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Abstract

Introduction-—A better understanding of the underlying molecular mechanism of diseases is 

critical for developing more effective diagnostic tools and therapeutics towards precision 

medicine. However, many challenges remain to unravel the complex nature of diseases.

Areas covered-—Changes in protein isoform expression and post-translation modifications 

(PTMs) have gained recognition for their role in underlying disease mechanisms. Top-down mass 

spectrometry (MS)-based proteomics is increasingly recognized as an important method for the 

comprehensive characterization of proteoforms that arise from alternative splicing events and/or 

PTMs for basic and clinical research. Here, we review the challenges, technological innovations, 

and recent studies that utilize top-down proteomics to elucidate changes in the proteome with an 

emphasis on its use to study the diseases of the heart.

Expert Opinion-—Proteoform-resolved information can substantially contribute to the 

understanding of the molecular mechanisms underlying various diseases and for the identification 

of novel proteoform targets for better therapeutic development toward precision medicine. Despite 

the challenges of sequencing intact proteins, top-down proteomics has enabled a wealth of 

information regarding protein isoform switching and changes in PTMs. Continuous developments 

in sample preparation, intact protein separation, and instrumentation for top-down MS have 

broadened its capabilities to characterize proteoforms from a range of samples on an increasingly 

global scale.
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1.1. Introduction

Mutations, alternative splicing events, and post-translational modifications (PTMs) result in 

a host of proteoforms (a term referring to all the protein products that arise from a single 

gene) that greatly diversify the proteome [1–4]. To understand the functional roles of 

specific proteoforms in biological systems, it is critical to unambiguously determine how 

they regulate protein activity, localization, degradation, and their alteration in diseases [5,6]. 

Moreover, mutations and differential expression of protein isoforms have been shown to 

drive molecular mechanisms underlying disease phenotypes, necessitating their in-depth 

characterization [5,7].

Mass spectrometry (MS)-based proteomics has emerged as the most versatile and 

comprehensive strategy for protein characterization [8,9]. Typically, proteins are extracted 

from a biological sample of interest and enzymatically or chemically digested. The resulting 

peptides are separated by liquid chromatography (LC) coupled to online MS, fragmented, 

and the resulting data are processed by proteomics software to yield protein identifications, 

expression-level quantification, and PTM mapping [10–12]. This “bottom-up” proteomics 

approach is conventional as peptides, resulting from intact protein digestion, are 

biochemically more soluble, easier to separate, and there is numerous well-developed 

bioinformatics software available for protein identification and quantification [10]. However, 

the ‘peptide-to-protein inference’ problem in bottom-up proteomics leads to a loss in 

proteoform information because of many homologous sequence regions are shared between 

different protein forms and the generally low protein sequence coverage is observed [13,14]. 

For this reason, the “top-down” proteomics approach, which forgoes digestion to peptides 

and instead analyzes intact proteins, is the preferred method to achieve unambiguous, 

proteoform-resolved molecular detail (Figure 1) [15]. Top-down proteomics is a powerful 

tool for proteoform analysis and enables accurate protein identification, PTM localization 

including possible sequence variants, and permits the relative quantification of expression 

levels of various proteoforms [16–20]. Here, we review the challenges and innovations 

(particularly in the last 2 years) in top-down proteomics with a particular focus on sample 

preparation, proteoform separation and enrichment, instrumentation, data acquisition and 

analysis, and the significant applications of top-down proteomics for understanding the 

mechanisms underlying cardiac diseases.

1.2. Methods for Top-down Proteomics

1.2.1. Sample Preparation for Top-down Proteomics

Sample preparation is critical for achieving reliable proteomics data. Commonly, protein 

extraction for biomedical research involves the use of Good’s buffers, high salt (>100 mM), 

protease and phosphatase inhibitors, and surfactants, like sodium dodecyl sulfate (SDS) or 
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Triton X-100, for protein solubilization [15,21]. However, most salts and conventional 

surfactants are generally incompatible with MS analysis and must be removed before 

downstream analysis [22].

To standardize sample preparation, a “best practices and benchmarks” was reported by Agar 

and colleagues in the Consortium of Top-down Proteomics [23]. Using their outlined 

approach, incompatible salts and other components are removed from target proteins by 

ultrafiltration spin filters with specific molecular weight cutoffs to exchange MS-

incompatible components for low concentration organic acid or volatile ammonium-based 

salts before analysis. On the other hand, protein precipitation can be used to eliminate 

contaminants for the analysis of complex biological mixtures. In particular, precipitation is 

often required when using surfactants, which are often employed during cell lysis to 

solubilize hydrophobic membrane proteins, because they significantly inhibit MS signal by 

outcompeting proteins for ionization or by forming harmful adducts [24,25]. However, 

precipitation can be time-consuming and may add unintended sample variability and sample 

loss, as some proteins are not readily re-solubilized [26,27].

