The relative proportion of singly, doubly, and triply bound Ca2+ states 

were found to be approximately 0.2, 0.5, and 0.1, respectively (Figure S3.11).  

The essential amino acid regions necessary for an individual Ca2+ ion to associate with TnC 

domains were next determined through nTDMS analysis. Aspartic acid and glutamic acid have the 

highest binding affinities for Ca2+ at neutral pH.235,249 To localize Ca2+ binding domains, TnC 

proteoforms were subjected to CAD to generate extensive backbone fragmentation through 

collisional activation ramping (Figure 3.4b-c, Figure S3.12). We found TnC domain III to be the 

least vulnerable Ca2+ binding to collisional activation, while domain II was found to be the most 

vulnerable Ca2+ binding region. To localize the primary region for Ca2+ binding that is least 

vulnerable to collisional activation, we isolated the TnC proteoform at 2312 m/z and performed 

CAD to yield product ions y52 + Ca2+, y30, b115 + Ca2+, and b109 (Figure S3.13). Therefore, the 

primary Ca2+ binding domain was localized to 113DLD115 in domain III. The next Ca2+ binding 

domain was localized to the structural region between 141DKNND145 in domain IV by first isolating 

the TnC proteoform at 2316 m/z and then generating CAD product ions b140 + Ca2+, b145 + 2 Ca2+, 

y16, and y22 + Ca2+ (Figure S3.14). Finally, the most vulnerable Ca2+ binding region was localized 

to regulatory domain II between 73DFDE76 by isolating the TnC proteoform at 2321 m/z and 

generating CAD product ions b65, b91 + Ca2+, y85 + 2 Ca2+, and y94 + 3 Ca2+ (Figure S3.15). This 

is the first study to localize endogenous TnC Ca2+ binding regions to domains II, III, and IV in the 
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cTn complex (Figure 3.4d). Additionally, a molecular depiction of the divalent association of Ca2+ 

to amino acid residues 73D and 76E in TnC domain II is illustrated in Figure 3.4e.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.4. Native top-down MS (nTDMS) enables localization of endogenous Ca2+ binding domains 

within TnC. (a-e) (a) Isolation of native TnC monomer (z = 8+) showing proteoforms with differential 

Ca2+ binding using ultrahigh-resolution FTICR-MS. (Inset) Isolation of TnC + 2 Ca2+proteoform (z = 8+). 

Theoretical isotope distributions (red circles) are overlaid on the experimentally obtained mass spectrum to 

illustrate the high mass accuracy proteoform characterization. All individual ion assignments are within 16 

ppm from the theoretical mass. (b) MS/MS characterization of TnC + 2 Ca2+ proteoform isolated from the 

quadrupole window centered at 2316 m/z by collisionally activated dissociation (CAD) fragmentation. (c) 

nTDMS CAD fragmentation map showing the localization of three Ca2+ ions and N-terminal acetylation in 
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TnC monomer achieving ~ 63% total bond cleavage. We observed sequential binding of Ca2+ ions to TnC 

with Ca2+ first binding to domain III (red), then domain IV (yellow), and lastly domain II (blue). (d) 

Structural representation of the cTn complex with the experimentally defined Ca2+ binding domains (II-IV) 

highlighted (domain II, blue; domain III, red; domain IV, yellow, UniprotKB annotations, gray). TnC is 

depicted in green, cTnI in purple, cTnT in orange, and Ca2+ ions in yellow. PDB: 1J1E. (e) Magnified view 

of TnC Ca2+ binding in domain II showing possible coordination with amino acid residues D73 and E77. 

PDB: 1J1E. 

 

3.3.6. Determination of cTn-Ca2+ Binding and Conformational Dynamics  

 

 Binding of Ca2+ to TnC has extensive effects to the heterotrimeric cTn complex function 

and structure in regulating cardiac contraction.222, 226, 228, 250 The core of the heterotrimeric cTn 

complex maintains a stable conformation, while flexible regions undergo extensive 

conformational changes when Ca2+ binds to TnC.230 This transition shifts the cTn complex from a 

‘closed’ state where muscle contraction is prevented by cTnI binding to actin, to an active ‘open 

state’. In this active state, the N-terminal domain of TnC opens, allowing for the binding of cTnI, 

and facilitating the interaction between actin and myosin, ultimately leading to cardiac muscle 

contraction. Due to the conformational heterogeneity and presence of intrinsically disordered 

regions along the heterotrimeric cTn complex, it is challenging to obtain crystal structures of cTn 

in its active and closed states upon Ca2+ binding using traditional structural biology techniques.226 

Therefore, to assess the intricate relationship between cTn-Ca2+ binding and conformational 

dynamics, we performed native TIMS-MS analysis. TIMS positions ions in an electrical field 

against a moving buffer gas to determine ion mobility (1/K0) values for structural analysis of native 

proteins and protein complexes.41, 110, 251 The measured mobilities are converted into collision 

cross-section (CCS) values to provide structural information on ion shape and size to evaluate 

conformational changes in the protein three-dimensional structure.252, 253  
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First, the native TIMS-MS parameters were optimized using bovine serum albumin (BSA, 

~ 66 kDa) due to BSA having similar m/z and ion mobility regions as the cTn complex. Modifying 

the desolvation parameters proved critical for effective high-resolution ion mobility separation of 

BSA conformers (Figure S3.16). We next used TIMS-MS to separate and analyze the endogenous 

TnC monomer and cTn(I-C) dimer Ca2+-bound proteoforms (Figure 3.5). The CCS values for TnC 

monomer with 0, 1, 2, and 3 Ca2+ ions bound were determined to be 1853, 1849, 1829, and 1844 

Å2, respectively (Figure 3.5a-b). The experimentally obtained CCS values revealed a more 

compact conformation for TnC than was predicted by IMPACT254 calculation derived from 

available TnC crystal structures (Table S3.3). On the other hand, the CCS values for cTn(I-C) 

dimer with 2 (3623 Å2) and 3 (3640 Å2) Ca2+ ions were in excellent agreement with the calculated 

IMPACT CCS values (Figure 3.5c-d, Table S3.3). For TnC monomer, the structure remains in an 

open conformation in its apo and 1 Ca2+ bound states, whereas TnC shifts to a closed state upon 2 

Ca2+ ions binding (Figure 3.5e). Interestingly, TnC shows a slightly more open conformation upon 

3 Ca2+ ions binding. We reason that TnC with 2 Ca2+ ions bound forms a more compact 

conformation because Ca2+ structural binding domains III and IV are typically saturated at resting 

diastolic concentrations, but when the third Ca2+ ion binds to domain II, TnC adopts a more open 

conformation to prepare the N-terminal region of TnC for binding to the C-terminal region of cTnI 

to initiate cardiac muscle contraction.228, 255 Likewise, binding of three Ca2+ ions to cTn(I-C) dimer 

shifts the dimer to a more open conformation when compared to the 2 Ca2+ bound state (Figure 

3.5f). These results suggest that cTnI and TnC form a more open conformation when saturated 

with Ca2+ ions in preparation for cTnT engagement along the thin filament for subsequent cTn 

complex formation and cardiac muscle contraction.256  
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Figure 3.5. Ion mobility separation of TnC monomer and cTn dimer Ca2+ bound proteoforms by 

native TIMS-MS. (a-f) (a) TnC monomer proteoforms (z = 7+) from TIMS-MS analysis. (Inset) 

Associated ion mobility heat map showing differences in ion mobility and intensity for each different Ca2+ 

bound proteoform. (b) Collision cross section (CCS) of the TnC proteoforms obtained under nitrogen (N2) 

drift gas. (c) cTn dimer proteoforms (z = 13+) from TIMS-MS. (Inset) Associated ion mobility heat map 

showing differences in ion mobility and intensity for each different Ca2+ bound proteoform. (d) CCS of the 

observed cTn dimer proteoforms obtained under N2 drift gas. (e) Illustrations of TnC monomer and (f) cTn 

dimer conformational changes upon Ca2+ binding. 

 

 The structural roles of Ca2+ in maintaining the intact heterotrimer stability were further 

profiled by native TIMS-MS analysis (Figure 3.6). We added EGTA to sequester Ca2+ from the 

intact heterotrimer complex and probe the specific contribution of individual Ca2+ binding regions 

to cTn complex stability (Figure 3.6a). First, the heterotrimeric cTn complex (z = 18+ to 21+) was 

resolved by native TIMS-MS analysis (Figure 3.6b-c) without EGTA incubation. The CCS of the 
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native cTn complex with all Ca2+ occupied was determined to be 4880 Å2 which was comparable 

to the CCS value calculated using the IMPACT254 method (4192 Å2) and is in good agreement 

with the previously reported partial crystal structure226 that is truncated due to intrinsically 

disordered regions present within the cTn complex (Table S3.3). Under increasing concentrations 

of EGTA (25, 50, and 100 mM) to sequester cTn-bound Ca2+, the intact cTn complex was 

gradually unfold, as evidenced by an increase in the average charge stage as well as a shift in the 

charge state envelope to lower m/z regions for the cTn complex. TIMS analysis of the cTn complex 

revealed protein conformer enhancement and loss of protein complex stability which correlated 

with increasing EGTA concentration (Figure 3.6 d-f, Table S3.4). Additionally, plotting the 

experimentally determined CCS values as a function of charge state for TnC monomer, cTn(I-C) 

dimer, and cTn(I-T-C) heterotrimer illustrates the linear relationship between charge state and 

native protein conformation for each cTn molecular form (Figure S3.17). While TIMS analysis 

offers comprehensive insights into protein complex size and stability, determining the precise 

extent of Ca2+ binding within the cTn complex remains challenging, as only an average mass for 

the ensemble can be attained.  We suspect that, despite incubating the cTn complex with 100 mM 

of EGTA, Ca2+ may not be entirely stripped from the complex. The presence of cTnI significantly 

enhances the sensitivity of TnC to Ca2+ binding, potentially preventing complete Ca2+ removal 

from the cTn complex due to the equilibrium between EGTA-Ca2+ Kd and cTn-Ca2+ Kd being of a 

similar order. Overall, native TIMS-MS analysis of endogenous TnC monomer, cTn(I-C) dimer, 

and the cTn heterotrimer gas-phase structures provide insights into the conformational changes 

that occur upon cTn-Ca2+ binding during cardiac contraction.  
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Figure 3.6. Addition of a Ca2+ chelator to the cTn complex provides insights into cTn-Ca2+ binding 

dynamics. (a-f) (a) Illustration of the cTn complex unfolding when incubated with increasing 

concentrations of EGTA; a Ca2+ ion chelator that sequesters cTn-bound Ca2+. (b) Mass spectrum of the cTn 
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complex (z = 18-21+) by native TIMS-MS. (c) Associated ion mobility heat map corresponding to the data 

presented in b. (d) Enriched cTn complexes were incubated with 0, 25, 50, and 100 mM EGTA for 3h at 

4°C and then analyzed by native TIMS-MS. (e) Base peak mobilogram spectra (BPM) of cTn complexes 

incubated with EGTA (z = 20+). (f) Collision cross section (CCS) analysis of cTn complexes incubated 

with EGTA (z = 20+) obtained under N2 drift gas. The loss of protein complex stability directly correlates 

with increasing EGTA concentration (25 to 100 mM). 

 

3.4 Discussion  

Here we have developed a native nanoproteomics platform for enrichment/purification and 

structural characterization of endogenous protein complexes and their non-covalent interactions in 

their native state together with comprehensive proteoform mapping. This approach addresses 

challenges in the current nTDMS field in the isolation and analysis of endogenous protein 

complexes. By avoiding denaturation or digestion steps, nTDMS quickly emerges as a powerful 

structural biology tool providing insights into the endogenous protein complexes and their 

functional states.178 However, nTDMS studies have primarily relied on purification strategies 

using overexpressed recombinant proteins and/or highly abundant proteins due to the difficulties 

in isolating endogenous protein complexes.45, 48, 50, 129, 257, 258 To our knowledge there has been no 

previous nTDMS study to structurally characterize heterogenous endogenous protein complexes 

directly from heart tissue samples.  

We chose to apply the native nanoproteomics method to characterize the structure and 

dynamics of the endogenous cTn complex given its high significance in cardiac function and 

clinical diagnosis. The structure of the cTn complex has been previously investigated by traditional 

structural biology techniques but were limited to resolving only the primary domains of the 

complex.226, 230 Moreover, it is challenging to characterize the dynamic structural changes of 

endogenous cTn-Ca2+ binding events and PTMs directly from human samples by these 
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methods.231, 232, 259, 260 While the influence of Ca2+ exchange on cTn stability and function has been 

suggested, previous studies have often employed recombinantly expressed cTn subunits to 

reconstruct cTn complexes or cardiac thin filaments. These constructs frequently lack PTMs and 

do not directly assess the entire cTn heterotrimeric complex. In contrast, our nTDMS results offer 

indispensable structural insights of the intact endogenous cTn complex. Notably, our native 

nanoproteomics study identified 17 endogenous cTn proteoforms directly from human heart tissue, 

while preserving PTMs including N-terminal acetylation and phosphorylation, along with non-

covalent interactions such as Ca2+ binding with high resolving power and mass accuracy. We 

observed sequential binding of Ca2+ ions to TnC with the primary and secondary binding regions 

in domain III (113DLD115) and domain IV (141DKNND145) near the C-terminus, respectively. 

Whereas the tertiary Ca2+ binding region was localized to domain II (73DFDE76) at the N-terminus 

of TnC. Ca2+ binding regions along TnC have been previously reported on the UniprotKb database 

as 65DEDGSGTVDFDE76 in domain II, 105DKNADGYIDLDE116 in domain III, and 

141DKNNDGRIDY152 in domain IV. In contrast, we provide a substantial refinement to the precise 

Ca2+ binding region in TnC, to just within a few amino acid residues, which demonstrates the high-

resolution capabilities of this native nanoproteomics approach for localizing non-covalent metal 

binding. Given that the binding of Ca2+ to domain IV occurs in a sequential manner subsequent to 

the initial Ca2+ binding event in domain III, our findings may hold considerable biological 

significance. Prior investigations have elucidated that mutations within the Ca2+ binding to 

domains III and IV substantially diminish the affinity of TnC for the regulatory region of cTnI.261, 

262 Consequently, disruption of the sequential Ca2+ binding event could initiate deleterious 

physiological consequences, including the potential development of cardiomyopathies. Finally, 
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our results resolve the structural roles of Ca2+ binding in regulating conformational changes in TnC 

monomer, cTn(I-C) dimer, and cTn(I-T-C) heterotrimer.  

 

3.5 Conclusions 

Overall, this native nanoproteomics approach opens new opportunities for the 

enrichment/purification and structural characterization of endogenous protein complexes to reveal 

their native assemblies, proteoform landscape, and dynamical non-covalent binding. This 

approach utilizes functionalized NPs designed to selectively bind to specific target proteins, and 

the enriched protein complexes can preserve their native state when enrichment and elution 

conditions are established.  This native nanoproteomics platform can be readily adaptable to other 

protein targets when the appropriate affinity ligand is identified and utilized, which will require 

the development and optimization of new functionalized nanomaterials. We envision the 

integration of designer nanomaterials with nTDMS can serve as a powerful structural biology tool 

in the analysis of endogenous protein complexes in their native states that are complementary to 

traditional biophysical techniques.  
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3.6 Methods 

3.6.1. Synthesis of N-(3-(triethoxysilyl)propyl)buta-2,3-dienamide 

3-Butynoic acid (2.10 g, 1 eq., 25 mmol), 2-chloro-1-methylpyridinium iodide (7.00 g, 1.1 eq., 27 

mmol), and dichloromethane (250 mL) were added to a round bottom flask. Next, a solution of (3-

aminopropyl)triethoxysilane (5.53 g, 1 eq., 25 mmol), N,N-diisopropylethylamine (6.46 g, 2 eq., 

50 mmol), and dichloromethane (125 mL) was prepared separately and added to the stirring round 

bottom flask. The reaction mixture was allowed to reflux for 1 hour. The crude product was 

concentrated in vacuo and partially redispersed in ethyl acetate, allowing for the separation of 

BAPTES from the insoluble 2-chloro-1-methylpyridinium iodide by gravity filtration. The product 

was concentrated in vacuo and purified twice with column chromatography using a gradient of 

50:50 to 100:00 ethyl acetate: hexane to yield BAPTES and its alkyne isomer as a clear, orange 

oil (4.80 g, 67% yield). To effectively isomerize the propargylic isomer to N-(3-

(triethoxysilyl)propyl)buta-2,3-dienamide, anhydrous acetonitrile (120 mL), BAPTES isomers 

(3.38 g, 1 eq., 11.78 mmol), and tribasic potassium phosphate (2.50 g, 1 eq. 11.78 mmol) were 

added to a round bottom flask. The reaction was allowed to stir at room temperature for 2 hours 

before gravity filtration and subsequent concentration in vacuo. The product was purified with 

flash column chromatography using a gradient of 70:30 to 100:00 ethyl acetate: hexane to yield a 

clear, yellow oil. The final product was concentrated in vacuo for further use; 1H NMR (500 MHz, 

Chloroform-d) δ (ppm) 5.99 (s, 1H), 5.62 (t, J = 6.6 Hz, 1H), 5.20 (d, J = 6.7 Hz, 2H), 3.83 (q, J 

= 7.0 Hz, 6H), 3.31 (q, J = 6.7 Hz, 2H), 1.66 (m, 2H), 1.24 (t, J = 7.0 Hz, 9H), 0.66 (m, 2H); 13C 

NMR (125 MHz, Chloroform-d) δ (ppm) 211.56, 164.33, 91.02, 80.33, 58.47, 42.02, 23.02, 18.30, 

7.66; ESI-MS for C13H25NO4Si [M+H]+ observed: 288.162 m/z, [M+H]+ calculated: 288.162 m/z. 