Previously, acid-cleavable surfactants such as Rapigest [28], ProteaseMAX [29], and MS-

compatible degradable surfactant MaSDeS [30] were developed as MS-compatible 

surfactants to enable protein solubilization for digestion and MS-analysis. However, it was 

found that these surfactants are incompatible with top-down proteomics [31]. Brown et al. 

have recently developed a photocleavable ionic surfactant, 4-hexylphenylazosulfonate (Azo) 

[31], which shows comparable protein extraction efficiency to common surfactants such as 

SDS and was compatible with top-down MS analysis after rapid UV-degradation (Figure 2) 

[31]. Azo was used to broadly solubilized proteins from cardiac tissues including important 

membrane proteins such as phospholamban [32], receptor expression enhancing protein 5 

[33], and every subunit of the ATP synthase complex [34,35]. Additionally, Azo was shown 

to enable rapid enzymatic digestion by trypsin, demonstrating its unique ability as an “all-in-

one” surfactant for integrated top-down and bottom-up proteomics [36].

To improve the sensitivity and automation of top-down sample preparation, Zhu and 

coworkers have adapted the nanoPOTS (nanodroplet processing in one pot for trace 

samples) [37] technology for top-down proteomics. They found that a combination of 

dodecyl-β-D-maltopyranoside (DDM) with urea enabled the extraction and identification of 

~170–620 proteoforms from as little as ~70–770 HeLa cells [38]. The nanoPOTs 

technology, although still highly specialized, shows enormous promise to enable highly 

sensitive top-down proteomics (potentially even single-cell top-down analysis), but the 

majority of protein identifications were limited to sizes <10 kDa.

Traditionally, proteomics is performed in the denatured mode to study the primary protein 

sequence [39]. More recently, native top-down MS has been utilized to study protein 

structure [40] and a more extensive summary of this emerging technology can be found in a 

recent review [41]. Briefly, native top-down MS involves using non-denaturing conditions 

and often employing 100–200 mM ammonium acetate as a volatile buffer for the analysis of 

intact proteins and protein complexes. Valuable information regarding protein complex 

subunit stoichiometry [42], metal-binding [43,44], protein interaction partners [45], and lipid 
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binding [46] can be achieved using native MS. Due to the hydrophobic nature of membrane 

proteins, the use of nonionic surfactants, such as DDM or the recently developed 

oligoglycerol class of detergents (shown to improve purification and MS-based 

characterization of G-protein coupled receptors) [47], to solubilize and stabilize membrane 

proteins is generally required to enable native MS analysis [48–50]. In this case, the entire 

protein-micelle complex is ionized, and the protein is liberated from the surfactant micelle 

using high collisional energy in the mass spectrometer [49]. Robinson and coworkers have 

successfully demonstrated native MS analysis for a number of applications including most 

recently analyzing protein assemblies directly for native membranes bypassing the use of 

detergents [51].

1.2.2. Protein and Proteoform Enrichment for Top-down Proteomics

The human proteome has a high dynamic range; therefore, the analysis of certain protein 

classes, low abundance proteoforms, and target proteins often requires an enrichment step 

[4,52]. Proteoform-level enrichment is important for identifying and characterizing low-

abundance species with consideration for their molecular variability. Enrichment strategies 

employing metal oxide materials such as titanium oxide [53] and immobilized metal affinity 

chromatography (IMAC) [54], or enrichment beads coated with sugar-binding lectin [55] are 

common for phosphopeptide and glycopeptide enrichment, respectively. On the other hand, 

intact proteoform enrichment, which is necessary for top-down proteomics, is relatively 

underdeveloped [56]. To address this gap in technology development, the Ge group has 

developed superparamagnetic cobalt ferrite nanoparticles (NPs) functionalized with GAPT-

Zn ligands for phosphoprotein enrichment before LC-MS/MS analysis for confident 

identification and localization of phosphorylation sites [57]. More recently, the synthetic 

scalability, reproducibility, and enrichment efficacy of these NPs were improved using 

surface-silanized superparamagnetic magnetite (Fe3O4) particles coupled with the GAPT-Zn 

ligand [58]. The newly developed surface-functionalized NP platform could be further 

generalized to other enrichment targets, provided a suitable affinity reagent is available [58].

For targeted protein characterization, affinity purification (AP) is often employed to purify 

proteins and characterize their modifications [59–61]. Antibodies are the most common 

affinity reagents for protein purification. However, antibodies possess many inherent 

limitations: batch-to-batch variation, high cost of production, poor chemical stability, and 

lack of proteoform-specific epitope recognition that collectively contribute to reproducibility 

issues [62–64]. To address the limitation of the antibody-based approach, Tiambeng and 

Roberts led the development of a nanoproteomics strategy using functionalized magnetic 

NPs with a peptide affinity ligand to specifically target cardiac troponin I (cTnI) [65–67], an 

important and gold-standard cardiac biomarker [68]. The NP-peptide approach enabled the 

enrichment of cTnI with high specificity (< 1 ng/mL) and reproducibility, while at the same 

time depleted highly abundant proteins like human serum albumin. Overall, the NP-peptide 

approach outperformed conventional monoclonal antibody and top-down characterization of 

cTnI, enriched from serum, yielded proteoform-resolved molecular fingerprints of diverse 

cTnI proteoforms for evaluation of proteoform-pathophysiology relationships (Figure 3) 

[68]. These advancements demonstrate the great potential for the improved enrichment of 

target proteins and their proteoforms for top-down proteomics.
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1.2.3. Intact Protein Separation

Global proteoform characterization necessitates high-resolution protein separation before 

top-down analysis. However, front-end separation of intact proteins represents a major 

challenge for in-depth proteome coverage in part because of dramatic variation in 

physicochemical properties of proteins (size, hydrophobicity, charge, etc.).