(2.30 g, 68% yield). 
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3.6.2. Synthesis of Iron-Oleate Precursor 

Iron oleate was synthesized using a previously established method.78 In a typical synthesis, iron 

(III) chloride hexahydrate (10.8 g, 40 mmol) was first dissolved in a mixture of 80 mL ethanol and 

60 mL nanopure water in a three-neck round bottom flask (500 mL) containing a Teflon-coated 

egg-shaped (1-1/4” x 5/8”) magnetic stir bar. Sodium oleate (36.5 g, 120 mmol) was then quickly 

added to the iron chloride solution along with 140 mL n-hexane. The resulting solution was then 

allowed to stir until the sodium oleate was completely dissolved. Afterwards, the reaction solution 

was heated to 70 C for a 4-h reflux under a N2 blanket. Upon completion, the reaction solution 

was cooled to room temperature, and the upper organic layer containing the iron oleate was washed 

three times with 30 mL nanopure water in a 250 mL separatory funnel. After washing, the iron 

oleate was concentrated in vacuo. Finally, the resulting iron oleate was transferred into a 100 mL 

round bottom flask, connected to a Schlenk line, and placed under vacuum overnight. For storage, 

the iron oleate was well sealed in a glass vial and placed in a desiccator. 

3.6.3. Synthesis of 8 nm Magnetite (Fe3O4) Nanocrystals  

Iron oleate precursor and magnetite nanoparticles were synthesized following published protocol, 

with minor modifications.78 Briefly, the NPs were synthesized using 10 mmol (9.0 g) iron oleate, 

5.5 mmol (1.56 g) oleic acid, and a 4:1 ODE:TDE (40 g: 10 g) solvent mixture. The mixture was 

stirred and degassed on a Schlenk line at 110 C for 3 h, heated to 300 C at a heating rate of 3.3 

C/min under a nitrogen flow, and then allowed to boil for 30 min. After three centrifugation wash 

cycles (10,000 × g, 20 min) using EtOH, the resulting NPs were then dried under vacuum, weighed, 

and redispersed in n-hexane at a concentration of 20 mg/mL for further use.  
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3.6.4. Synthesis of Fe3O4-BAPTES NPs (NP-BAPTES)  

In a typical optimized large-scale synthesis of silane functionalized NPs, Fe3O4 NPs (6 mL from a 

20 mg/mL stock) were added to anhydrous n-hexane (300 mL) in a 500 mL round bottom flask 

equipped with a Teflon-coated egg-shaped magnetic stir bar (1–1/4” × 5”) to achieve a total NP 

concentration of 0.4 mg/mL. After the reaction mixture was heated to 60 °C with stirring (900 

rpm), BAPTES (1.65 mL) was added dropwise to the flask for a 0.55% (v/v) total concentration 

of trialkoxysilane reagent, followed by dropwise addition of a small amount of acetic acid (30 μL) 

for an acidic catalyst concentration of 0.01% (v/v). After reacting at 60 C for 24 h, the precipitate 

was collected and washed one time with n-hexane, one time with n-hexane/acetonitrile (v/v, 4:1), 

and one more time with n-hexane via centrifugation (10,000 × g, 10 min) to remove excess silane 

molecules and surfactants. The NPs were then dried under vacuum for later use. 

3.6.5. Synthesis of Fe3O4-BAPTES-Peptide NPs (NP-Pep) 

10 mg of NP-BAPTES were added to a 4-dram vial and dispersed in 2 mL of acetonitrile. 10 mg 

of cTnI-binding peptide (HWQIAYNEHQWQC)236 were added to a separate 4-dram vial and 

dissolved in 8 mL of nanopure water. The pH of the peptide solution was adjusted to pH 8.0 by 

the addition of 75 µL of 1.0 M ammonium carbonate buffer pH 9.0 during simultaneous water bath 

sonication. The pH-adjusted peptide solution was added into the 4-dram vial containing the NP 

dispersion under water bath sonication. The NP reaction mixture was allowed to react under 

sonication for 1 h and later collected into Eppendorf tubes for washing. The peptide-functionalized 

NPs were washed three times with nanopure water via centrifugation (10,000 × g, 5 min) and 

subsequently isolated magnetically with a DynaMag to remove unreacted peptide. The resulting 

peptide functionalized NPs were redispersed in nanopure water at a concentration of 5 mg/mL. 
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3.6.6. Human Cardiac Tissue Collection and Ethical Compliance  

Left ventricular (LV) myocardium from non-failing donor hearts with no history of heart diseases 

were used and obtained from the University of Wisconsin Organ and Tissue Donation-Surgical 

Recovery and Preservation Services. Donor heart tissues were stored in cardioplegic solution prior 

to dissection and snap-frozen immediately in liquid nitrogen and stored at -80 ℃. We have 

complied with all ethical regulations related to this study. All experiments on human samples 

followed all relevant guidelines and regulations. The procedures for the collection of human donor 

heart tissues were reviewed and approved by the University of Wisconsin - Madison Institutional 

Review Board (Protocol number 2013-1264). Research with human tissue has been conducted 

according to the principles of the Declaration of Helsinki. Clinical characteristics of the donor 

heart tissues used can be found in Table S3.1.  

3.6.7. Native Protein Extraction 

Cardiac tissue was first homogenized on ice using a Polytron homogenizer in 10 volumes (mL/g 

tissues) of native wash buffer (5 mM NaH2PO4, 5 mM Na2HPO4 (pH 7.0), 100 mM NaCl, 125 

mM L-Met (pH 7.5), 1 mM PMSF and 1X MS-Safe protease and phosphatase inhibitor cocktail) 

to deplete the highly abundant cytosolic proteins. The homogenate was centrifuged at 17,000 × g 

for 3 min at 4°C, and the supernatant was discarded. The washing and homogenization step was 

repeated once more, and then the supernatant was discarded.  To extract proteins such as the 

cardiac troponin (I-T-C) complex from human heart tissues without potentially denaturing the 

proteins’ tertiary or quaternary structure, a high ionic strength LiCl buffer at physiological pH was 

used (25 mM Tris (pH 7.5), 700 mM LiCl, 125 L-Met (pH 7.5), 1 mM PMSF and 1X MS-Safe 

protease and phosphatase inhibitor cocktail. The resulting pellet was washed, centrifuged, and 

homogenized in 5 vol (mL/g tissue) of LiCl native extraction buffer, then incubated at 4 °C for 10 
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min to extract the sarcomeric proteome. The homogenate was centrifuged at 17,000 × g for 3 min 

at 4°C and the supernatant containing the sarcomeric proteome was transferred to new Eppendorf 

Protein Lo-Bind tubes, and further centrifuged at 21,000 × g for 30 min at 4 °C to clarify the 

extracts. The supernatants were finally transferred to new Eppendorf Protein Lo-Bind tubes, snap-

frozen in liquid nitrogen, and stored at -80°C.  

3.6.8. Native Purification of Endogenous Protein Complexes using Peptide-Functionalized 

Nanoparticle (NP-Pep) Enrichment 

NP-Pep (5 mg) originally dispersed in H2O was redispersed in a 2 mL Eppendorf Protein Lo-Bind 

tube with 1 mL of equilibration buffer (25 mM Tris (pH 7.5), 700 mM LiCl, 15 mM L-Met). The 

NPs were then centrifuged at 21,000 × g for 2 min at 4 °C, isolated from the solution using the 

DynaMag, and the supernatant was removed. 1 mL of equilibration buffer was then added to the 

NPs, the mixture was sonicated and vortexed to prepare for protein loading. Protein loading 

mixture (L) from heart tissue extract was diluted to a final volume of 1 mL with a buffered solution 

(25 mM Tris (pH 7.5), 700 mM LiCl, 15 mM L-Met) to a total protein loading of 0.6 mg/mL and 

then the NP-Pep mixture was added to the protein loading mixture, at an NP concentration of 

2.5 mg/ml. After this mixture was agitated on a nutating mixer at 4 °C for 1 h, the NPs were 

centrifuged at 21,000 × g for 2 min at 4 °C, and then isolated from the solution using the DynaMag. 

The supernatant was collected and saved as the flow-through (F) fraction. The isolated NPs were 

then washed three times with equilibration buffer (25 mM Tris (pH 7.5), 700 mM LiCl, 15 mM L-

Met; 0.20 mL/mg NP-Pep) following the same centrifugation and magnetic isolation steps to 

remove unbound, nonspecific proteins. To elute the bound cTn(I-T-C) complex, 500 μL of 750 

mM L-arginine, 750 mM imidazole, 50 mM L-glutamic acid (pH 7.5) was added, and allowed to 

incubate with NP-Pep with agitation on a nutating mixer at 4 °C for up to 10 min. After 
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centrifugation and magnetic isolation, the resulting supernatant was collected as the elution 

fraction (E). Prior to protein concentration, Amicon Ultra Centrifugal filters were equilibrated with 

500 μL of 750 mM L-arginine, 750 mM imidazole, 50 mM L-glutamic acid (pH 7.5), and 

centrifuged at 14,000 × g for 5 min at 4 °C.  The NP-Pep elution mixture was concentrated using 

the Amicon Ultra Centrifugal filter (30 kDa MWCO, 0.5 mL) at 14,000 × g for 10 min at 4 °C, 

and the concentrated protein mixture (approximately 40 μL) was either transferred to a chilled LC-

MS vial for automated online buffer exchange into 200 mM ammonium acetate solution using size 

exclusion chromatography columns. For offline MS analysis, concentrated protein mixture was 

buffer exchanged into 200 mM ammonium acetate solution using Bio-Spin® columns with Bio-

Gel® P-30.  

3.6.9. Standard Protein Sample Preparation  

Bovine serum albumin (BSA, 66 kDa) was purchased from Sigma-Aldrich (St. Louis, MO). Native 

protein samples were prepared by buffer exchanging into 200 mM ammonium acetate solution by 

washing the sample six times through an Amicon Ultra Centrifugal filter (10 kDa MWCO, 0.5 

mL). The protein sample was then diluted to 20 μM in 200 mM ammonium acetate solution. 

3.6.10. Calcium Binding Experiments using EGTA for cTn(I-T-C) Complex Stability 

To probe the role and influence of Ca2+ co-factor association with respect to the stability of the 

cTn(I-T-C) complex, a metallic ion chelator with high affinity for Ca2+ (1.0 M EGTA, pH 7.5) was 

added to NP-Pep elution mixtures at various final concentrations (0, 25, 50, and 100 mM EGTA). 

After addition of EGTA, protein solutions were vortexed, pulse spun by tabletop centrifuge, and 

incubated on ice at 4 °C for 3 h. After incubation with EGTA, samples were concentrated, and 

buffer exchanged into 200 mM ammonium acetate solution for offline native MS analysis as 

described above.  
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3.6.11. Top-Down RPLC-MS/MS Analysis of cTnI, cTnT, and TnC Monomers  

For top-down RPLC-MS/MS protein sample preparation of the cardiac protein L, F, and NP-Pep 

E, Amicon Ultra Centrifugal filters (10 kDa, 0.5 mL) were pre-equilibrated with a cartridge volume 

of 0.2% formic acid (FA) in water and centrifuged at 14,000 × g for 5 min at 4 °C. After the filters 

were equilibrated, protein sample was introduced, and the proteins were desalted by repeated 

dilution with 0.2% FA in water to the cartridge filter volume, and concentrated by centrifugation 

at 14,000 × g for 5 min at 4 °C. This dilution and concentration process was repeated for five 

additional times to effectively buffer exchange proteins into MS-compatible mobile phase and to 

remove non-volatile salts and buffers. Buffer exchanged samples were then transferred to chilled 

LC-MS vials for reverse phase (RP)LC-MS/MS analysis. Top-down RPLC-MS/MS was carried 

out by either using an Acquity ultra-high pressure LC M-class system (Waters) coupled to a high-

resolution maXis II quadrupole time-of-flight (QTOF) mass spectrometer (Bruker Daltonics) or 

by using a nanoAcquity ultra-high pressure LC system (Waters) coupled to a high-resolution 

Impact II QTOF mass spectrometer (Bruker Daltonics). 600 ng of total protein was injected onto 

a home-packed PLRP column (PLRP-S) (Agilent Technologies), 10-µm particle size, 500-µm 

inner diameter, 1,000 Å pore size using an organic gradient of 20 to 65% mobile phase B (mobile 

phase A: 0.2% FA in H2O; mobile phase B: 0.2% FA in 50:50 acetonitrile/isopropanol) at a 

constant flow rate of 12 μL/min. For the maXis II QTOF, mass spectra were taken at a scan rate 

of 0.5 Hz over 200-3000 m/z range. Ion source parameters, the end plate offset, and capillary 

voltage were 500 and 4500 V, respectively. The nebulizer gas pressure (N2), dry gas flow rate, and 

dry gas temperature were set to 0.5 bar, 4.0 L/min, and 200 °C, respectively. For ion transfer 

parameters, the funnel RF, octupole RF, quadrupole energy, low mass cutoff, and in-source 

collision-induced dissociation (isCID) energy were optimized to 400 V, 400 V, 5 V, 500 m/z, and 
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10 V, respectively. Additionally, collision Vpp, pre-pulse storage time, and collision cell transfer 

time were set to 2000 Vpp, 15 µs, and 100 µs, respectively. For the Impact II QTOF, mass spectra 

were taken at a scan rate of 0.5 Hz over 500-2000 m/z range. Ion source parameters, the end plate 

offset, and capillary voltage were 500 V and 4500 V, respectively. The nebulizer gas pressure (N2), 

dry gas flow rate, and dry gas temperature were set to 0.5 bar, 4.0 L/min, and 200 °C, respectively. 

For ion transfer parameters, the funnel RF, hexapole RF, quadrupole energy, low mass cutoff, and 

in-source collision-induced dissociation (isCID) energy were optimized to 400 V, 400 V, 5 V, 500 

m/z, and 10 V, respectively. Additionally, collision Vpp, pre-pulse storage time, and collision cell 

transfer time were set to 2000 Vpp, 15 µs, and 100 µs, respectively. 

3.6.12. Size Exclusion Chromatography (SEC) for Online Buffer Exchange (OBE) and Native 

MS Analysis of the cTn(I-T-C) Complex 

SEC experiments were performed using a NanoAcquity ultra-high pressure LC system (Waters) 

coupled to a high-resolution maXis II quadrupole time-of-flight mass spectrometer (Bruker 

Daltonics). 1 µg of total protein was injected onto a PolyHYDROXYETHYL A column 

(PolyHEA) (PolyLC Inc), 2.1 mm internal diameter, 100 mm length, 5 µm particle size, and 200 

Å pore size. Protein samples were separated isocratically with with 200 mM ammonium acetate 

solution at a flow rate of 28 µL/min for 10 min with a ‘divert to waste’ step programmed at 7 min. 

After 7 min, the SEC eluate consisted of non-volatile buffers and salts which were diverted from 

the electrospray ionization source to prevent fouling of the mass spectrometer. After every protein 

sample, the PolyHEA column was flushed with 1 column volume of HPLC H2O, and re-

equilibrated with 1 column volume of 200 mM ammonium acetate solution. Mass spectra were 

taken at a scan rate of 0.25 Hz over 500-8000 m/z range. For ion source parameters, the end plate 

offset, and capillary voltage were 500 V and 4500 V, respectively. The nebulizer gas pressure (N2) 
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was set to 1.5 bar, the dry gas flow rate set to 5.0 L/min, and the dry gas temperature set to 200°C. 

For ion transfer parameters, the funnel RF, octopol RF, quadrupole energy, low mass cutoff, and 

isCID were set to 400 V, 800 V, 4V, 500 m/z, and 150-200 V, respectively. Additionally, collision 

Vpp, pre-pulse storage time, and transfer time was optimized to 4000 Vpp, 45 µs, and 145 µs, 

respectively.  