Reversed-phase liquid chromatography (RPLC) is the predominant method for online 

sample desalting and separation coupled to MS. Typically a single-dimension of RPLC can 

only enable the identification of ~100 intact proteoforms with limited coverage of larger 

species (>30 kDa) [69]. Although long columns (>1 m) were demonstrated to provide a peak 

capacity of >400 and confidently identified ~900 proteoforms, they operate at ultrahigh 

pressures (~14,000 psi) and are not always practical [70]. On the other hand, monolithic 

columns offer high-resolution protein separation with low backpressure [71]. Liang et al. 

demonstrated that bridged hybrid bis(triethoxysilyl)ethylene monolith with C8 functional 

groups afforded high-resolution separation of complex cardiac lysate including a large 

proteoform, α-actinin2 (103.77 kDa) [72].

Capillary zone electrophoresis (CZE) has recently shown great promise as an alternative or 

complementary front-end separation due to its inherent sensitivity and peak capacity [73]. 

The development of sheathflow and sheathless interfaces have enabled facile coupling of 

CZE to MS [73]. However, the application of CZE for intact protein separation has been 

limited by the low loading capacity and narrow separation window common to CZE 

systems. To address these major issues, the Sun group optimized the dynamic pH junction 

CZE method, using 10% acetic acid as the background electrolyte, to load ~1 μL of sample 

and they demonstrated the use of single-shot CZE-MS analysis to identify ~600 proteoforms 

from an Escherichia coli lysate [74].

Offline hydrophilic interaction chromatography (HILIC) was previously utilized to separate 

intact subunits of mitochondria membrane proteins offline before intact protein MS analysis 

[75]. More recently, Gargano et al. developed online capillary HILIC for top-down 

proteomics [76]. Notably, they utilized a C4 trap column for loading (bypassing the 

traditional use of high organic solvent for sample composition) and doped propionic acid in 

the electrospray interface to overcome the signal suppression of trifluoroacetic acid in the 

mobile phase [76]. However, the proteome coverage was limited and significant work will 

still be needed before the full potential of HILIC for top-down proteomics is recognized.

Online LC-MS under non-denaturing conditions for protein separation before top-down 

analysis is gaining popularity, particularly for the analysis of large biomolecule therapeutics. 

For example, online size exclusion chromatography (SEC) has been used for the rapid online 

desalting of antibodies and protein complexes [77]. Similarly, ion-exchange chromatography 

(IEX)-MS has been used to characterize protein conjugates [78,79]. Hydrophobic interaction 

chromatography (HIC)-MS shows great promise for characterizing intact protein directly 

coupled to top-down MS [80]. Chen et al. demonstrated online HIC-MS analysis for 

determination of the relative hydrophobicity, intact masses, and glycosylations of 

monoclonal antibodies (mAb) as well as gaining sequence and structural information using 

MS/MS [81].
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While the continued development of online separation strategies is essential for enhancing 

the capabilities of top-down proteomics, no single separation mode can sufficiently handle 

the complexity of the whole proteome. Therefore, multidimensional separation approaches 

are commonly employed for deeper proteome coverage [82]. Often large proteins, which 

have an inherently lower signal-to-noise, are underrepresented in top-down studies [83]. For 

this reason, gel-based techniques are commonly used to separate proteins based on 

molecular weight. Gel-eluted liquid fraction entrapment electrophoresis (GELFrEE) is one 

of the most common pre-fractionation techniques owing to its high-resolution size 

separation. In 2012, the Kelleher group combined solution isoelectric focusing, GELFrEE, 

and RPLC-MS/MS to identify ~3,000 proteoforms from 1043 protein groups including 

proteins up to 105 kDa [84]. More recently, PEPPI (passively eluting protein from 

polyacrylamide gel as intact species)-MS was introduced as an alternative gel-based 

separation technique [85]. Using PEPPI, good protein recovery, and high-resolution 

separation was achieved for top-down proteomics of protein <50 kDa. Overall, gel-based 

strategies suffer from the use of SDS, which requires sample clean-up that may result in 

protein loss and variability [26].

To bypass the use of SDS for separation, serial SEC (sSEC) was developed by coupling 

columns with differing pore sizes and using an MS-compatible mobile phase (1% formic 

acid). sSEC was used to achieve high-resolution size-based separation of cardiac sarcomere 

proteins and, when used as for offline fractionation before RPLC-MS, enabled the detection 

of ~4,000 unique proteoforms up to 223 kDa [69]. SEC was also coupled to CZE for the 

identification of ~5700 proteoforms from Escherichia coli [86]. Yu et al. took a different 

approach using offline fractionation by high pH RPLC followed by online low pH RPLC 

coupled to MS to enable the identification of 2778 proteoforms from 628 proteins [87].

Multidimensional separation strategies have become increasingly adopted for top-down 

proteomics in non-denaturing mode (i.e., native top-down MS). For example, native SEC 

and CZE were coupled to identify 672 proteoforms, 144 proteins, and 23 protein complexes 

[88]. Using Native GELFrEE and IEX, Skinner et al. identified 125 intact endogenous 

complexes from mouse hearts and human cancer cell lines [89].

Despite the advancements in multidimensional separation strategies, performing offline 

protein fractionation remains labor-intensive, low-throughput, and requires relatively large 

sample quantities making it not suitable for sample limited applications. However, some 

recent online approaches have been developed which include using weak-cationic exchange 

HILIC and RPLC to enable the characterization of hundreds of histone proteoforms from 

~1.5 μg of protein [90]. Additionally, online high pH RPLC coupled to low pH RPLC shows 

promise for intact protein separation before top-down MS [91]. Moving forward, the growth 

of online multidimensional separations will be crucial for in-depth proteome coverage and 

high-throughput top-down proteomics analysis.

1.2.4. Instrumentation and Fragmentation for Proteoform Identification and 
Characterization

Although several ionization techniques are available, ESI is still predominately utilized for 

top-down proteomics as it is easy to interface with common LC systems [92]. Although ESI 
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enables the highly sensitive detection of analytes, protein detection by ESI suffers from 

signal competition with small-molecule contaminates that outcompete large molecules and 

results in the need for highly purified samples [23,83]. Recently, submicron ESI emitter tips, 

developed by the Williams group, have pushed the boundaries of ESI sensitivity while also 

showing improved salt tolerance up to physiological concentrations (25 mM Tris, 150 mM 

KCl) by virtue of creating smaller droplets [93]. Another emerging technique is liquid 

extraction surface analysis (LESA), which directly sampling proteins from a solid surface 

for analysis of protein and protein complexes [94,95].

A growing number of instrument platforms are now capable of top-down proteomic analysis. 

Traditionally, Fourier-transform ion cyclotron resonance (FTICR) mass spectrometers are 

the instrument of choice for top-down because of its capabilities to resolve very large species 

[96]; however, the slower scan speed can limit its capabilities for effective LC-MS/MS 

analysis and global protein characterization. Quadrupole time-of-flight (q-TOF) mass 

spectrometers are a common alternative instrument platform, as they are robust, affordable, 

and capable of analyzing relatively large protein species [69,97]. Currently, benchtop 

Orbitrap mass spectrometers are the most common instrument for proteomics as they bypass 

the need for cryogenic cooling (which is needed for the magnets of FTICR instruments) 

while still offering high-resolution and faster acquisition speeds [98,99]. Moreover, global 

top-down proteomics using the Orbitrap has enabled the identification and quantification of 

thousands of proteoforms [84,100]. However, top-down proteomics using an Orbitrap MS 

was limited to low-molecular-weight species as the signal of larger biomolecules rapidly 

decays due to collisions with the background gas [101]. Work by the Brodbelt and Kelleher 

group in tuning the Orbitrap instrument parameters has increased its scope for targeted and 

global analysis of larger proteoforms [98,102]. More recently, instrument hardware 

improvements have led to enhanced large ion transmission and detection, especially with the 

implementation of ultra-high mass range (UHMR) Orbitraps that are capable of analyzing 

species at 70,000 m/z and mass as large as 800 kDa [103,104].

Beyond new instrumentation, unique approaches have been implemented to improve the 

detection of intact proteins (particularly large proteins) by generally reducing the complexity 

of the resulting mass spectra. The simplest of these is using non-denaturing conditions, 

which inherently improves the detection of larger biomolecules by reducing the number of 

protein charge states to collapse MS signal into fewer isotopic features [105]. Similarly, 

proton transfer reaction (PTR) MS has been used to reduce the average number of charge 

states for improved signal-to-noise and reduced spectral complexity for the identification of 

protein complex mixtures [106]. Arguably, one of the most important recent developments is 

charge detection mass spectrometry (CDMS) (also referred to as individual ion MS) for top-

down proteomics [107–110]. CDMS analysis of intact proteins is achieved by 

simultaneously measuring m/z and z for individual ions contained in an electrostatic ion trap 

from the frequency and amplitude of the resulting signal, which can then be converted into a 

mass measurement [111]. The major advantage of CDMS is the analysis of very large 

biomolecules including virus particles (2.47 MDa) and highly complex intact protein 

mixtures [108,109]. Additionally, Kafader et. al demonstrated increase sensitivity and 

sequence coverage when employing CDMS of intact protein analysis [107].
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1.2.5. Protein Fragmentation for Sequence Determination

A significant benefit of top-down proteomics is the comprehensive characterization of the 

protein primary sequence. Effective ion activation for MS/MS analysis is essential for 

characterizing proteoforms [112]. Generally, data acquisition in top-down on an LC-MS 

timescale is performed using data-dependent acquisition (DDA) wherein the topmost intense 

peaks in the initial MS scan are selected for fragmentation [113]. Collisionally activated 

dissociation (CAD) and higher-energy collisional dissociation (HCD) are the most prevalent 

and robust techniques for protein fragmentation especially for global top-down proteomics 

studies [100,113]. Using CAD or HCD, ions of interest are accelerated and collide with inert 

gas (nitrogen) breaking the most labile bonds. The result is a series of b/y ions due to bond 

breakage between amides (the “peptide bond”) along the peptide backbone. However, 

because CAD and HCD often break the most labile bonds, it may cleave labile PTMs (e.g., 

phosphorylation) and cause unwanted neutral loss of water and ammonium [112].