3.6.13. nTDMS Offline FTICR Analysis of cTn Complexes 

Samples were analyzed by nanoelectrospray ionization via direct infusion using a TriVersa 

Nanomate system (Advion BioSciences) coupled to a solariX XR 12-T Fourier Transform Ion 

Cyclotron Resonance mass spectrometer (FTICR-MS, Bruker Daltonics). For the 

nanoelectrospray ionization source using a TriVersa Nanomate, the desolvating gas pressure was 

set to 0.60 PSI and the voltage was set to 1.5-1.7 kV versus the inlet of the mass spectrometer. The 

source dry gas flow rate was set to 4 L/min at 180°C. For the source optics, the capillary exit, 

deflector plate, funnel 1, skimmer voltage, funnel RF amplitude, octupole frequency, octupole RF 

amplitude, collision cell RF frequency, and collision cell RF amplitude were optimized at 190 V, 

200 V, 150 V, 120 V, 300 Vpp, 2 MHz, 600 Vpp, 1.4 MHz, and 2000 Vpp, respectively. Mass 

spectra were acquired with an acquisition size of 1to 4M-words of data in the mass range 200-

8000 m/z. Ions were accumulated in the collision cell for 5 to 30 s, and a time-of-flight of 2 ms 

was used prior to their transfer to the ICR cell. For collisionally activated dissociation (CAD) 

tandem MS (MS/MS) experiments, the collision energy was varied from 55 to 70 V, ion 

accumulation was optimized to 5 to 50 s, and acquisition size varied from 1 to 4M-words of data.  

3.6.14. Native Trapped Ion Mobility (TIMS) MS Analysis of cTn Complexes 

Samples were directly infused by a syringe at a flow rate of ~3 μL/min into a timsTOF Pro mass 

spectrometer (Bruker Daltonics). For the MS inlet, the end plate offset and capillary voltage were 
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set to 500 V and 3800 V, respectively. The nebulizer gas pressure (N2) was set to 1.5 bar with a 

dry gas flow rate of 6.0 L/min at 180°C. The tunnel out, tunnel in, and TOF vacuum pressures 

were set to 8.46E-01, 2.586, and 1.52E-07 mBar. TIMS funnel 1 RF was set to 350 Vpp, and TIMS 

collision cell energy was set to 125 V. An IMS imeX accumulation time of 5.0 ms and cycle ramp 

time of 350 ms were found to yield optimal resolving power. The TIMS accumulation time was 

locked to the mobility range (typically 1.05 - 1.55 1/K0). In the MS transfer optics, the funnel 1 

RF, funnel 2 RF, deflection delta, isCID energy, multipole RF, and quadrupole ion energy were 

optimized to 350 Vpp, 350 Vpp, 60 V, 80 eV, 550 Vpp, and 2 eV. Agilent tune mix was directly 

infused to calibrate MS and CCS values. For MS calibration, the MS resolution for the most 

abundant calibrant signal, 1821 m/z, was 58, 000. Calibrant points at 922, 1222, and 1522 m/z were 

used for TIMS calibration. The TIMS resolution for the most abundant calibrant signal, 1821 m/z, 

was 70.6 CCS/ΔCCS. For native MS spectral collection, the quadrupole low mass was set to 2000 

m/z with a scan range of 2000-8000 m/z. The collision energy was set to 4 eV, with a 2000 Vpp 

collision cell RF, a 232 µs transfer time, and a prepulse storage time of 5.0 µs. 

3.6.15. Data Analysis 

Mass spectrometry data was collected using otofControl v. 4.3 and ftmsControl v. 2.1.0. All data 

were processed and analyzed using Compass DataAnalysis v. 4.3/5.3 software and MASH Native 

v. 1.1.156 The sophisticated numerical annotation procedure (SNAP) peak-picking algorithm 

(quality factor 0.4; signal-to-noise ratio (S/N) 3.0; intensity threshold 500) was applied to 

determine monoisotopic mass of all detected ions. All chromatograms were smoothed by the Gauss 

algorithm with a smoothing width of 2.04s. Denatured mass spectra were deconvoluted using the 

Maximum Entropy algorithm within the DataAnalysis v. 4.3 software with the resolving power 

for deconvolution set to 40,000 or 60,000k. MS/MS data were output from the DataAnalysis 
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software and analyzed using Native MASH for proteoform identification, calcium localization, 

and sequence mapping. All fragment ions were manually validated with a mass tolerance of 20 

ppm. For experimental ion mobility analysis by timsTOF Pro, the collisional cross section (CCS) 

in A2 for a species of interest was determined via the Mason Schamps equation (Equation 1).  

                                  CCS =  
3

16
√

2𝜋

𝜇𝑘𝑏𝑇

𝑧𝑒

𝑁0𝑘0
                                     (1) 

where μ is the reduced mass of the ion−gas pair (μ = 
𝑚𝑀

(𝑚+𝑀)
, where m and M are the ion and gas 

particle masses), kb is Boltzmann’s constant, T is the drift region temperature, z is the ionic charge, 

e is the charge of an electron, N0 is the buffer gas density, and k0 is the reduced mobility. 

Theoretical CCS values were determined using the IMPACT method.46  

3.6.16. Statistical Analysis 

Statistical analysis for group comparison was completed using paired-student t-tests. All p-values 

at p < 0.01 were considered significant. All error bars indicated in figures represent the mean ± 

standard error of the mean (SEM).  
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3.7 Supplemental Information 

3.7.1. Supplemental Tables 

Table S3.1. Clinical characteristics of non-failing donor hearts used. Non-failing donor heart tissues 

were obtained from the University of Wisconsin (UW) Organ and Tissue Donation, Surgical Recovery and 

Preservation Services.  Average and standard error of the mean (SEM) is reported for age. Number of 

donors (n) is indicated in parentheses after each reported percentage.  

 

 
  

Clinical Characteristic Precentage of Sample Cohort

58 ± 8.1 years

min: 43 years

max: 65 years

Male 40% (n  = 2)

Female 60% (n  = 3)

Age
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Table S3.2. cTn proteoforms identified in native top-down MS experiments. Proteoform, modified 

forms, theoretical most abundant mass, experimental most abundant mass, and mass error for the 

proteoforms we identified. Modified proteoforms were manually identified based on highly accurate intact 

mass measurements and MS/MS data together with the prior knowledge on identified cTn proteforms from 

previous publications35, 39, 78, 144 or Uniprot. Abbreviations: cardiac troponin T (cTnT, T); cardiac troponin 

I (cTnI, I); troponin C (TnC, C); N-terminal acetylation (N-acetyl); phosphorylation (phospho, p); bis-

phosphorylation (2x phospho, pp); methionine (Met). 

 

 
  

Proteoform Modified Forms Theo Mass (Da) Expt Mass (Da)
Mass Error 

(ppm)

TnC N-acetyl 18443.58 18443.87 15.8

TnC N-acetyl, 1 Ca(II) 18481.47 18481.52 2.9

TnC N-acetyl, 2 Ca(II) 18519.46 18519.46 0.2

TnC N-acetyl, 3 Ca(II) 18557.41 18557.42 0.3

pcTnT [aa 1-286] aa 1-286, Met removal, N-acetyl 34452.31 34452.35 1.2

cTnT Met removal, N-acetyl 34500.44 34500.41 0.9

pcTnT Met removal, N-acetyl, phospho 34580.41 34580.34 2.0

cTn(I-C)
TnC: N-actetyl, 2 Ca(II)

cTnI: Met-removal, N-acetyl
42438.31 42438.32 0.2

cTn(I-C)
TnC: N-acetyl, 3 Ca(II) 

cTnI: Met-removal, N-acetyl
42476.25 42476.27 0.5

cTn(I-C)
TnC: N-actetyl, 2 Ca(II)

cTnI: Met-removal, N-acetyl, phospho
42518.27 42518.32 1.2

cTn(I-C)
TnC: N-actetyl, 3 Ca(II)

cTnI: Met-removal, N-acetyl, phospho
42556.21 42556.26 1.1

cTn(I-C)
TnC: N-actetyl, 2 Ca(II)

cTnI: Met-removal, N-acetyl, 2x phospho
42598.23 42598.31 1.9

cTn(I-C)
TnC: N-actetyl, 3 Ca(II)

cTnI: Met-removal, N-acetyl, 2x phospho
42636.18 42636.17 0.3

cTn(I-T-C)

TnC: N-actetyl, 2 Ca(II)

cTnI: Met-removal, N-acetyl, phospho

cTnT: Met-removal, N-acetyl,  phospho

77098.68 77098.73 0.8

cTn(I-T-C)

TnC: N-actetyl, 3 Ca(II)

cTnI: Met-removal, N-acetyl, phospho

cTnT: Met-removal, N-acetyl, phospho

77136.62 77136.68 0.7

cTn(I-T-C)

TnC: N-actetyl, 2 Ca(II)

cTnI: Met-removal, N-acetyl, 2x phospho

cTnT: Met-removal, N-acetyl, phospho

77178.64 77178.70 0.8

cTn(I-T-C)

TnC: N-actetyl, 3 Ca(II)

cTnI: Met-removal, N-acetyl, 2x phospho

cTnT: Met-removal, N-acetyl, phospho

77216.59 77216.68 1.2
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Table S3.3. Summary of native TIMS-MS CCS (Å2) values for TnC monomer, cTn(I-C) dimer, and cTn(I-

T-C) heterotrimer complex. Theoretical CCS values were determined using the IMPACT254 method.  

 

 
  

cTn
Theoretical 

CCS [Å
2
]

Experimental 

CCS [Å
2
]

Charge 

State [z+ ]

TnC 2149 1853 8+

TnC + 1Ca(II) 2141 1849 8+

TnC + 2Ca(II) 2141 1829 8+

TnC +3Ca(II) 2131 1844 8+

cTn (I-C) + 2Ca(II) 3630 3623 15+

cTn (I-C) + 3Ca(II) 3637 3640 15+

cTn(I-T-C) Complex 4192 4574 19+
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Table S3.4. Summary of native TIMS-MS CCS (Å2) values for the cTn(I-T-C) complex incubated with 0, 

25, 50, and 100 mM EGTA. 

 

 
  

EGTA Concentration (mM) Charge state [z+] Mobility [1/K0] CCS [Å2]

0 20 1.16 4880.3

25 20 1.166 4905.2

50 20 1.174 4936.7

100 20 1.22 5132.1
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3.7.2. Supplemental Figures 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure S3.1. Optimization of native elution buffer solution for cTn enrichment with NP-Pep. SDS-

PAGE visualizing sarcomeric proteins extracted from non-failing healthy donor heart tissue after the NP-

Pep enrichment procedure. Equal amount (500 ng) of the loading mixture (L), flow-through (F), and elution 

mixture after enrichment (E) was loaded on the gel. E1: 100 mM L-arginine, 100 mM imidazole, 50 mM L-

glutamic acid (pH = 7.5); E2: 250 mM L-arginine, 250 mM imidazole, 50 mM L-glutamic acid (pH = 7.5); 

E3: 500 mM L-arginine, 500 mM imidazole, 50 mM L-glutamic acid (pH = 7.5); E4: 750 mM L-arginine, 

750 mM imidazole, 50 mM L-glutamic acid (pH = 7.5). Higher concentrations are required for more 

effective elution from NP-Pep, suggesting a mechanism of competitive elution. M. protein marker, Std. 

endogenous cTnI protein standard.  
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Figure S3.2. Inter-batch enrichment of cTn by NP-Pep. SDS-PAGE visualizing the cTn enrichment 

performance and demonstrating the high reproducibility obtained from three different synthesis batches of 

NP-Pep, using 750 mM L-Arg, 750 mM Imidazole, 50 mM L-Glu (pH = 7.5) as native elution buffer. Equal 

amount (500 ng) of the loading mixture (L), flow-through (F), and elution mixture after enrichment (E) was 

loaded on the gel. M. protein marker, Std. endogenous cTnI protein standard. 
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Figure S3.3. SDS-PAGE demonstrates successful enrichment of cTn complex subunits; cTnT (~35 

kDa), cTnI (~24 kDa), and TnC (~18 kDa). (a) Loading mixture (L), flow through (F), and elution mixture 

after enrichment (E) were equally loaded on the gel (1 μg). The concentration of cTnI in SDS-PAGE gel 

bands was determined using software ImageJ. The recovery percentage was calculated as follows: % 

Recovery = [the amount of cTnI in the elution (after enrichment) / the original amount of cTnI in the loading 

mixture (before enrichment)] x 100%. The recovery of cTnI was 89%. (b) 600 ng of E was injected for 

reverse-phase liquid chromatography (RPLC)-MS analysis of cTn subunits. The deconvoluted mass spectra 

showing the birds eye view of the proteoform landscape for cTnT, cTnI, and TnC.  
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Figure S3.4. Evaluation of NP-Pep enrichment performance using RPLC-MS/MS. The deconvoluted 

top-down mass spectra of (a) cTnT, (b) cTnI, and (c) TnC proteoforms when loading mixture (L, purple), 

flow-through (F, blue), and elution mixture after native cTn enrichment (E, black) were equally loaded (600 

ng) for online RPLC-MS/MS. Enrichment using NP-Pep demonstrates preservation of proteoforms while 

significantly enriching cTnT, cTnI, and TnC subunits compared to the initial L.  Extracted ion 

chromatograms (EICs) of (d) cTnT, (e) cTnI, and (f) TnC for L, F, and E demonstrate successful enrichment 

of cTnT, cTnI, and TnC in E compared to the initial L.  
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Figure S3.5. Reproducibility of the NP-Pep enrichment capturing cTn subunits in human heart 

tissues using RPLC-MS/MS. The total intensity of cTn subunits was calculated by summing individual 

ion intensities from the deconvoluted top-down mass spectra while normalizing for total protein amount 

(600 ng) injected between the loading mixture (L) and the elution mixture (E) corresponding to cTnT, cTnI, 

and TnC.  cTnT (a), cTnI (b), and TnC (c) total intensity data in the loading mixture (L) and elution mixture 

(E) are representative of n = 3 independent donor heart enrichments with error bars indicating standard 

error of the mean. Groups were considered significantly different by paired-students t-tests with p < 0.01.  
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Figure S3.6. Native size exclusion chromatography (SEC) for online buffer exchange (OBE) enables 

MS analysis of protein complexes. Schematic representation of the native SEC-OBE workflow. Protein 

complexes are separated and buffer exchanged into 200 mM ammonium acetate using a 

PolyHYDROXYETHYL A column (PolyHEA) column coupled to a Bruker maXis II quadrupole time-of-

flight mass spectrometer for native MS data collection. Base peak chromatogram (BPC) of enriched cTn 

mixture where the cTn complex (~77 kDa) elutes between 5-6 min. A ‘divert to waste’ step is programmed 

at 7 min to divert SEC eluate consisting of non-volatile buffer and salts from the electrospray ionization 

source.  
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Figure S3.7. Reproducibility of native cTn enrichment and SEC-OBE native MS analysis. (a) Overlaid 

base peak chromatograms (BPCs) showing reproducibility of the intact cTn heterotrimer complex across 

three independent native enrichments using the same donor heart sample. Dashed red line is when the 

sample is diverted to waste to prevent non-volatile buffers and salts from fouling the electrospray ionization 

source of the mass spectrometer. (b) Native mass spectra of the three enrichment samples (E1, E2, and E3) 

demonstrating reproducible enrichment and SEC-OBE native MS analysis of the intact cTn heterotrimer 

complex (z = 16-21+). 
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Figure S3.8. Isotopically resolved native MS spectra of endogenous cTn heterotrimer complex (~77 

kDa). Native FTICR-MS mass spectrum of the heterotrimeric cTn complex directly enriched from human 

heart tissue. Charge states z = 18-20+ are shown. 
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Figure S3.9. Native top-down MS (nTDMS) fragmentation map of cTnT monomer. Precursor ions 

were selected for collisionally activated dissociation (CAD) resulting in sequence informative b and y ions 

confirmed within a 20 ppm mass error tolerance. The sequence table with phosphorylation circled in red 

shows the characterization of cTnT monomer. The nTDMS data for cTnT generated 8 b-fragments and 33 

y-fragments achieving 15% total bond cleavage. 
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Figure S3.10. Native top-down MS (nTDMS) fragmentation map of cTnI monomer. Precursor ions 

were selected for collisionally activated dissociation (CAD) resulting in sequence informative b and y ions 

confirmed within a 20 ppm mass error tolerance. The sequence table with N-terminal acetylation circled in 

green and phosphorylation circled in red shows the characterization of cTnI monomer.  The nTDMS data 

for cTnI generated 8 b-fragments, 12 y-fragments achieving 10% total bond cleavage.  
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Figure S3.11. Relative proportion of Ca2+ bound in each TnC binding domain. Relative Ca2+ 

concentrations were quantified based on the ratio of the peak intensity of a Ca2+-containing proteoform 

normalized to the summed peak intensities of all detected TnC proteoforms. Error bars indicate the mean  

standard error of the mean (S.E.M.). Data are representative of n = 3 independent experiments.  
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Figure S3.12. Collisional activation ramping of TnC monomer by native top-down MS.  MS/MS 

characterization of the isolated TnC proteoform (z = 8+). A collisionally activated dissociation (CAD) 

energy of 4 V, 48 V, and 55 V were applied in the collision cell. 
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Figure S3.13. Localization of Ca2+ binding in TnC monomer domain III by native top-down MS 

(nTDMS). (a) Isolation of native TnC monomer + 1 Ca2+ (z = 8+, centered at 2312 m/z) from MS followed 

by nTDMS analysis of the isolated precursor. (b) Representative collisionally activated dissociation (CAD) 

fragment ions (𝑦30
2+, 𝑦52

2+, 𝑏109
6+ , 𝑏115

6+ ) obtained from the nTDMS analysis. Theoretical ion distributions are 

indicated by the red circles and mass accuracy errors are listed for each fragment ion. (c) Ca2+ localized to 

D113-D115 in TnC domain III.  
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Figure S3.14. Localization of Ca2+ binding in TnC monomer domain IV by native top-down MS 

(nTDMS). (a) Isolation of native TnC monomer + 2 Ca2+ (z = 8+, centered at 2316 m/z) from MS followed 

by nTDMS analysis of the isolated precursor. (b) Representative collisionally activated dissociation (CAD) 

fragment ions (𝑦16
1+, 𝑦22

2+, 𝑏140
6+ , 𝑏145

7+ ) obtained from the nTDMS analysis. Theoretical ion distributions are 

indicated by the red circles and mass accuracy errors are listed for each fragment ion. (c) Ca2+ localized to 

D141-D145 in TnC domain IV.  
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Figure S3.15. Localization of Ca2+ binding in TnC monomer domain II by native top-down MS 

(nTDMS). (a) Isolation of native TnC monomer + 3 Ca2+ (z = 8+, centered at 2321 m/z) from MS followed 

by nTDMS analysis of the isolated precursor. (b) Representative collisionally activated dissociation (CAD) 

fragment ions (𝑏65
4+, 𝑏91

3+, 𝑦85
5+, 𝑦94

3+) obtained from the nTDMS analysis. Theoretical ion distributions are 

indicated by the red circles and mass accuracy errors are listed for each fragment ion. (c) Ca2+ localized to 

D73-E76 in TnC domain II.  
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Figure S3.16. Optimization of TIMS parameters for high resolution native MS analysis of bovine 

serum albumin (BSA). (a) Normalized total ion mobility spectrum of native BSA showing distribution of 

1/K0 (protein ion mobility) as a function of TIMS in-source collision-induced dissociation (isCID) (0-

100V). (b) Normalized MS spectra of native BSA as a function of TIMS isCID. A TIMS isCID of 80 V 

yields the best desolvated gas-phase conformation of native BSA.  

  



118 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure S3.17. Plot of CCS value as a function of charge state by native TIMS-MS. Green circles 

indicate TnC monomer, grey circles indicate cTn(I-C) dimer charge states, and blue circles indicate cTn(I-

T-C) heterotrimer complex charge states observed.  
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CHAPTER 4: 

Native Top-Down Mass Spectrometry for Characterizing 

Sarcomeric Proteins Directly from Cardiac Tissue Lysate 
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Top-Down Mass Spectrometry for Characterizing Sarcomeric Proteins Directly from Cardiac 

Tissue Lysate. Journal of the American Society for Mass Spectrometry 2024, 35 (4), 738-745. 

DOI: https://doi.org/10.1021/jasms.3c00430. *denotes equal contribution. Copyright © 2024, 
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4.1 Abstract  

Native top-down mass spectrometry (nTDMS) is a powerful structural biology tool that 

can localize post-translational modifications (PTMs), explore ligand-binding interactions, and 

elucidate the three-dimensional structure of proteins and protein complexes in the gas-phase. 

Fourier-transform ion cyclotron resonance (FTICR)-MS offers distinct capabilities for nTDMS, 

owing to its ultra-high resolving power, mass accuracy, and robust fragmentation techniques. 

Previous nTDMS studies using FTICR have mainly been applied to over-expressed recombinant 

proteins and protein complexes. Here, we report the first nTDMS study that directly analyzes 

human heart tissue lysate by direct infusion FTICR-MS without prior chromatographic separation 

strategies. We have achieved comprehensive nTDMS characterization of cardiac contractile 

proteins that play critical roles in heart contraction and relaxation. Specifically, our results reveal 

structural insights into ventricular myosin light chain 2 (MLC-2v), ventricular myosin light chain 

1 (MLC-1v), and alpha-tropomyosin (-Tpm) in the sarcomere, the basic contractile unit of cardiac 

muscle. Furthermore, we verified the calcium (Ca2+) binding domain in MLC-2v. In summary, our 

nTDMS platform extends the application of FTICR-MS to directly characterize the structure, 

PTMs, and metal-binding of endogenous proteins from heart tissue lysate without prior separation 

methods.  
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4.2 Introduction  

The function of proteins is based upon their three-dimensional structure which can be 

modulated by metal-binding, post-translational modifications (PTMs), and genetic mutations.178 

Native top-down mass spectrometry (nTDMS) has emerged as a complementary structural biology 

tool alongside traditional techniques such as X-ray crystallography, nuclear magnetic resonance 

(NMR) spectroscopy, and cryogenic electron microscopy (cryoEM) for the structural 

characterization of intact proteins and their non-covalent interactions in the gas phase.44, 49, 51, 52, 

218, 263, 264 The application of nTDMS not only provides important insights into amino acid 

sequence, PTMs, and ligand-binding sites, but also elucidates the higher-order structure of proteins 

and protein complexes.31, 45, 47, 258 Previous nTDMS studies have primarily been applied to purified 

proteins and protein complexes from over-expression systems, given the challenges associated 

with directly characterizing proteins from their endogenous environment.48, 178, 265 This challenge 

is further exacerbated by the intricacies in native sample preparation and the inherent 

heterogeneous nature of biological sample matrices, both of which pose obstacles to obtaining 

clean, well-resolved native mass spectra.38, 86  

Fourier-transform ion cyclotron resonance (FTICR)-MS becomes a powerful tool for 

nTDMS characterization of proteins and protein complexes due to its ultra-high resolving power, 

mass accuracy, and various fragmentation capabilities for comprehensive proteoform 

characterization.41, 112, 113, 127 FTICR mass spectrometers are equipped with both electron- and 

energy-based tandem MS (MS/MS) fragmentation capabilities, which are used either individually 

or in combination to obtain sequence-specific and structural information during nTDMS analysis. 

Specifically, energy-79, 121 and electron-based127, 128, 266-268 fragmentation techniques can provide 

information on solvent-exposed regions and structural flexibility. This is based on the number of 
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N- and C-terminal fragment ions produced, as the solvent-exposed regions not confined by non-

covalent interactions undergo preferred gas-phase fragmention.269 Recently, our group has 

structurally characterized the endogenous cardiac troponin (cTn) heterotrimeric complex (I-T-C: 

~77 kDa) directly from human heart tissue using a native nanoproteomics platform that involves 

directly infusing the enriched/purified cTn(I-T-C) complex onto a FTICR mass spectrometer for 

nTDMS characterization.79 Specifically, we demonstrated that collisionally activated dissociation 

(CAD) generates b- and y-fragment ions during nTDMS analysis, providing information on 

solvent-exposed regions and subunit interfaces based on the number of N- and C- terminal 

fragment ions. Inspired by our previous study, we sought to investigate the possibility of direct 

characterization of native proteins from complex biological tissue samples using nTDMS without 

chromatographic separation strategies.  

Herein, we utilize FTICR-MS as a platform for nTDMS analysis to characterize 

endogenous cardiac proteins directly from human heart tissue lysates via direct infusion without 

using chromatographic strategies (Figure 4.1). Human heart tissue lysate in the buffer surrogate 

ammonium acetate was directly infused using a nano-electrospray ionization source (nano-ESI) 

coupled to a FTICR mass spectrometer for nTDMS analysis (Figure 4.1a).  Upon directly infusing 

human heart tissue lysate, the native mass spectra revealed different isotopic distributions that were 

representative of three cardiac proteins (Figure 4.1b). Cardiac protein ions were first isolated at 

the MS1 level to obtain highly accurate intact mass measurements and then fragmented by CAD 

and/or electron capture dissociation (ECD) for unambiguous proteoform characterization (Figure 

4.1c). The resulting fragment ions map PTMs, Ca2+ binding, and higher order structures, offering 

structural insights into the function of these proteins present in endogenous heart tissues (Figure 

4.1d). We have primarily detected and characterized contractile proteins in the sarcomere, the 
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basic contractile units in the cardiac muscle.39, 144, 162, 168 Our results verify the calcium (Ca2+) 

binding domain in the ventricular isoform of myosin light chain 2 (MLC-2v)119, 270, while also 

revealing extensive backbone fragmentation in the unstructured N-terminal domain of the 

ventricular isoform of myosin light chain 1 (MLC-1v).119 Moreover, we observed a marked 

flexibility within the N- and C-termini of alpha-tropomyosin (-Tpm),169, 200 a region where the 

cryo-EM structure lacks resolution. Overall, this work illustrates the power of nTDMS using 

FTICR-MS to characterize endogenous proteins, without conventional chromatography 

workflows, directly from complex biological mixtures. 

 

Figure 4.1. nTDMS workflow for the characterization of endogenous cardiac proteins. Illustration of 

the nTDMS workflow using a FTICR mass spectrometer. (a) Native proteins were first extracted from 500 

mg of donor heart tissue using a LiCl buffer at physiological pH. The heart tissue extract was then buffer 

exchanged into 150 mM ammonium acetate using spin columns. Samples were analyzed by ultrahigh-

resolution FTICR-MS via direct infusion using a nano-ESI source. (b) Native mass spectrum of endogenous 

proteins directly infused from human heart tissue extract. Individual charge states of proteins are isolated 

to acquire (c) MS and MS/MS data for intact mass analysis and proteoform characterization, respectively. 

(d) CAD and ECD fragment ions verify metal binding and PTMs to provide information on protein 

structure.  
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4.3 Results and Discussion 

 Inspired by our nTDMS analysis of enriched endogenous cTn complexes,79 we investigated 

whether our nTDMS approach using an ultrahigh-resolution FTICR mass spectrometer could 

characterize endogenous proteins directly from cardiac tissue lysate without chromatographic 

separation strategies. Native proteins were extracted from 500 mg of human cardiac tissue using a 

native extraction protocol, as previously described.79  Briefly, cytosolic proteins were first depleted 

using a phosphate wash buffer followed by protein extraction using a high ionic strength LiCl 

buffer at physiological pH. Cardiac tissue lysates were then prepared for nTDMS analysis by 

buffer-exchanging into the buffer surrogate ammonium acetate using spin columns. Using this 

extraction protocol and sample clean-up method, we were able to prevent unspecific adducts 

impairing signal of our native mass spectra. Moreover, when directly infusing cardiac tissue lysate 

to our FTICR mass spectrometer for nTDMS analysis, we observed various well resolved signals, 

exhibiting at least three isotopic resolved peak series that could be assigned to sarcomeric proteins: 

MLC-2v, MLC-1v, and α-Tpm between 1900-3000 m/z (Figure 4.2).  
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Figure 4.2. Direct infusion of cardiac tissue lysate for native FTICR-MS analysis. Native high-

resolution FTICR-MS analysis revealed endogenous proteoforms of MLC-2v (z = 7-9+; blue star), MLC-

1v (z = 9-11+; green triangle), and α-Tpm (z = 11+-13+; teal hexagon) directly from human heart tissue 

lysate between 1900-3100 m/z. 

 

 MLC-2v (~18.7 kDa) is an EF-hand Ca2+ binding protein that is known as the regulatory 

light chain and is a principal component of myosin, a hexamer that is the basic contractile unit of 

the sarcomere.119, 270 Phosphorylation of MLC-2v by myosin light chain kinase occurs during Ca2+-

dependent cardiac contraction and helps to regulate myosin motility and function within the 

sarcomere.271 MLC-2v consists of two predicted EF-hand domains between amino acid residues 

28-73 and 102-160, respectively.272 Based on previous literature271 and the UniProtKB database, 

Ca2+ is predicted to bind to the first EF-hand domain in MLC-2v. However, the binding of Ca2+ to 

MLC-2v has not been previously subjected to a detailed biochemical analysis and is not present in 

the available cryo-EM structure. MLC-2v was the most abundant protein in the native mass spectra 
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upon directly infusing cardiac tissue lysate, with a charge state distribution from 7+ to 9+ between 

2000 m/z and 2700 m/z. Upon native isolation of MLC-2v (z = 8+), three proteoforms were 

measured with high mass accuracy including the unphosphorylated (18688.37 Da), Ca2+ bound 

(18726.34 Da), and phosphorylated (18768.33 Da) proteoforms (Figure 4.3a, Table S4.1). Next, 

CAD and ECD fragmentation was performed on the isolated charge state to gain MLC-2v 

sequence and structural information. Extensive backbone fragmentation generated 35 b and 23 y 

ions during the nTDMS analysis upon CAD fragmentation of MLC-2v (Figure 4.3b-c, Figure 

S4.1). Notably, ECD fragments (17 c and 1 z● ions) were primarily reserved to the N-terminal 

domain of MLC-2v (Figure 4.3b-c, Figure S4.2). Collectively, the fragmentation pattern 

confirmed N,N,N-trimethylation to Ala1 and phosphorylation to Ser14, as previously reported.119, 

144 Analysis of MLC-2v by nTDMS also provided structural insights, offering clues to how its 

structure may affect its function. The abundance of N-terminal fragments, particularly the 

substantial amount of c fragment ions observed during ECD, strongly suggests that the N-terminal 

domain of endogenous MLC-2v is flexible and solvent-exposed. The near equal proportion of b- 

and y- fragment ions suggests that the C-terminus is also solvent exposed, which agrees with the 

CAD fragmentation data. The cryo-EM structure of MLC-2v (PDB: 5TBY, chain F) confirms that 

the N- and C-terminal domains are solvent exposed. Furthermore, the MLC-2v structure shows 

that the initial 50 amino acids in the N-terminus, where minimal secondary structure is defined, 

are more extended and unfolded compared to the last 50 amino acids in the C-terminus (Figure 

S4.3). The N-terminal extension contains the phosphorylation site of myosin light chain kinase, 

which initiates a conformational change in MLC-2v, subsequently promoting the interaction 

between myosin and actin.273 Our observations reveal that the N-terminal extension of MLC-2v is 
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in a solvent-exposed state, thereby potentially optimizing its accessibility for PTMs and facilitating 

Ca2+ binding. 

 

Figure 4.3. nTDMS characterization of endogenous MLC-2v. (a) MS1 native isolation spectra of 

endogenous MLC-2v (z = 8+) showing Ca2+-bound and phosphorylated (pMLC-2v) proteoforms. 

Theoretical isotope distributions (red circles) are overlaid on the experimentally obtained mass spectrum 

to illustrate the high mass accuracy proteoform characterization. (b) CAD and ECD combined 
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fragmentation map achieving 42% bond cleavage. The green and red circles are representative of N,N,N-

trimethylation and phosphorylation, respectively. Ca2+ binds to MLC-2v in the yellow shaded region 

(Lys45-Asp59). (c) Representative fragment ions obtained from nTDMS analysis. Theoretical ion 

distributions are indicated by the red circles and mass accuracy errors are listed for each fragment ion. (d) 

Structure of MLC-2v with the Ca2+ binding region in EF-hand domain 1 (Lys45-Asp59) highlighted in 

yellow. The phosphorylation site on Ser14 is highlighted in red. PDB: 5TBY, chain F. 

 

We further investigated Ca2+ binding to MLC-2v by isolating and subjecting the Ca2+ 

bound proteoform (z = 8+) to CAD fragmentation (Figure S4.4). The monoisotopic mass of the 

MLC-2v proteoform with Ca2+ corresponds to the mass of MLC-2v with one bound Ca2+ (Table 

S4.1). Detailed nTDMS analysis yielded sequence informative product ions such as b44 with no 

Ca2+ bound and b59 with one Ca2+ bound (Figure S4.4). Therefore, the Ca2+-binding domain was 

localized to the N-terminal region between Lys45 and Asn59 where MLC-2v contains a predicted 

EF-hand, a common calmodulin derived Ca2+ binding motif (Figure 4.3d). While the only cryo-

EM structures of MLC-2v deposited were low resolution and absent of EF-hand domain typical 

amino acid coordination or electron density for Ca2+ binding. To our knowledge, this is the first 

study to experimentally verify the predicted Ca2+ binding site within MLC-2v derived directly 

from endogenous tissues. 