Electron capture dissociation (ECD) [114] and electron transfer dissociation (ETD) [115], 

on the other hand, are nonergodic techniques for protein fragmentation. Fragmentation by 

ECD and ETD cleave between the secondary amine and α-carbon resulting in c/z ions. 

Breakages along the protein backbone occur more randomly enabling higher sequence 

coverage while preserving labile PTMs. However, the slower reaction kinetics, protein-to-

protein variability, and charge state dependence of these techniques limit their application 

for global proteomic analysis[112]. Recently, electron ionization dissociation (EID), which 

uses high energy electrons for fragmentation, has shown promise for improved internal 

fragmentation for higher sequence coverage [116].

Ultraviolet photodissociation (UVPD) also preserves labile modification, but unlike ECD 

and ETD, it is charge state independent [20]. This UVPD approach uses high-energy 

photons that translates into an array of protein fragment ions. Predominately, UVPD breaks 

the bond between the alpha carbon and the carbonyl, resulting in a/x ions, but also can 

produce b/y and c/z ions. The diversity of bond breakages afforded by UVPD makes it ideal 

for deep sequence coverage, but higher numbers of protein identifications are still obtained 

using HCD for global top-down analysis by LC-MS [117].

Hybrid dissociation technique like electron-transfer dissociation/higher-energy collisional 

dissociation (EThcD) [118,119] and activated ion-election transfer dissociation (AI-ETD) 

[19,120] show great promise for intact protein characterization. Generally, these techniques 

involve activation of protein ions with collisional energy or photon bombardment before ion-

ion reaction for improved fragmentation [112]. For example, Riley et al. demonstrated AI-

ETD could identify 935 proteoforms while HCD, ETD, and EThcD identified 1014 

proteoforms, 915, and 817, respectively [121]. Importantly, AI-ETD generally outperformed 

HCD, ETD, and EThCD in terms of sequence coverage and proteoform characterization 

scores.

Beyond primary sequence coverage, MS/MS analysis has been utilized to study protein 

complexes [122] and protein-ligand binding [123]. For example, Gault et al. demonstrated 

the use of MS4 analysis to identify both the proteoform state and the associated ligand 

structure [123]. Using the ‘Nativeomics’ approach, endogenous ligands such as lipids and 
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even drug binding could be identified as demonstrated for several membrane proteins. 

Overall, the growing number of different fragmentation tools available has enabled high 

protein sequence coverage, improved global proteoform characterization, and 

characterization of higher-order protein structure [112].

1.2.6. Data Acquisition and Analysis

After acquisition, complex spectra are generated from the fragmentation of protein ions 

resulting in many isotopic (possibly overlapping) clusters. Thus, data analysis software is 

critical for interpreting spectra. Thorough High-Resolution Analysis of Spectra by Horn 

(THRASH) was the first software to automate the deconvolution of high-resolution mass 

spectra and is still widely used [124]. THRASH uses a theoretical isotopomer envelope 

based on the average elemental composition of amino acids (averagine) [125] to compare to 

the experimental envelopes. A statistical score is then assigned based on the overlap of the 

experimental and theoretical fit. On the other hand, MS-Deconv generates a large set of 

candidate isotopomer envelopes and scores sets of envelopes rather than a single fit [126]. 

UniDec was developed to handle highly heterogeneous spectra, which has been critical for 

the interpretation of native protein mass spectra [127]. Recently, FLASHDeconv used 

pattern matching to quickly deconvolute MS with speeds orders of magnitudes higher than 

conventional approaches [128]. Other deconvolution strategies have been developed 

including TopFD [129], pParseTD [130], and SNAP (a vendor-specific tool). Recently, 

combining deconvolution results from a single data set using a simple voting ensemble 

method or random forest machine learning-enabled improved fragment identification and 

confidence compared to a single algorithm [131]. After deconvolution is used to create a 

fragment mass list, there are several software tools for protein identification. Examples of 

searching software include ProSight PC [132], MS-Align [133], TopPIC [129], pTop [134], 

Mascot Top Down [135], MS-TopDown [136], Promex [137], and Proteoform Suite [138]. 

To take advantage of the unique aspects of several of these algorithms, recently the Ge group 

developed MASH Explorer, which integrates multiple spectral deconvolution and database 

searching algorithms into a single, freely-available universal platform that can process top-

down proteomics data from various vendor formats [139].