The essential light chain of myosin, MLC-1v (~21.9 kDa), provides structural integrity to 

the sarcomere by facilitating actin-myosin cross bridge formation during cardiac contraction.274 

Unlike MLC-2v, MLC-1v does not bind Ca2+ at physiologically relevant concentrations.271, 275 

Charge states of MLC-1v from 9+ to 11+ were observed between 1900 m/z and 2500 m/z when 

directly infusing cardiac tissue lysate for nTDMS analysis. Native isolation of MLC-1v (z = 9+), 

revealed the most abundant proteoform to be N,N,N-trimethylated with a highly accurate 

monoisotopic mass of 21828.91 Da (Figure 4.4a, Table S4.1). CAD fragmentation was 
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performed, identifying 60 b and 16 y fragment ions to achieve 39% bond cleavage (Figure S4.5). 

The N,N,N,-trimethylation  was suggested to be on Ala1, which has been previously reported by 

our group (Figure 4.4b-c).119, 144 The fragmentation pattern revealed extensive backbone 

fragmentation within the first 50 amino acids of MLC-1v. Interestingly, the first 43 amino acids 

within the N-terminal extension are not resolved in the only protein data bank deposited cryo-EM 

structure of MLC-1v (PDB: 5TBY, chain D) which is typical for unstructured flexible regions. 

Our data indicates that, indeed, the N-terminal domain is highly solvent exposed compared to the 

C-terminal domain. This may be attributed to the first 43 amino acids in the N-terminal domain of 

MLC-1v being unstructured without a binding partner, but morphing into structure to form a 

complex with the C-terminal domain of actin to modulate actin-myosin cross-bridge formation 

during cardiac contraction.276  
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Figure 4.4. nTDMS characterization of endogenous MLC-1v. (a) MS1 native isolation spectra of 

endogenous MLC-1v (z = 9+). Theoretical isotope distributions (red circles) are overlaid on the 

experimentally obtained mass spectrum to illustrate the high mass accuracy proteoform characterization. 

PDB: 5TBY, chain D. (b) nTDMS CAD fragmentation map achieving 39% bond cleavage. The green circle 

is representative of N,N,N-trimethylation. (c) Representative fragment ions obtained from the nTDMS 

analysis. Theoretical ion distributions are indicated by the red circles and mass accuracy errors are listed 

for each fragment ion. 

 Finally, we applied our nTDMS method to characterize α-Tpm (~32.7 kDa) directly from 

human cardiac tissue lysate. α-Tpm initially exists as a monomer in solution before undergoing 



131 
 

polymerization to form a dimeric α-helical coiled coil protein. During polymerization, α-Tpm 

molecules overlap head-to-tail, with the C-terminus of one monomer binding to the N-terminus of 

the adjacent monomer.277 The precise alignment at the N- and C-termini is critical for the 

regulation of cardiac contraction. Specifically, only the dimeric α-helical coiled coil α-Tpm can  

serve as a binding scaffold for cardiac myosin and actin in response to an increase in intracellular 

Ca2+ during cardiac contraction.277-279  In our native mass spectra, we detected the monomeric form 

α-Tpm which was lower abundant than MLC-2v and MLC-1v, displaying a charge state 

distribution from 11+ to 13+ between 2500 m/z to 2900 m/z. The native isolation spectra of α-Tpm 

(z = 12+) revealed two proteoforms with high mass accuracy, including unphosphorylated α-Tpm 

(32730.69 Da) and phosphorylated (32810.65 Da) α-Tpm (Figure 4.5a, Table S4.1). To obtain 

additional structural insights, CAD fragmentation of α-Tpm required a high collision voltage (75 

V) to generate sequence informative fragment ions (Figure S4.6). We achieved 22% bond 

cleavage by CAD fragmentation with 47 b and 14 y fragment ions identified (Figure 4.5b-c), 

suggesting that the N-terminal region of α-Tpm is more solvent exposed than the C-terminal 

region. The cryo-EM structure of α-Tpm (PDB: 6X5Z) lacks resolution for both the N- and C-

termini, as the central region forms the α-helical coiled coil. This explains the predominant 

observation of small terminal fragment ions, as opposed to larger fragment ions containing the 

central residues of α-Tpm. Notably, we detect α-Tpm as a monomer in our native mass spectra, 

rather than as a part of an α-Tpm homodimer or its reported supramolecular complex with actin 

and myosin.280 Within this complex, the α-Tpm homodimer acts as a binding scaffold for actin and 

myosin, playing a crucial role in mediating cardiac contractility. Our nTDMS data on monomeric 

α-Tpm suggests a notable flexibility and lack of twisting at the N- and C-termini, likely attributed 

to the unstructured state of monomeric α-Tpm in the absence of its respective binding partners.  
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Figure 4.5. nTDMS characterization of endogenous α-Tpm. (a) MS1 native isolation spectra of 

endogenous α-Tpm (z = 12+). Theoretical isotope distributions (red circles) are overlaid on the 

experimentally obtained mass spectrum to illustrate the high mass accuracy proteoform characterization. 

PDB: 6X5Z. (b) nTDMS CAD fragmentation map achieving 22% bond cleavage. The purple and red circles 

are representative of N-acetylation and phosphorylation, respectively. (c) Representative fragment ions 

obtained from the nTDMS analysis. Theoretical ion distributions are indicated by the red circles and mass 

accuracy errors are listed for each fragment ion.  
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In turn, these findings may imply that monomeric α-Tpm lacks the ability to bind to other proteins, 

necessitating its operation as a dimer to function as a binding scaffold during cardiac contraction. 

Moreover, nTDMS-based detection and characterization of high molecular weight (MW) proteins 

and protein complexes from complex biological mixtures is challenging due to the exponential 

decrease in signal-to-noise ratio (S/N) with increasing MW and co-elution of low-MW proteins.84, 

113, 281 While, the presence of the dimeric form of α-Tpm in our tissue lysate is plausible; its 

detection may have been hindered by signal suppression from co-eluting low-MW proteins such 

as MLC-2v, MLC-1v, and α-Tpm monomer.  

Overall, nTDMS characterization using FTICR-MS provided detailed and unique 

structural insights into the higher-order structure of MLC-2v, MLC-1v, and α-Tpm, establishing a 

direct link to functions in their endogenous environment. Our nTDMS approach, involving direct 

infusion FTICR-MS analysis of cardiac tissue lysates demonstrated simplicity and high- efficiency 

without the need for prior chromatographic separation methods.  Notably, we have been able to 

detect and comprehensively characterize important sarcomeric proteins which are critical to 

cardiac function. Such straightforward direct infusion FTICR-based nTDMS workflows could be 

used for rapid tissue characterization or quality control purposes. Nevertheless, we recognize the 

significant challenge that remains in the direct analysis of complex heart tissue lysate due to the 

high dynamic range resulting in signal suppression through a concentration distribution spanning 

several magnitudes in endogenous matrices. This limitation restricts the characterization to only a 

few highly abundant proteins populating the mass spectrum. For example, the proteins identified 

in our study include some of the most abundant contractile proteins found in the sarcomere. This 

observation is consistent with previous native MS studies that directly analyzed proteins and 

protein complexes purified from biological samples, such as rhodopsin48 and aquaporin-o258 from 
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bovine eyes. As an alternative to conventional ESI, nanospray-desorption electrospray ionization 

(nano-DESI) for native mass spectrometry imaging (MSI) is a promising technique for top-down 

characterization directly from tissues. However, as noted by Cooper and co-workers, optimization 

of this method for top-down MS analysis is difficult due to the relatively low signal intensities 

observed.257 Conceivably, multi-dimensional chromatographic strategies incorporating 

hydrophobic interaction chromatography (HIC)87 and size exclusion chromatography (SEC)79, 86 

need to be developed for nTDMS to provide a deeper coverage into the human heart proteome. 

Moreover, high specificity enrichment methods could facilitate the identification of low abundant 

proteins and protein complexes from complex biological matrices.30 Finally, we envision 

leveraging additional gas-phase filtering technologies, such as ion mobility282 or quadrupole mass 

selection techniques, to select and enhance the signals of low abundant proteins in the native mass 

spectrum.  

 

4.4 Conclusions  

In summary, we have comprehensively characterized endogenous proteoforms directly 

from human cardiac tissue lysates using nTDMS and FTICR-MS, without prior separation 

strategies. nTDMS fragmentation with CAD and ECD either individually or in combination 

provided complimentary information on metal binding, PTMs, and protein structure. When 

directly infusing cardiac tissue lysate for nTDMS analysis, we identified six endogenous 

proteoforms for subsequent characterization of cardiac proteins MLC-2v, MLC-1v, and α-Tpm. 

Our data indicated that two rounds of buffer exchange into 150 mM ammonium acetate with spin 

filters was effective and provided clean, baseline-resolved native mass spectra. For MLC-2v, 

MLC-1v, and α-Tpm, the application of FTICR-MS for nTDMS characterization yielded 
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distinctive structural insights into their higher-order structure which was not represented by their 

respective cryo-EM structures. This analysis established a direct correlation between the structural 

features of these cardiac proteins and their functions within their native environment in the 

sarcomere. Moreover, we verified the Ca2+ binding domain in MLC-2v to EF-hand domain I 

between amino acid residues Lys45 and Asn59, which has not been previously reported. Overall, 

we demonstrate that direct injection of heart tissue lysates by nTDMS using an FTICR mass 

spectrometer provides unique structural insights, while offering a snapshot of the native proteome 

of human heart tissue.  
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4.5 Methods 

4.5.1 Chemicals and Reagents  

Ammonium acetate was purchased from Fisher Scientific (Fair Lawn, NJ, USA). Bio-Spin® 

columns with Bio-Gel® P-30 were purchased from Bio-Rad (Hercules, CA, USA).  

4.5.2. Native Protein Extraction from Human Heart Tissues  

Cardiac tissue (500 mg) was homogenized on ice using a Polytron homogenizer in 10 volumes 

(mL/g tissues) of native wash buffer (5 mM NaH2PO4, 5 mM Na2HPO4 (pH 7.0), 100 mM NaCl, 

125 mM L-Methionine (pH 7.5), 1 mM PMSF and 1X HaltTM protease and phosphatase inhibitor 

cocktail). The homogenate was centrifuged at 17,000 × g for 10 minutes at 4 ºC, and the 

supernatant was discarded. The washing and homogenization step was repeated, and the 

supernatant was discarded again. The protein pellet was then extracted using 5 volumes (mL/g 

tissues) of a native lithium chloride (LiCl) buffer at physiological pH (25 mM Tris (pH 7.5), 700 

mM LiCl, 125 L-Methionine (pH 7.5), 1 mM PMSF and 1X HaltTM protease and phosphatase 

inhibitor cocktail). The resulting homogenate was incubated at 4 ºC for 10 min and then 

centrifuged at 17,000 × g for 3 minutes at 4 ºC. The supernatant was transferred to new Eppendorf 

Protein Lo-Bind tubes and further centrifuged at 21,000 × g for 30 min at 4 ºC. The supernatants 

were once again transferred to new Eppendorf Protein Lo-Bind tubes, snap frozen in liquid 

nitrogen, and stored at -80 ºC.  

4.5.3. Heart Tissue Lysate Preparation for nTDMS Analysis  

Briefly, native protein extracts were thawed out on ice. 75 μL of thawed extract was then buffer-

exchanged twice into 150 mM ammonium acetate using Bio-Spin® columns with Bio-Gel® P-30, 

following the protocol detailed from Bio-Rad resulting in a volume of 75 μL with a protein 
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concentration of approximately 0.7 μg/μL. The solution was then stored at 4 ºC until nTDMS 

analysis. 

4.5.4. nTDMS Analysis using FTICR-MS 

Samples were analyzed by nano-ESI via direct infusion using a TriVersa Nanomate system 

(Advion BioSciences, Ithaca, NY, USA) coupled to a 12-Tesla solariX XR FTICR mass 

spectrometer (Bruker Daltonics, Billerica, MA). 5 μL (3.5 μg) of sample was injected using the 

TriVersa autosampler. For the nano-ESI source using a TriVersa Nanomate, the desolvating gas 

pressure was maintained between 0.5-0.8 PSI and the voltage was set to 1.5-1.8 kV. The source 

dry gas flow rate was set to 4 L/min at 180 ℃. For the source optics, the capillary exit, deflector 

plate, funnel 1, skimmer voltage, funnel RF amplitude, octopole frequency, octopole RF 

amplitude, collision cell RF frequency, collision cell energy, and collision cell RF amplitude were 

set at 190.0 V, 200.0 V, 120.0 V, 100.0 V, 300.0 Vpp, 2 MHz, 600.0 Vpp, 1.4 MHz, 4-12 V, and 

2000.0 Vpp, respectively. Mass spectra were acquired with an acquisition size of 2M-4M in the 

mass range between 200-8000 m/z. Ions were accumulated in the collision cell for 1 to 30 s and a 

time-of-flight of 2.000 ms was used for their transfer to the ICR cell. For broadband collisionally-

activated dissociation (CAD) MS/MS experiments, the collisional energy was varied between 60-

75 V. For electron-capture dissociation (ECD) experiments, ions were pulsed for 50 ms, with a 

lens bias of 1.0 V, and a lens voltage ranging from 12-15 V.  

4.5.5. Human Cardiac Tissue Collection 

Left ventricular (LV) myocardium from healthy donor hearts with no history of heart disease were 

obtained from the University of Wisconsin (UW)-Madison Organ and Tissue Donation-Surgical 

Recovery and Preservation Services. Heart tissues were kept in cardioplegic solution until 
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dissection, where they were immediately flash-frozen in liquid nitrogen and stored at -80 ºC. The 

procedures for the collection of human donor heart tissues were approved by the UW-Madison 

Institutional Review Board (IRB) (Protocol number 2013-1264). 

4.5.6. Data Analysis 

All mass spectrometry data were processed with Compass DataAnalysis v. 4.3 (Bruker Daltonics) 

software and Native MASH v. 1.0 software.156 For MS1 peak picking, the Sophisticated Numerical 

Annotation Procedure (SNAP) peak-picking algorithm (quality factor: 0.4; signal-to-noise ratio 

(S/N): 3.0) was used. MS and MS/MS data were output from the DataAnalysis software and 

analyzed using MASH Native software using the TopFD deconvolution algorithm for sequence 

mapping and proteoform identification. All fragment ions were manually validated using a 20-

ppm mass tolerance. 
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4.6 Supplemental Information 

4.6.1. Supplemental Tables 

 

Table S4.1. Comparison of theoretical and experimental monoisotopic masses for all proteins 

analyzed. Protein, modified forms, theoretical monoisotopic mass (Da), experimental monoisotopic mass 

(Da), and mass error (ppm) for the proteoforms we identified. Proteoforms were manually identified based 

on highly accurate intact mass measurements and MS/MS data together with prior knowledge of identified 

sarcomeric proteoforms from previous publications39, 119, 144, 169 or UniProt.  

  

Protein Modified Forms Theo Mass (Da) Expt Mass (Da)
Mass Error 

(ppm)

MLC-2v Met removal, N,N,N-trimethyl 18688.38 18688.37 0.5

MLC-2v Met removal, N,N,N-trimethyl, Ca(II) 18726.33 18726.34 0.5

MLC-2v Met removal, N,N,N-trimethyl, phospho 18768.35 18768.33 1.0

MLC-1v Met removal, N,N,N-trimethyl 21828.93 21828.91 0.9

α-Tpm N-acetyl 32730.69 32730.69 0

α-Tpm N-acetyl, phospho 32810.66 32810.65 0.3
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4.6.2. Supplemental Figures 

 

 

Figure S4.1. nTDMS characterization of endogenous MLC-2v using CAD.  MS1 native isolation of 

MLC-2v (z = 8+, centered at 2343 m/z) followed by nTDMS analysis of the isolated precursor using a CAD 

energy of 65 V applied in the collision cell to generate sequence informative fragment ions.  
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Figure S4.2. nTDMS characterization of MLC-2v using ECD.  MS1 native isolation of MLC-2v (z = 

9+, centered at 2082 m/z) followed by ECD fragmentation of the isolated precursor.   
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Figure S4.3. Structural representation of MLC-2v. MLC-2v crystal structure with the first 50 amino 

acid (AA) residues in the N-terminal domain highlighted in magenta and the last 50 AA residues in the C-

terminal domain highlighted in green. The first 6 AA residues were not present in the PDB (5TBY, Chain 

F) structure.283  
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Figure S4.4. Localization of Ca2+ binding in MLC-2v by nTDMS. (a) MS1 native isolation of the 

endogenous MLC-2v proteoform with one Ca2+ bound (z = 8+, centered at 2343.5 m/z) followed by nTDMS 

characterization of the isolated precursor. A CAD energy of 60 V was applied in the collision cell to 

generate sequence informative fragment ions. (b) Sequence table of MLC-2v showing Ca2+ localized 

between Lys45 and Asp59. (c) Representative CAD fragment ions (𝑏44
3+,  𝑏59

3+) obtained from the nTDMS 

analysis. Theoretical ion distributions are indicated by the red circles and mass accuracy errors are listed 

for each fragment ion.  
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Figure S4.5. Characterization of endogenous MLC-1v using nTDMS. MS1 native isolation of 

endogenous MLC-1v (z = 9+, centered at 2433 m/z) followed by nTDMS analysis of the isolated precursor. 

A CAD energy of 65 V was applied in the collision cell to obtain sequence informative fragments from the 

MS/MS spectra. 

 

 

 

 

 



145 
 

 

 

Figure S4.6. Characterization of endogenous α-Tpm using nTDMS. MS1 native isolation of α-Tpm (z 

= 12+, centered at 2737 m/z) followed by nTDMS characterization of the isolated precursor using CAD. A 

CAD energy of 75 V was applied in the collision cell to obtain sequence informative fragment ions. 
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CHAPTER 5: 

In-Depth Characterization of S-Glutathionylation in Ventricular 

Myosin Light Chain 1 Across Species by Top-Down Proteomics  

 

 

 

 

 

 

 

 

 

 

 

 

 

Portions of this chapter are adapted from the following pre-print:  

Chapman, E.A.; Rogers, H.T.; Gao, Z.; Chan, H.; Alvarado, F.J.; Ge, Y. In-Depth 

Characterization of S-Glutathionylation in Ventricular Myosin Light Chain 1 Across Species by 

Top-Down Proteomics. bioRxiv 2024. DOI: https://doi.org/10.1101/2024.12.11.628048. 

Copyright © 2024, reused with permission from Cold Spring Harbor Laboratory Preprints. 
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5.1 Abstract  

S-glutathionylation (SSG) is increasingly recognized as a critical signaling mechanism in 

the heart, yet SSG modifications in cardiac sarcomeric proteins remain understudied. Here we 

identified SSG of the ventricular isoform of myosin light chain 1 (MLC-1v) in human, swine, and 

mouse cardiac tissues using top-down mass spectrometry (MS)-based proteomics. Our results 

enabled the accurate identification, quantification, and site-specific localization of SSG in MLC-

1v across different species. Notably, endogenous SSG of MLC-1v was observed in human and 

swine cardiac tissues but not in mice. Treating non-reduced cardiac tissue lysates with GSSG 

significantly increased SSG levels in MLC-1v across all three species.  
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5.2 Introduction 

The balance between reactive oxygen species (ROS) and antioxidants is essential for 

maintaining redox homeostasis and regulating physiological function.25 Disruption of this balance, 

often through increased ROS exposure, leads to the reversible oxidation of reactive cysteine (Cys) 

thiols through various post-translational modifications (PTMs), including S-glutathionylation 

(SSG).284 SSG involves the conjugation of glutathione to a reactive protein Cys thiol, resulting in 

a 305.07 Da mass increase in the target protein.285, 286 This modification can protect protein Cys 

thiols from irreversible oxidation and is increasingly recognized as a critical signaling mechanism 

in the heart, regulating key cellular processes such as oxidative phosphorylation, cellular 

metabolism, and protein synthesis.287, 288 Cardiac sarcomeric proteins, most notably cardiac 

myosin-binding protein C (cMyPB-C), have been previously recognized as substrates of SSG.287, 

289, 290  However, SSG modifications remain understudied in endogenous tissues due to their low 

abundance and labile nature.71, 287, 291 Additionally, it is unclear whether SSG is conserved across 

different species.  

 Top-down mass spectrometry (MS)-based proteomics analyzes intact proteins enabling the 

unambiguous identification and characterization of proteoforms - protein products from a single 

gene, including PTMs, alternative splice variants, and genetic mutations.6, 34 In contrast to 

traditional bottom-up MS-based proteomics, which involves proteolytic digestion of proteins into 

small peptides, top-down proteomics allows for the precise identification and quantification of 

intact proteins and their associated proteoforms directly from complex biological samples without 

digestion.39, 144 Additionally, top-down proteomics enables the fragmentation of intact proteoforms 

by tandem MS (MS/MS) for sequence characterization and site-localization of PTMs.34 As such, 
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top-down proteomics provides an unbiased and detailed perspective on proteoform diversity and 

complexity. 

Herein, we developed a top-down mass spectrometry (MS)-based proteomics platform to 

identify, quantify, and localize SSG modifications in sarcomeric proteins from human, swine, and 

mouse cardiac tissues. Our analysis unequivocally identified the ventricular isoform of myosin 

light chain 1 (MLC-1v) in human, swine, and mouse cardiac tissues as a substrate for protein SSG. 

Cardiac MLC-1v, also known as the essential light chain, is a key component of the hexameric 

myosin II complex and plays a crucial role in regulating cross-bridge cycling and cardiac 

contraction.271, 292 Recently we have demonstrated that MLC-1v, rather than MLC-2v, is ventricle-

specific in adult human hearts.119 This study represents the first report of SSG in MLC-1v. Our 

results enabled the quantification and site-specific localization of SSG to Cys residues in MLC-1v 

across multiple species, demonstrating the power of top-down MS-based proteomics in uncovering 

novel PTMs within complex biological matrices.  

 

5.3 Results & Discussion 

A label-free top-down MS-based proteomics platform was used to investigate SSG 

modifications in sarcomeric proteins extracted directly from human (n = 12), swine (n = 6), and 

mouse (n = 8) left ventricular cardiac tissues (Figure 5.1a, Figure S5.1). This platform involved 

tissue homogenization, extraction of proteins using a buffer without reducing agents to preserve 

protein SSG, and separation of intact proteins using reversed-phase liquid chromatography 

(RPLC). Online and offline MS/MS were then performed to comprehensively characterize protein 

SSG (Figure 5.1a, Figure S5.1). The high reproducibility of our online LC-MS/MS method was 
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demonstrated between triplicate injections of the same amount of total protein (Figure S5.2), 

enabling quantitative analysis of SSG proteoforms.  

 
Figure 5.1. Endogenous SSG of MLC-1v is detected in human and swine cardiac tissues, but not in 

mouse tissues using top-down proteomics. (a) Top-down proteomics workflow for the identification of 

protein SSG (+305.07 Da) in human, swine, and mouse cardiac tissues. Intact sarcomeric proteins were 

extracted from cardiac tissue using a non-reducing extraction buffer. MS and MS/MS data were acquired 

for intact protein mass analysis, sequence characterization, and SSG localization. (b) Representative high-

resolution deconvoluted mass spectra of MLC-1v in human, swine, and mouse cardiac tissues. Theoretical 

isotope distributions (red circles) are overlaid on the experimentally obtained mass spectra. The MLC-1v + 

SSG proteoform was isolated and fragmented in human and swine using collisionally activated dissociation 
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(CAD). The CAD fragmentation map for (c) human and (d) swine MLC-1v shows SSG is modified on 

either Cys66 or Cys75 in human and Cys68 or Cys77 in swine. The green circle represents N,N,N-

trimethylation, while the dashed purple circle represents potential SSG sites. Representative CAD fragment 

ions are shown below the fragmentation maps. All individual ion assignments are within 10 ppm of the 

theoretical mass and the theoretical isotopic distributions are indicated by the red circles.  

 

5.3.1. Top-Down Proteomics Reveals Endogenous SSG of MLC-1v  

 Our top-down proteomics data revealed low-abundant endogenous SSG on MLC-1v in 

human (Figure 5.1b, Figure S5.3) and swine (Figure 5.1b, Figure S5.4) cardiac tissues with high 

mass accuracy, indicated by a 305.07 Da mass increase from the most abundant MLC-1v 

proteoform (Table S5.1). Interestingly, endogenous SSG was not detected in mouse cardiac tissues 

on MLC-1v (Figure 5.1b, Figure S5.5). The total amount of SSG detected on MLC-1v (%SSG) 

was quantified by the ratio of the deconvoluted peak intensity of the SSG proteoform to the 

summed peak intensities of all MLC-1v proteoforms. Total SSG levels of MLC-1v in human 

tissues ranged from 0.2% to 1.5% across twelve biological replicates and from 0.1% to 0.4% across 

six biological replicates in swine tissues. No significant sex-based differences were detected in 

total SSG levels in our sex-balanced human cohort (6 females and 6 males) (Figure S5.6). To 

ensure the reproducibility of our online LC-MS/MS method for quantification of endogenous 

MLC-1v SSG proteoforms, we performed three extraction replicates using human (Figure S5.7) 

and swine cardiac tissues (Figure S5.8). Extraction reproducibility was demonstrated by the highly 

similar base peak chromatograms (BPC) and comparable %SSG values calculated for MLC-1v 

between extraction replicates. To localize the site of endogenous SSG in human and swine MLC-

1v, we performed online LC-MS/MS with collisionally activated dissociation (CAD) to produce 

N- and C- terminal protein fragment ions of the isolated MLC-1v SSG proteoform (Figure 5.1c-

d, Figure S5.9-S5.10). Fragment ions confirmed N,N,N-trimethylation to Ala1 in both human and 
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swine cardiac tissues, as previously reported.119, 193 However, due to the low abundance of the 

endogenous SSG proteoform, we could only narrow down the site of SSG to be on either Cys66 

or Cys75 in human and Cys68 or Cys77 in swine, ruling out Cys181 and Cys183 as possible sites 

of SSG in human and swine MLC-1v, respectively. Due to the low signal-to-noise ratio of fragment 

ions in the online MS/MS spectra, which hindered site-localization of the SSG modification, we 

explored an alternative approach to further fragment and localize SSG in MLC-1v.  

5.3.2. Treatment with Oxidized Glutathione (GSSG) Leads to Increased SSG Levels in MLC-1v  

 Human, swine, and mouse cardiac tissue lysates were treated with 1 mM of oxidized 

glutathione (GSSG) prior to top-down proteomics analysis. We observed a significant increase in 

the abundance of the MLC-1v SSG proteoform in human (Figure 5.2a, Figure 5.2d, Figure 

S5.11) and swine (Figure 5.2b, Figure 5.2e, Figure S5.12) cardiac tissues following GSSG 

treatment, compared to controls. Interestingly, SSG of MLC-1v was detected in mouse cardiac 

tissues after GSSG treatment, with total SSG levels ranging from 0.6% to 1.1% across three 

biological replicates (Figure 5.2c, Figure 5.2f, Figure S5.13). To determine if GSSG treatment 

induced SSG of other major sarcomeric proteins detected in the LC-MS/MS analysis, we analyzed 

the deconvoluted mass spectra of cardiac troponin T (cTnT), cardiac troponin I (cTnI), alpha-

tropomyosin (α-Tpm), troponin C (TnC), ventricular isoform of myosin light chain 2 (MLC-2v), 

and actin in human (Figure S5.14), swine (Figure S5.15), and mouse (Figure S5.16). Evidently, 

we did not identify cTnT, cTnI, α-Tpm, TnC, or MLC-2v in human, swine, and mouse cardiac 

tissues to be modified with SSG following GSSG treatment, as we did not detect isotopically 

resolved proteoforms with a +305.07 Da mass shift from the most abundant proteoform with high 

mass accuracy. However, actin appears to be potentially modified with SSG in human, swine, and 

mouse cardiac tissues following incubation with 1 mM GSSG (Figure S5.14-S5.16). To localize 
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the specific sites of SSG in MLC-1v in human, swine, and mouse cardiac tissues treated with 

GSSG, we employed a combination of offline and online MS/MS methods using CAD, electron 

transfer dissociation (ETD), and electron capture dissociation (ECD). For human MLC-1v, 

MS/MS analysis revealed key fragment ions containing the SSG modification, including b191, y168, 

and y171, which closely matched the theoretical isotopic distribution with high mass accuracy 

(Figure 5.2g, Figure S5.17). The detection of the y120 ion, which is not modified with SSG, 

confirmed Cys66 as the putative site of SSG in human MLC-1v. For swine MLC-1v, MS/MS 

analysis also revealed key fragment ions containing the SSG modification, including b193, y169, and 

y171 (Figure 5.2h, Figure S5.18). The detection of the y127 and y128 ions, which are unmodified, 

confirmed Cys68 as the putative site of SSG in swine MLC-1v. Finally, MS/MS analysis of mouse 

MLC-1v confirmed N,N,N-trimethylation to Ala1 and ruled out Cys190 as the site of SSG 

modification, as C-terminal fragment ions, such as y80 and y61, were unmodified (Figure 5.2i, 

Figure S5.19). Based on the presence of the b125 ion containing the SSG modification with high 

mass accuracy, Cys84 was assigned as the putative site of SSG in mouse MLC-1v. Interestingly, 

sequence alignment of MLC-1v revealed that Cys66 in human and Cys68 swine are conserved, 

whereas this Cys residue is not conserved in mouse (Figure S5.20). Instead, Cys84 in mouse, 

which can be modified with SSG, is conserved with Cys77 in human and Cys75 in swine; however, 

these residues were found to be unlikely substrates for SSG. Therefore, these findings highlight 

the species-specific nature of SSG and underscore the differences in how this modification may 

be regulated across species.   
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Figure 5.2. Top-down proteomics reveals treatment of non-reduced cardiac tissue lysates with GSSG 

increases MLC-1v SSG levels in human, swine, and mice. Representative deconvoluted mass spectra of 

the (a) human, (b) swine, and (c) mouse MLC-1v + SSG proteoform in control (0 mM GSSG) and treated 

(1 mM GSSG) samples. Total protein SSG (%SSG) was quantified based on the ratio of the deconvoluted 

peak intensity of the SSG proteoform to the summed peak intensities of all proteoforms of MLC-1v. 

Quantification of %SSG in (d) human, (e) swine, and (f) mouse MLC-1v for control (0 mM GSSG) versus 

treated (1 mM GSSG) samples (n = 3). Groups were considered significantly different by paired student’s 

t-test with p < 0.05. Error bars represent the mean ± standard error of the mean (SEM). (g) The collisionally 

activated dissociation (CAD) and electron transfer dissociation (ETD) fragmentation map for human MLC-

1v (1 mM GSSG) shows SSG is localized to Cys66. The green circle represents N,N,N-trimethylation, 

while the purple circle represents SSG. Representative CAD fragment ions are shown below the 

fragmentation map. All individual ion assignments are within 10 ppm of the theoretical mass, and the 
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theoretical isotopic distributions are indicated by the red circles. (h) The CAD fragmentation map for swine 

MLC-1v (1 mM GSSG) shows SSG is localized to Cys68. Representative CAD fragment ions are shown 

below the fragmentation map. (i) The CAD fragmentation map for mouse MLC-1v (1 mM GSSG) shows 

SSG is localized to Cys84. Representative CAD fragment ions are shown below the fragmentation map.  

 

In this study, we employed top-down MS-based proteomics to identify, quantify, and 

localize SSG in MLC-1v from human, swine, and mouse cardiac tissues. To our knowledge, this 

is the first time SSG has been reported on MLC-1v. Previous studies have shown that key 

sarcomeric proteins, particularly cMyBP-C as well as titin, actin, and cTnI, may act as substrates 

for SSG, which have advanced our understanding of SSG in the sarcomere.287, 289, 290, 293  Titin or 

cMyBP-C were not detected in the current top-down 1DLC-MS data due to their large molecular 

weights, as in top-down proteomics, the S/N decreases with increasing protein size.56 Although we 

detected cTnI in our top-down MS data, SSG of cTnI was not observed in non-failing hearts using 

the non-reducing method employed in this study. A previous study has shown that SSG levels of 

cTnI are increased in end-stage human failing hearts compared to non-failing hearts.287, 290  

However, other studies have not detected SSG of cTnI.294, 295 For example, in isolated rat control 

hearts, SSG was not reported on cTnI but was found to be specific to cMyBP-C.294 Interestingly, 

actin appears to be modified with SSG in human, swine, and mouse cardiac tissues upon incubation 

with 1 mM GSSG (Figure S5.14-S5.16). Nevertheless, further effort needs to be allocated to 

isotopically resolve the presumable actin SSG proteoform and subject to MS/MS to confirm this 

modification. In this study, we focused on the in-depth characterization of SSG in MLC-1v at the 

basal level and after GSSG treatment in non-failing hearts from human, swine, and mouse cardiac 

tissues. MLC-1v is increasingly recognized for its essential role in modulating cardiac contractility 

by regulating the interaction between actin and myosin within the sarcomere.271, 292 Recently we 

have demonstrated that MLC-1v, rather than MLC-2v, is exclusively expressed in the ventricles 
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in adult human hearts, making it a potential ventricular marker.119 Note that SSG of MLC-1v was 

not detected in the previous studies119,193 due to the presence of reducing agents added in the 

extraction procedures. Here, for the first time, our non-reducing extraction procedure enabled the 

accurate identification, quantification, and site-specific localization of SSG in MLC-1v across 

different species.  