1.3. Application in Disease Research

MS-based proteomics has become a staple in biomedical research for the discovery of novel 

biomarkers and elucidation of disease mechanisms [140]. Commonly, proteomics is used to 

examine changes in the protein expression levels or the relative abundance of various PTMs 

between healthy and diseased states. For example, in the heart, protein isoform switching 

[141], and PTMs are known to regulate cardiac contraction and relaxation, as well as play a 

role in the progression of heart failure [61,142,143]. Additionally, decreased level of cTnI 

phosphorylation was found in hearts with increased chronic heart failure [61] and circulating 

cTnI released into the blood upon myocardial infarction is a known cardiac protein 

biomarker [144–146]. Using the previously discussed NP-based method, Tiambeng and 

Roberts et al. demonstrated that different low-abundance cTnI proteoforms could be 

enriched directly from human serum and characterized by top-down MS, showing promise 

for improved clinical diagnosis [68]. Notably, the use of top-down proteomics to identify 
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characteristic PTM or isoform profiles from low-abundance proteins shows promise as a 

“molecular fingerprint” with the potential to serve as the next-generation biomarkers.

Hypertrophic cardiomyopathy is a commonly heritable cardiovascular disease that results in 

the thickening of the ventricular septum, which results in obstructive heart failure if left 

untreated [147]. While around 1,400 mutations have been identified in 11 genes related to 

the sarcomere, the molecular events leading to disease phenotype remain largely 

misunderstood [148]. Tucholski et al. performed a large-scale quantitative top-down 

proteomics study of donor (n=16) and obstructive HCM (n=16) samples to compare the 

proteoform landscape between the two groups (Figure 4) [149]. Since this disease is 

genetically heterogeneous, the authors aim to determine what the effect of different HCM 

causing mutations had on the sarcomeric landscape of severe cases of HCM resulting in 

septal myectomy. Their results convincingly show that regardless of the HCM causing 

mutation, convergent sarcomeric proteoforms were observed in the HCM samples compared 

to the donor samples. Interestingly, the authors determined a strong linear correlation of 

decreased phosphorylation levels of cardiac troponin I and enigma homolog 2 in the HCM 

samples suggesting protein crosstalk or dysregulation of signaling by cAMP-dependent 

protein kinase A (Figure 4) [149]. In addition, Tucholski et al. also observed highly 

consistent changes in the phosphorylation levels of cardiac troponin T, tropomyosin isoform 

1.1, and the ventricular isoform of myosin light chain 2 in the HCM samples. This study 

indicates a conserved pathway is associated with clinical phenotypes in patients diagnosed 

with obstructive HCM, providing a new opportunity for the development of interventions 

that target the HCM phenotype rather than the individual genotype [149].

While patient tissue samples are the most relevant for disease studies, human induced 

pluripotent stem cell-derived cardiomyocytes (hiPSC-CMs) offer unprecedented clinical 

opportunities to study heritable cardiovascular diseases, test various drug candidates, and 

enable cardiac regeneration and precision medicine [150]. However, a major limitation to 

hiPSC-CM resembles fetal CMs rather than fully matured CMs. In addition, there is a lack 

of comprehensive methods to measure the maturity of hiPSC-CMs. To address this 

challenge, Cai et al. developed an unbiased method for the assessment of hiPSC-CMs 

maturation by combining functional assessments and proteomics to assess CM maturation in 

2-dimensional (2D) monolayer systems and 3-dimensional (3D) engineered cardiac tissues 

(ECTs) [151]. The top-down proteomics was employed to quantify contractile protein 

isoform and PTM changes between early and late-stage 2D hiPSC-CM monolayers and 3D 

hiPSC-ECTs (Figure 5) [151]. Distinct changes in protein isoform expression, such as a 

switch in expression from the atrial to the ventricular isoform of myosin light chain 1, were 

observed between the two maturation states. For the first time, contractile PTMs such as a 

decrease in alpha tropomyosin phosphorylation were discovered as promising new markers 

of hPSC-CMs maturation. This unbiased method enables benchmarking of hiPSC-CM 

maturation laying a strong foundation for uncovering the molecular pathways involved in 

cardiac development, drug responses and disease [151].

The effects of aging, or sarcopenia, has detrimental effects on skeletal muscle due to the 

deterioration of muscle mass [152]. However, there remains an incomplete understanding of 

the molecular mechanism underlying sarcopenia. Wei et. al applied a top-down proteomics 
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strategy to study the sarcomere proteome of fast- and slow-twitch skeletal muscles of aging 

rats [153]. Importantly, quantitative top-down proteomics revealed age-related alterations, 

such as the phosphorylation levels of the Z-disk protein cypher, in the fast-twitch skeletal 

muscles of the aging rats [153]. This finding represented the first report of PTMs in Z-disk 

proteins and implies the importance of the Z-disk in the progression of sarcopenia. While 

this report was important to study the effects of sarcopenia, the study was limited to only 

two skeletal muscle tissues: gastrocnemius (fast-twitch) and soleus (slow-twitch). Melby et 

al. expanded upon this study by performing top-down proteomics on seven different rat 

skeletal muscle tissues: vastus lateralis (VL), vastus medialis (VM), vastus intermedius (VI), 

rectus femoris (RF), soleus (SOL), gastrocnemius (GAS), and plantaris (PLN) [154]. These 

skeletal muscle tissues represent a range of constituent fast-twitch (i.e., VL, GAS, RF), 

slow-twitch (i.e., SOL), and mix of fiber types (i.e., VI, VM, PLN) to determine if there are 

differences in the myofilament proteoforms found in the myriad muscle tissues. Quantitative 

top-down proteomics discovered that there were distinct differences in the myofilament 

proteoforms found across the seven various rat skeletal muscle tissues, which demonstrates 

the highly heterogeneous nature of skeletal muscle (Figure 6) [154]. This high throughput 

top-down proteomics platform is amenable for a larger scale study on the effects of 

sarcopenia across a large cohort of skeletal muscle tissues to further elucidate the molecular 

mechanisms of aging.