 

5.4 Conclusions 

Overall, we identified low-abundance endogenous SSG on MLC-1v in human and swine 

cardiac tissues, but not in mouse tissues. Due to the low abundance of endogenous SSG on MLC-

1v, samples were then treated with GSSG prior to MS analysis. Notably, SSG levels significantly 

increased in human and swine samples, and SSG was also detected in mouse samples following 

GSSG treatment. Additionally, MS/MS analysis confirmed the putative SSG sites in MLC-1v to 

be Cys66 in human, Cys68 in swine, and Cys84 in mouse. Overall, our results provide the first 

evidence that MLC-1v is a target of SSG in the sarcomere across different species, demonstrating 

the utility of top-down MS-based proteomics in identifying, quantifying, and localizing novel 

PTMs directly from cardiac tissues. 

 

 

 

 

 

 

 



157 
 

5.5 Methods 

5.5.1. Chemicals and Reagents  

All reagents were purchased from Sigma-Aldrich unless otherwise noted. Optima LC/MS grade 

acetonitrile and Titan3, 17mm PES membrane syringe filters were purchased from Thermo Fisher 

Scientific. Amicon, 0.5 mL cellulose ultra-centrifugal filters with a molecular weight cut-off 

(MWCO) of 10 kDa and HPLC grade LiChrosolv® Ethanol were purchased from MilliporeSigma.  

5.5.2. Human Cardiac Tissue Collection  

Left ventricular (LV) myocardium from healthy donor hearts with no history of heart disease were 

obtained from the University of Wisconsin (UW)-Madison Organ and Tissue Donation-Surgical 

Recovery and Preservation Services. The procedures for the collection of human donor heart 

tissues were approved by the UW-Madison Institutional Review Board (IRB). A summary of the 

clinical characteristics of human hearts used in this study can be found in Table S5.2.  

5.5.3. Swine and Mouse Cardiac Tissue Collection 

Swine heart tissue was obtained from adult Yorkshire domestic swine. Mouse heart tissue was 

obtained from C57Bl/6J wild-types, with an equal ratio of male to female mice. The hearts were 

excised from the organism, and the LV was isolated and immediately snap-frozen in liquid 

nitrogen and stored at -80 ºC. All experiments involving animals were conducted in accordance 

with the NIH Guide for the Care and Use of Laboratory Animals and using protocols approved by 

the University of Wisconsin Institutional Animal Care and Use Committee. 

5.5.4. Non-Reducing Protein Extraction from Human, Swine, and Mouse Cardiac Tissues 

Proteins were extracted from cardiac tissues as previously described.79, 114 Cardiac left ventricular 

tissue (50-500 mg) was homogenized on ice using a Polytron homogenizer in 10 volumes (mL/g 

tissues) of phosphate wash buffer (5 mM NaH2PO4, 5 mM Na2HPO4 (pH 7.0), 100 mM NaCl, 125 
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mM L-Methionine (pH 7.5), 1 mM PMSF and 1X HaltTM protease and phosphatase inhibitor 

cocktail. The homogenate was centrifuged at 17,000 × g for 3 minutes at 4 ºC, and the supernatant 

was discarded. The washing and homogenization step was repeated, and the supernatant was once 

again discarded. The protein pellet was extracted using 5 volumes (mL/g tissues) of a lithium 

chloride (LiCl) buffer (25 mM Tris (pH 7.5), 700 mM LiCl, 125 L-Methionine (pH 7.5), 1 mM 

PMSF and 1X HaltTM protease and phosphatase inhibitor cocktail). The resulting homogenate was 

incubated at 4 ºC for 10 min and then centrifuged at 17,000 × g for 3 minutes at 4 ºC. The 

supernatant was transferred to new Eppendorf Protein Lo-Bind tubes and centrifuged at 21,000 × 

g for 30 min at 4 ºC to further clarify the tissue lysates. The resulting supernatant was passed 

through a Titan3, 17mm PES membrane syringe filter (pre-soaked with LiCl buffer) using a 5 mL 

Luer-lock syringe, into a new Eppendorf Protein Lo-Bind tube, snap-frozen in liquid nitrogen, and 

stored at -80 ºC.   

5.5.5. Sample Preparation for Top-Down Proteomics Analysis 

Cardiac tissue lysates were thawed out on ice for 15 minutes, desalted using a 10 kDa MWCO 

filter (Amicon, 0.5 mL, cellulose, MilliporeSigma), and buffer exchanged using 0.1% formic acid 

in nanopure water.  The concentration of the desalted tissue lysates was determined by the Bradford 

protein assay. For direct infusion offline MS/MS experiments, non-reduced cardiac tissue lysates 

were buffer-exchanged twice using 0.1% formic acid in 10:10:80 IPA:ACN:water using Bio-Spin 

columns with Bio-Gel P-30, following the protocol detailed from Bio-Rad. 

5.5.6. Online Top-Down LC-MS/MS Data Acquisition 

LC-MS/MS analysis was carried out using either an Acquity ultra-high performance LC M-Class 

system (Waters) coupled to a maXis II quadrupole time-of-flight mass spectrometer (Bruker 

Daltonics) or a NanoAcquity ultra-high performance LC system (Waters) coupled to an Impact II 
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quadrupole time-of-flight mass spectrometer (Bruker Daltonics). 500 ng of total protein was 

injected onto a home-packed PLRP column (PLRP-S) (Agilent Technologies), 10 m particle size, 

250 or 500 m inner diameter, 1,000 Å pore size using an organic gradient of 5% to 95% mobile 

phase B (mobile phase A: 0.1% formic acid in water; mobile phase B: 0.1% formic acid in 50:50 

acetonitrile:ethanol) at a flow rate of 8-12 L/min and temperature of 60 ℃. Mass spectra were 

acquired at a scan rate of 0.5 Hz over 200-3000 m/z. For the electrospray ionization source, the 

end plate offset, capillary, nebulizer, dry gas, and dry temp were set at 500 V, 4500 V, 0.5 bar, 4.0 

L/min, and 200 °C, respectively. For tune settings, the Funnel 1 RF, isCID energy, multipole RF 

(for maXis II), Funnel 2 RF (for Impact II), Hexapole RF (for Impact II), quadrupole ion energy, 

collision energy, collision RF, transfer time, and pre-pulse storage were set at 400 Vpp, 10 eV, 

400 Vpp, 400 Vpp, 400 Vpp, 5 eV, 5 eV, 2000 Vpp, 100 µs, and 15 µs, respectively. Proteoforms 

of interest were first isolated in the gas phase and fragmented by either collisionally activated 

dissociation (CAD) or electron transfer dissociation (ETD). For targeted CAD MS/MS 

experiments (Impact II), the precursor ion was set with a width of at least 5 m/z and mass spectra 

were acquired at a scan rate of 1.0 Hz over 200 – 2000 m/z. Collision energies were set to values 

ranging from 8 to 20 eV. For targeted ETD MS/MS experiments (maXis II), 3,4 hexanedione was 

used as the ETD reagent. The precursor ion was set with a width of at least 5 m/z and mass spectra 

were acquired at a scan rate of 1.0 Hz over 200-3000 m/z. The analyte accumulation time was set 

to 1000 ms with a 30 ms reagent injection time, and extended reaction time varied from 10 to 100 

ms. 

5.5.7. Offline Top-Down MS/MS Data Acquisition 

Samples were either directly infused114, or individual protein fractions were collected following 

reversed-phase LC separation for offline MS/MS analysis. Protein fractions were analyzed by 
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nano-ESI via direct infusion using a TriVersa Nanomate system (Advion BioSciences) coupled to 

a 12-T solariX XR FTICR mass spectrometer (Bruker Daltonics).84, 172, 193 For the nano-ESI source 

using a TriVersa Nanomate, the desolvating gas pressure was maintained between 0.7 and 0.8 PSI 

and the voltage was set to 1.7–1.8 kV. The source dry gas flow rate was set to 3 L/min at 180 °C. 

For the source optics, the capillary exit, deflector plate, funnel 1, skimmer voltage, funnel RF 

amplitude, octopole frequency, octopole RF amplitude, collision cell RF frequency, collision cell 

energy, and collision cell RF amplitude were set at 240.0 V, 220.0 V, 100.0 V, 50.0 V, 300.0 Vpp, 

5 MHz, 600.0 Vpp, 2.0 MHz, 4V, and 2000.0 Vpp, respectively. Mass spectra were acquired with 

an acquisition size of 1 to 2M in the mass range between 200 and 3000 m/z. Ions were accumulated 

in the collision cell for 1 to 15 s and a time-of-flight of 1.000 ms was used for their transfer to the 

ICR cell. For offline CAD MS/MS experiments, the collisional energy was varied between 10 and 

25 V. For offline electron-capture dissociation (ECD) experiments, ions were pulsed for 20 ms 

with a lens bias of 1.5 V and a lens voltage of 15 V. 

5.5.8. Data Analysis 

All MS data were processed and analyzed using Compass DataAnalysis v. 4.3 (Bruker Daltonics) 

software. All chromatograms were smoothened by the Gauss algorithm with a smoothing width of 

2.04 s. The Sophisticated Numerical Annotation Procedure (SNAP) peak-picking algorithm 

(quality factor: 0.4; signal-to-noise ratio (S/N): 3.0) was applied to determine the monoisotopic 

mass of all detected ions. Mass spectra were deconvoluted using the Maximum Entropy algorithm 

within the DataAnalysis v. 4.3 software. The resolving power for Maximum Entropy 

deconvolution was set to 50,000k (Impact II) and 60,000k (maXis II) for proteins that were 

isotopically resolved. Protein S-glutathionylation (SSG) was quantified based on the ratio of the 

peak intensity of the SSG proteoform to the summed peak intensities of all proteoforms of the 
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same protein using the deconvoluted mass spectrum. Online and offline MS/MS data were output 

from the DataAnalysis v. 4.3 software and analyzed using MASH Native v. 1.1 software156 using 

the eThrash algorithm147 for sequence mapping and proteoform identification. All fragment ions 

were manually validated using a 10-ppm mass tolerance.  

5.5.9. Statistical Analysis 

Paired Student’s t-tests were used to determine the level of statistical significance for the 

quantification of SSG modifications. All p-values at p < 0.05 were considered significant. Error 

bars indicated in the figures represent the mean ± standard error of the mean (SEM). 
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Species Proteoform Modified Forms Theo Mass (Da) Expt Mass (Da)
Mass Error 

(ppm)

Homo sapien MLC-1v Met removal, N,N,N-Trimethyl 21841.96 21841.94 0.9

Homo sapien MLC-1v Met removal, N,N,N-Trimethyl, SSG 22147.03 22147.00 1.4

Sus scrofa MLC-1v Met removal, N,N,N-Trimethyl 21766.92 21766.90 0.9

Sus scrofa MLC-1v Met removal, N,N,N-Trimethyl, SSG 22071.99 22071.93 2.7

Mus musculus MLC-1v Met removal, N,N,N-Trimethyl 22332.31 22332.31 0.3

Mus musculus MLC-1v Met removal, N,N,N-Trimethyl, SSG 22637.37 22637.35 0.9

5.6 Supplemental Information 

5.6.1. Supplemental Tables 

Table S5.1. MLC-1v proteoforms identified in top-down MS experiments from human, swine, and 

mouse cardiac tissues. Species, proteoform, modified forms, theoretical most abundant mass, experimental 

most abundant mass, and mass error for the proteoforms identified. Modified proteoforms were identified 

based on highly accurate intact mass measurements and MS/MS data. Abbreviations: ventricular isoform 

of myosin light chain 1 (MLC-1v), methionine (Met), N,N,N-trimethylation (N,N,N-trimethyl), and S-

glutathionylation (SSG). 
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Table S5.2. Clinical characteristics of human hearts used. Non-failing donor human heart tissues were 

obtained from the University of Wisconsin (UW) Organ and Tissue Donation, Surgical Recovery, and 

Preservation Services. Average and standard error of the mean (SEM) is reported for age. Number of donors 

(n) is indicated in parentheses after each reported percentage. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Clinical Characteristic Precentage of Sample Cohort

55 ± 11.5 years

min: 25 years

max: 65 years

Male 50% (n  = 6)

Female 50% (n  = 6)

Age
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5.6.2. Supplemental Figures 

 

 

 

 

 

 

Figure S5.1. Top-down MS-based proteomics workflow for the identification of protein SSG in 

human, swine, and mouse cardiac tissues. Human (n = 12), swine (n = 6), and mouse (n = 8) cardiac 

tissues were first homogenized in phosphate wash buffer. Sarcomeric proteins were extracted from cardiac 

tissue using a non-reducing lithium chloride (LiCl) extraction buffer and then desalted using a 10 kDa 

molecular weight cut-off filter to prepare for MS analysis. Intact proteins (500 ng) were separated by 

reversed-phase liquid chromatography (RPLC) and online MS and tandem MS (MS/MS) data were 

acquired using a quadrupole-time-of-flight (QTOF) mass spectrometer. Offline MS/MS data were acquired 

using an ultrahigh-resolution Fourier-transform ion cyclotron resonance (FTICR) mass spectrometer. 

Protein SSG (+305.07 Da) was identified through intact mass measurements obtained from the 

deconvoluted mass spectra. To localize SSG, collisionally activated dissociation (CAD) and electron 

dissociation (ExD) fragmentation techniques were used. Proteoform characterization was performed by 

matching identified fragment ions to the target proteoform sequence using MASH Native v. 1.1. 
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Figure S5.2. Highly reproducible top-down online LC-MS/MS method. Representative intensity 

normalized base peak chromatograms (BPC) for injection replicates (n = 3) of 500 ng of total protein from 

(a) human, (b) swine, and (c) mouse cardiac tissue lysates.    
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Figure S5.3. Top-down proteomics identifies endogenous SSG in human MLC-1v. Normalized 

deconvoluted mass spectra of MLC-1v + SSG from non-reduced human cardiac tissue lysates (n = 12; H1-

H12) not incubated with GSSG. Total protein SSG (%SSG) was quantified based on the ratio of the 

deconvoluted peak intensity of the SSG proteoform to the summed peak intensities of all proteoforms of 

MLC-1v.  
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Figure S5.4. Top-down proteomics identifies endogenous SSG in swine MLC-1v. Normalized 

deconvoluted mass spectra of MLC-1v + SSG from non-reduced swine cardiac tissue lysates (n = 6; S1-

S6) not incubated with GSSG. Total protein SSG (%SSG) was quantified based on the ratio of the 

deconvoluted peak intensity of the SSG proteoform to the summed peak intensities of all proteoforms of 

MLC-1v.  
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Figure S5.5. Endogenous SSG is not detected by top-down proteomics in mouse MLC-1v. Normalized 

deconvoluted mass spectra of MLC-1v from non-reduced mouse cardiac tissue lysates (n = 8; M1-M8) not 

incubated with GSSG. The SSG proteoform was not detected (n.d.) on MLC-1v. 
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Figure S5.6. Sex-based differences of SSG in human MLC-1v. Comparison of the relative abundance of 

SSG (%SSG) in MLC-1v between female (purple; n = 6) and male (blue; n = 6) non-failing donor human 

hearts. Groups were considered significantly different by paired student t-tests with p < 0.05 and not 

significantly different with p > 0.05. Error bars represent the mean ± standard error of the mean (SEM). 
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Figure S5.7. Reproducible online LC-MS/MS analysis of MLC-1v from human cardiac tissue. (a) 

Normalized base peak chromatograms (BPC) of individual extraction replicates (n = 3) from human cardiac 

tissue showing high reproducibility of the method. (b) Deconvoluted mass spectra of the MLC-1v + SSG 

proteoform in individual extraction replicates (n =3) from human cardiac tissue. Mass spectra were 

normalized to the same intensity. Total protein SSG (%SSG) was quantified based on the ratio of the 

deconvoluted peak intensity of the SSG proteoform to the summed peak intensities of all proteoforms of 

MLC-1v.  
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Figure S5.8. Reproducible online LC-MS/MS analysis of MLC-1v from swine cardiac tissue. (a) 

Normalized base peak chromatograms (BPC) of individual extraction replicates (n = 3) from swine cardiac 

tissue showing high reproducibility of the method. (b) Deconvoluted mass spectra of the MLC-1v + SSG 

proteoform in individual extraction replicates (n =3) from swine cardiac tissue. Mass spectra were 

normalized to the same intensity. Total protein SSG (%SSG) was quantified based on the ratio of the 

deconvoluted peak intensity of the SSG proteoform to the summed peak intensities of all proteoforms of 

MLC-1v.  
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Figure S5.9. Characterization of endogenous human MLC-1v + SSG using top-down proteomics. 

Online LC-MS/MS analysis of the human MLC-1v + SSG proteoform (no incubation with GSSG). The 

MLC-1v + SSG proteoform was isolated and fragmented using collisionally activated dissociation (CAD). 

(a) The CAD fragmentation map for human MLC-1v shows SSG is potentially modified on either Cys66 

or Cys75. The green circle represents N,N,N-trimethylation, while the dashed purple circle represents 

potential SSG modification sites. (b) Representative CAD fragment ions. All individual ion assignments 

are within 10 ppm of the theoretical mass, and the theoretical isotopic distributions are indicated by the red 

circles. For human MLC-1v + SSG there were 8 b ions and 5 y ions achieving 7% sequence coverage. 
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Figure S5.10. Characterization of endogenous swine MLC-1v + SSG using top-down proteomics. 

Online LC-MS/MS analysis of the swine MLC-1v + SSG proteoform (no incubation with GSSG). The 

MLC-1v + SSG proteoform was isolated and fragmented using collisionally activated dissociation (CAD). 

(a) The CAD fragmentation map for swine MLC-1v shows SSG is potentially modified on either Cys68 or 

Cys77. The green circle represents N,N,N-trimethylation, while the dashed purple circle represents 

potential SSG sites. (b) Representative CAD fragment ions. All individual ion assignments are within 10 

ppm of the theoretical mass, and the theoretical isotopic distributions are indicated by the red circles. For 

swine MLC-1v + SSG there were 9 b ions and 5 y ions achieving 7% sequence coverage. 
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Figure S5.11. Top-down proteomics reveals treatment of non-reduced human cardiac tissue lysates 

with GSSG increases SSG levels in MLC-1v. Normalized deconvoluted mass spectra of the human MLC-

1v + SSG proteoform in three biological replicates (a) H2 (b) H6 and (c) H8 that were incubated with 0 

mM and 1 mM of GSSG at 4°C for 1 hour. Total protein SSG (%SSG) was quantified based on the ratio of 

the deconvoluted peak intensity of the SSG proteoform to the summed peak intensities of all proteoforms 

of MLC-1v.  
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Figure S5.12. Top-down proteomics reveals treatment of non-reduced swine cardiac tissue lysates 

with GSSG increases SSG levels in MLC-1v. Normalized deconvoluted mass spectra of the swine MLC-

1v + SSG proteoform in three biological replicates (a) S1 (b) S4 and (c) S6 that were incubated with 0 mM 

and 1 mM of GSSG at 4°C for 1 hour. Total protein SSG (%SSG) was quantified based on the ratio of the 

deconvoluted peak intensity of the SSG proteoform to the summed peak intensities of all proteoforms of 

MLC-1v.  
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Figure S5.13. Top-down proteomics reveals treatment of non-reduced mouse cardiac tissue lysates 

with GSSG increases SSG levels in MLC-1v. Normalized deconvoluted mass spectra of the mouse MLC-

1v + SSG proteoform in three biological replicates (a) M2 (b) M4 and (c) M5 that were incubated with 0 

mM and 1 mM of GSSG at 4°C for 1 hour. Total protein SSG (%SSG) was quantified based on the ratio of 

the deconvoluted peak intensity of the SSG proteoform to the summed peak intensities of all proteoforms 

of MLC-1v.  
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Figure S5.14. Overview of major cardiac proteoforms accessed by top-down proteomics when non-

reduced human tissue lysate was incubated with 1 mM GSSG. Representative deconvoluted mass 

spectra showing proteoforms of major human cardiac proteins; cardiac troponin T (cTnT), cardiac troponin 

I (cTnI), alpha-tropomyosin (α-Tpm), troponin C (TnC), ventricular isoform of myosin light chain 2 (MLC-

2v), alpha-cardiac actin (α-CAA), and alpha-skeletal actin (α-SKA). Mono- and bis-phosphorylated 

proteoforms are indicated with italicized “p” and “pp”, respectively. Insets show a zoomed-in view of the 

most abundant proteoform with a +305 Da mass shift to represent the expected mass of the SSG proteoform 

for each protein.  
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Figure S5.15. Overview of major cardiac proteoforms accessed by top-down proteomics when non-

reduced swine tissue lysate was incubated with 1 mM GSSG. Representative deconvoluted mass spectra 

showing proteoforms of major swine cardiac proteins; cardiac troponin T (cTnT), cardiac troponin I (cTnI), 

alpha-tropomyosin (α-Tpm), troponin C (TnC), ventricular isoform of myosin light chain 2 (MLC-2v), 

alpha-cardiac actin (α-CAA), and alpha-skeletal actin (α-SKA). Mono- and bis-phosphorylated proteoforms 

are indicated with italicized “p” and “pp”, respectively. Insets show a zoomed-in view of the most abundant 

proteoform with a +305 Da mass shift to represent the expected mass of the SSG proteoform for each 

protein. 
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Figure S5.16. Overview of major cardiac proteoforms accessed by top-down proteomics when non-

reduced mouse tissue lysate was incubated with 1 mM GSSG. Representative deconvoluted mass spectra 

showing proteoforms of major mouse cardiac proteins; cardiac troponin T (cTnT), cardiac troponin I (cTnI), 

alpha-tropomyosin (α-Tpm), troponin C (TnC), ventricular isoform of myosin light chain 2 (MLC-2v), 

alpha-cardiac actin (α-CAA), and alpha-skeletal actin (α-SKA). Mono- and bis-phosphorylated proteoforms 

are indicated with italicized “p” and “pp”, respectively. Insets show a zoomed-in view of the most abundant 

proteoform with a +305 Da mass shift to represent the expected mass of the SSG proteoform for each 

protein. 

 



180 
 

 

Figure S5.17. Characterization of the human MLC-1v + SSG proteoform following incubation with 

1 mM GSSG using top-down proteomics. (a) Combined online and offline MS/MS fragmentation map 

for the MLC-1v + SSG proteoform in human cardiac tissue lysate incubated with 1 mM GSSG. MLC-1v + 

SSG was isolated and fragmented using collisionally activated dissociation (CAD) and electron transfer 

dissociation (ETD). The fragmentation map for human MLC-1v shows SSG is localized to Cys66. The 

green circle represents N,N,N-trimethylation, while the purple circle represents SSG. (b) Representative 

fragment ions. All individual ion assignments are within 10 ppm of the theoretical mass, and the theoretical 

isotopic distributions are indicated by the red circles. For human MLC-1v + SSG there were 24 b ions, 26 

y ions, and 16 c ions achieving 29% sequence coverage.  
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Figure S5.18. Characterization of the swine MLC-1v + SSG proteoform following incubation with 1 

mM GSSG using top-down proteomics. (a) Combined online and offline MS/MS fragmentation map for 

the MLC-1v + SSG proteoform in swine cardiac tissue lysate incubated with 1 mM GSSG. MLC-1v + SSG 

was isolated and fragmented using collisionally activated dissociation (CAD) and electron capture 

dissociation (ECD). The fragmentation map for swine MLC-1v shows SSG is localized to Cys68. The green 

circle represents N,N,N-trimethylation, while the purple circle represents SSG. (b) Representative fragment 

ions. All individual ion assignments are within 10 ppm of the theoretical mass, and the theoretical isotopic 

distributions are indicated by the red circles. For swine MLC-1v + SSG there were 27 b ions, 39 y ions, 13 

c, and 1 z
●

 ions achieving 37% sequence coverage.  
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Figure S5.19. Characterization of the mouse MLC-1v + SSG proteoform following incubation with 1 

mM GSSG using top-down proteomics. (a) Combined online MS/MS fragmentation map for the MLC-

1v + SSG proteoform in mouse cardiac tissue lysate incubated with 1 mM GSSG. MLC-1v + SSG was 

isolated and fragmented using collisionally activated dissociation (CAD). The fragmentation map for mouse 

MLC-1v shows SSG is localized to Cys84. The green circle represents N,N,N-trimethylation, while the 

purple circle represents SSG. (b) Representative fragment ions. All individual ion assignments are within 

10 ppm of the theoretical mass, and the theoretical isotopic distributions are indicated by the red circles. 

For mouse MLC-1v + SSG there were 20 b ions and 15 y ions achieving 17% sequence coverage.  
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Figure S5.20. Sequence alignment of human, swine, and mouse MLC-1v. MLC-1v in human (UniProt 

ID P08590; MYL3_HUMAN), mouse (UniProt ID P09542; MYL3_MOUSE), and swine (UniProt ID 

A0A8D1HG89; A0A8D1HG89_PIG). Human and swine MLC-1v share 95.4% sequence similarity. 

Human and mouse share 95.9% sequence similarity. Mouse and swine share 95.4% sequence similarity.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



184 
 

CHAPTER 6:  

Conclusions and Future Directions 
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Top-down mass spectrometry (MS)-based proteomics has emerged as a powerful approach 

for the identification, quantification, and characterization of proteoforms at the intact protein level 

under both denaturing and native conditions.11, 30-34, 54 Significant advancements have been made 

in the field of top-down proteomics (TDP) over the last decade, particularly in instrumentation, 

sample preparation, and data analysis. However, several challenges remain, including the 

proteome’s high dynamic range, the vast diversity of proteoforms, and the low abundance of 

heterogeneous protein complexes in their native environments.30 These challenges limit the 

broader application of TDP strategies for directly characterizing endogenous proteins and protein 

complexes from biological samples.178 In this dissertation, I presented new top-down MS-based 

proteomics strategies for the characterization of endogenous proteins and protein complexes 

directly from cardiac tissues, aiming to investigate biological heterogeneity at the proteoform 

level, elucidate protein structure-function relationships, and provide a comprehensive view of the 

endogenous heart proteoform landscape.  

 Chapter 2 described a denatured TDP method for the simultaneous quantification of 

sarcomeric protein expression and post-translational modifications (PTMs) from end-stage 

ischemic cardiomyopathy (ICM) and non-failing donor human cardiac tissues. In this study, we 

demonstrated the unique advantages of TDP for defining the diverse sarcomeric proteoform 

landscape and quantifying protein expression and PTMs in parallel. Additionally, we highlighted 

the importance of proteoform-level characterization to uncover molecular changes underlying 

human ICM. Despite revealing significant PTM and expression-level changes in sarcomeric 

proteins during ischemic heart failure, one major limitation of this study is the difficulty in 

detecting large proteins (>50 kDa), primarily due to the exponential decay in the signal-to-noise 

(S/N) ratio as protein molecular weight (MW) increases and coelution of proteins during the one 
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dimensional (1D) reversed phase liquid chromatography (RPLC) separation before tandem MS 

(MS/MS) analysis. Conceivably, to increase sarcomeric proteome coverage and to identify larger 

MW proteins in ICM, two dimensional (2D) LC methods employing serial size exclusion 

chromatography (sSEC) and RPLC prior to top-down MS analysis can be used. Moreover, single-

omics approaches, primarily reflect only one aspect of the biological system and may not fully 

recapitulate the mechanisms, functional pathways, and molecular alterations underlying human 

ICM.296, 297 Therefore, a MS-based multi-omics approach integrating proteomics, metabolomics, 

and lipidomics, could offer a more comprehensive understanding of the complex biological 

processes in ICM.  

 Chapter 3 utilized a native nanoproteomics platform using peptide-functionalized 

superparamagnetic nanoparticles (NPs) and native top-down MS (nTDMS) for the enrichment and 

analysis of the endogenous cardiac troponin (cTn) complex directly from human cardiac tissue. 

This native nanoproteomics platform enabled the direct characterization of structural features 

revealing the molecular composition, stoichiometry, and non-covalent interactions of the 

endogenous cTn complex. This study characterized the endogenous cTn complex from non-failing 

donor human cardiac tissue; however, it would be interesting to perform further experiments to 

enrich and characterize the cTn complex from cardiac tissues with different cardiomyopathies, 

including ICM, dilated cardiomyopathy (DCM), and hypertrophic cardiomyopathy (HCM). 

Alterations in the phosphorylation of the cardiac troponin I (cTnI) subunit have been associated 

with various cardiomyopathies and can influence calcium (Ca2+) sensitivity within the cTn 

complex, ultimately affecting cardiac contractility.232, 298-300 Thus, applying our native 

nanoproteomics platform to characterize the endogenous cTn complex across various 

cardiomyopathies could yield unique insights into Ca2+ binding, complex stoichiometry, and 
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PTMs, to enhance our understanding of how cardiac diseases influence heart contractility through 

disease-related changes in protein modifications and Ca2+ binding. Furthermore, this native 

nanoproteomics platform has clearly demonstrated that the enriched protein complex can retain its 

native state when suitable enrichment and elution conditions are developed. Therefore, this 

platform can be readily adaptable to other endogenous low-abundant protein targets such as 

kinases and receptors.  

 The nanoproteomics-based technology described in Chapter 3 can also be applied under 

denaturing conditions for the enrichment and proteoform-resolved analysis of intact cTnI from 

human serum at clinically relevant concentrations.78 cTnI, a gold-standard cardiac-specific 

biomarker for diagnosing acute myocardial infarction (AMI), is released into the bloodstream from 

cardiac tissue following myocardial injury.221, 223, 301 Currently, antibody-based diagnostic assays 

such as enzyme-linked immunosorbent assays (ELISAs) are used in clinical settings to identify 

circulating cTnI concentrations and for the rapid rule-in/rule-out of AMI. Although ELISAs are 

high-throughput and automated, they lack standardization, cannot distinguish between cTnI 

proteoforms, and suffer from non-specific binding due to circulating autoantibodies, which may 

lead to misdiagnosis of AMI.302, 303 Thus, a highly reproducible and sensitive MS-based diagnostic 

assay incorporating the denatured nanoproteomics platform to enrich cTnI proteoforms directly 

from human serum in patients with ST-elevation myocardial infarction (STEMI), typically 

considered a severe case of AMI, would be highly advantageous for the early detection and 

accurate diagnosis of AMI. This nanoproteomics MS-based diagnostic assay could be used to 

analyze circulating cTnI proteoforms enriched from serum samples of a large human cohort, 

including both healthy control and STEMI patients, to uncover correlations between cTnI 

proteoforms and underlying disease etiology. Patient-specific variables such as age, sex, 
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race/ethnicity, and co-morbidities will need to be considered as well. Of course, many challenges 

remain in incorporating this assay into the clinic, including the sensitivity of the method, as cTnI 

often circulates in serum at concentrations less than 0.04 ng/mL. Moreover, non-specific binding 

of highly abundant serum proteins, such as apolipoproteins, may occur on the NP surface. To 

address this, optimizing the NP surface chemistry and implementing additional depletion 

strategies, such as perchloric acid protein precipitation,304 may be necessary. Furthermore, 

circulating troponin autoantibodies in serum may target the central region of cTnI to which the NP 

binds to. To prevent potential negative interference of circulating cTnI autoantibodies during 

enrichment of cTnI proteoforms from serum, we may need to consider adding blocking agents to 

make the central region of cTnI inaccessible for autoantibody binding. Overall, a nanoproteomics 

MS-based clinical assay could enable new precision medicine opportunities for more accurate 

diagnosis of AMI, personalized treatment, and improved patient outcomes by providing 

proteoform-resolved molecular fingerprints of circulating cTnI proteoforms. 

 Chapter 4 explores the application of direct infusion Fourier-transform ion cyclotron 

resonance (FTICR) for nTDMS analysis, enabling the characterization of endogenous sarcomeric 

proteins from human cardiac tissue lysate without the need for conventional separation strategies. 

This nTDMS approach illustrates the power of direct infusion FTICR MS in analyzing PTMs, Ca2+ 

binding, and higher-order structures of endogenous proteins from human cardiac tissues, revealing 

direct correlations between their structural features and functions within the sarcomere. However, 

only the most highly abundant monomeric proteins (>50 kDa) in the sarcomere were identified in 

this study. A significant challenge in the direct analysis of proteins from complex biological 

samples arises from the high dynamic range, which leads to signal suppression due to the 

concentration distribution spanning several magnitudes in endogenous matrices. Additionally, 
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analyzing proteins and protein complexes larger than 50 kDa using FTICR MS is inherently 

challenging, as the MS signal spreads across an increased number of isotopologues and charge 

states with increasing MW.84 Thus, I envision that developing multidimensional chromatographic 

strategies incorporating SEC and hydrophobic interaction chromatography (HIC) prior to nTDMS 

analysis could reduce signal suppression of high MW proteins and protein complexes to provide 

deeper coverage of the native human heart proteome. Finally, utilizing additional gas-phase 

filtering technologies such as trapped ion mobility or quadrupole mass selection techniques could 

select and enhance the signals of low abundant ions in the native mass spectrum. 

 Chapter 5 describes the identification and characterization of endogenous S-

glutathionylation (SSG) in the ventricular isoform of myosin light chain 1 (MLC-1v) from human, 

swine, and mouse cardiac tissues using a denatured TDP approach. This study is the first to report 

SSG on MLC-1v in non-failing control hearts across species. However, the functional 

consequences of this oxidative PTM in the sarcomere remain unclear. To better understand the role 

of SSG in the sarcomere, quantifying SSG levels in MLC-1v from failing hearts compared to non-

failing donor hearts could reveal whether perturbations in SSG contribute to the onset and 

progression of various cardiomyopathies. Additionally, we could investigate other sarcomeric 

proteins that have been identified as potential substrates for SSG, including actin and cTnI. 

Overall, comprehensively characterizing SSG modifications in sarcomeric proteins across various 

cardiomyopathies could provide valuable insights into the functional role of SSG in the sarcomere 

and help identify new biomarker candidates.  
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