A range of clinical samples including serum, urine, or biopsy tissue, have been studied using 

top-down proteomics to identify protein profiles characteristic of a certain disease generating 

a more reliable biomarker [155–157]. Recently, Toby et al. developed a top-down 

proteomics-based protocol for the analysis of human peripheral blood mononuclear cells 

[157]. Important studies such as this provide standardized protocols for identifying 

proteoform changes in clinical samples, which provides a baseline for continued 

improvement, makes top-down proteomics more accessible, and increases its potential 

impact for biomarker discovery and clinical diagnosis. He et al. utilized ultrahigh-resolution 

MS on a 21 T FTICR enabling the diagnosis of hemoglobinopathy and β-thalassemia from 

blood with a 3 min assay [158]. Targeted top-down proteomics was employed by Ntai et al. 

to investigate mutation in KRAS [59]. They identified changes in PTMs (such as Cys118 

nitrosylation and C-terminal methylation) using both isogenic KRAS colorectal cancer 

(CRC) cell lines and patient CRC tumors.

Undoubtedly, the advancement of top-down proteomics is stimulated by the commercial 

growth of large molecule therapeutics such as monoclonal antibodies and antibody-drug-

conjugates as detailed and high-throughput methods for their characterization and quality 

control are required [81,159,160]. For example, analysis of antibodies by top-down can 

quickly determine the modification state [81], drug conjugate ratio [161], quality control 

screening [162], and more [163,164]. As the number of large-molecule therapeutics 

increases, top-down proteomics is expected to be increasingly utilized by the pharmaceutical 

industry.
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Article highlights

• Top-down proteomics represents a powerful technology for comprehensively 

characterizing proteoforms for the discovery of novel biomarkers and the 

elucidation of disease mechanisms.

• Recently, significant advancements have been made in the sample preparation 

for improved protein solubilization, sample clean-up, and protein/proteoform 

enrichment.

• The development of intact protein separations has advanced the scope of top-

down proteomics for global proteoform characterization.

• Advancements in mass spectrometry instrumentation and fragmentation have 

pushed the boundaries of top-down proteomics to effectively analyze large 

proteoforms (>2 MDa) and complex mixtures of proteoforms.

• A number of exciting applications of top-down proteomics have been 

demonstrated for biomedical research for better understanding and diagnosing 

of diseases, particularly for cardiovascular research.
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Figure 1. 
Illustration of the different components of top-down proteomics highlighting the major areas 

of recent development.
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Figure 2. 
a, Scheme illustrating photocleavable surfactant (Azo)-enabled membrane proteomics. 

Proteins from cardiac tissue were extracted using HEPES buffer (2x) to deplete the cytosolic 

proteins, followed by an extraction using 0.5% Azo. The surfactant was rapid degradation 

(into 4-hexylphenol, 4-hexylbenzene, nitrogen, and hydrogen sulfate under UV irradiation) 

of the surfactant with UV irradiation (λmax = 305 nm) and buffer exchange before LC-MS 

analysis for proteoform characterization. Note that the molecules are not drawn to scale. b, 

Subcellular location of proteins identified in cardiac tissue in the Azo-aided top-down 

proteomics. c, Interactome map of the identified proteins with Azo that belong to the 

electron transport chain d-e, MS, and tandem MS analysis of representative membrane 

proteins. Phospholamban (PLN) and palmitoylated PLN (palmPLN) with palmitoylation 
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localized at cysteine 36 residue (d), and receptor expression-enhancing protein 5 (e). The 

sequences below the spectra represent the fragmentation maps with sequence coverage and 

PTM localization based on online RPLC–MS/MS analysis. The regions representing the 

transmembrane domains are highlighted by blue shading. The dot represents +16 Da. Figure 

adapted from reference [31]. Copyright 2019 Springer Nature.
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Figure 3. Nanoproteomics enables proteoform-resolved analysis of low-abundance cardiac 
troponin I in human serum.
a, Silanization of Fe3O4 NPs using an allene carboxamide-based organosilane monomer 

(BAPTES) for cysteine thiol-specific bioconjugation. The rationally designed NPs are 

surface-functionalized with a 13-mer peptide that has a high affinity for cTnI (NP-Pep) for 

cTnI enrichment. The 13-mer peptide possesses a C-terminal cysteine that selectively reacts 

with the allene carboxamide moiety on the silanized NPs. The photograph shows 

functionalized NPs in a biphasic mixture of dichloromethane (CH2Cl2) and water (H2O), 

comparing the solvent compatibility of the NP-BAPTES and the NP-Pep. b, 

Nanoproteomics assay utilizing NP-Pep for specific enrichment of cTnI from serum and 

subsequent top-down MS analysis of cTnI proteoforms. cTnI is first spiked into human 
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serum to prepare the loading mixture (L). The NPs are then incubated with the serum 

loading mixture, the cTnI-bound NPs are magnetically isolated, the unwanted and 

nonspecific proteins are removed as flow-through (F). The captured cTnI is then eluted and 

the final elution fraction after enrichment is analyzed by top-down LC/MS. c-d, Normalized 

deconvoluted mass spectra corresponding to enriched cTnI (c) and depleted HSA (d), 

illustrating the abundance of cTnI and HSA before and after enrichment using NP-Pep, high-

affinity peptide-functionalized agarose (Agarose-Pep), and antibody (mAb M46) 

functionalized with agarose (Agarose-mAb). e, Deconvoluted MS corresponding to cTnI 

proteoforms enriched from human serum. The cTnI (~10–20 ng/mL) spiked in the human 

serum (10 mg) were extracted from various human hearts: (i) and (ii), donor hearts; (iii) and 

(iv), diseased hearts with dilated cardiomyopathy, (v) and (vi), post-mortem hearts. cTnI 

proteoforms were identified using accurate intact mass measurement, using the most 

abundant mass based on the amino acid sequence of entry name TNNI3_human from the 

UniProtKB sequence database. p, phosphorylation. pp, bisphosphorylation. Figure adapted 

from reference [68]. Copyright 2020 Springer Nature.
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Figure 4. 
Top-down proteomics reveals a common proteoform profile in patients with hypertrophic 

cardiomyopathy (HCM). Coordinated decrease in cTnI and ENH2 phosphorylation in HCM 

tissues. Representative deconvoluted mass spectra for (A) cTnI and (B) ENH2 from donor 

hearts (black) and HCM tissues (red). Mono- and bis-phosphorylation are denoted by red p 

and pp, respectively. (C) Total protein phosphorylation (Ptot) calculated by mol Pi/mol 

protein for cTnI and ENH2 in Ctrl (n = 16) and HCM (n = 16). Horizontal bars represent the 

mean of the group and error bars represent SEM in gray for Ctrl and black for HCM. Groups 

were considered significantly different at P < 0.05. (D) Localization of cTnI phosphorylation 

to Ser22/23 and (E) localization of ENH2 phosphorylation to Ser118 by ECD. (F) Linear 

correlation between cTnI phosphorylation and ENH2 phosphorylation (R2 = 0.9276). Figure 

from reference [149]. Copyright 2020 National Academy of Sciences.
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Figure 5. 
A comprehensive proteomics platform for the assessment of human pluripotent stem cell 

(hPSC)-cardiomyocyte (CM) maturation. A, Experimental scheme for integrated top-down 

and bottom-up proteomics analyses of hPSC-cardiomyocytes from early- and late-stage 2-

dimensional monolayer culture and 2-dimensional (3D) engineered cardiac tissue (ECT). B, 
Top-down liquid chromatography (LC)-mass spectrometry (MS)–based proteomics for 

concurrent quantification of contractile protein isoform expression and post-translational 

modification (PTMs). Gray and red font represent fetal and adult isoforms, respectively, in 

the ventricular cardiomyocytes. C, Bottom-up label-free quantitative proteomics for 

determining global differential regulation of proteins. CM indicates cardiomyocyte; cMyBP-

C, cardiac myosin–binding protein C; cTnI, cardiac troponin I; cTnT(f)/(a), cardiac troponin 

Brown et al. Page 28

Expert Rev Proteomics. Author manuscript; available in PMC 2021 December 17.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



T fetal/adult isoform; cα-actin, cardiac α-actin; MHC, myosin heavy chain; MLC1a, myosin 

light chain 1 atrial isoform; MLC1v, myosin light chain 1 ventricular isoform; MLC2a, 

myosin light chain 2 atrial isoform; MLC2v, myosin light chain 2 ventricular isoform; ssTnI, 

slow skeletal troponin I; sα-actin, skeletal α-actin; TnC, troponin C; TnI, troponin I; TnT, 

troponin T; and Tpm, tropomyosin. Figure from reference [151]. Copyright © 2019, Wolters 

Kluwer Health
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Figure 6. 
LC-MS profiling of myofilament proteins detected in different types of rat muscle. LC-MS 

of labeled myofilament protein base peak chromatograms (BPCs) of seven different rat 

skeletal muscles, VL, VM, VI, RF, SOL, GAS, and PLN. Reprinted (adapted) with 

permission from reference [154]. Melby JA, Jin Y, Lin Z et al. Top-Down Proteomics 

Reveals Myofilament Proteoform Heterogeneity among Various Rat Skeletal Muscle 

Tissues. Figure from reference [154] Journal of Proteome Research, 19(1), 446–454 (2020). 

Copyright 2019 American Chemical Society.
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