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Abstract

Actin is the major component of the cytoskeleton playing an essential role in the structure and 

motility of both muscle and non-muscle cells. It is highly conserved and encoded by a multigene 

family. α-cardiac actin (αCAA) and α-skeletal actin (αSKA), encoded by two different genes, are 

the primary actin isoforms expressed in striated muscles. The relative expression levels of αSKA 

and αCAA have been shown to vary between species and under pathological conditions. In 

particular, an increased αSKA expression is believed to be a programmed response of a diseased 

heart. Therefore, it is essential to quantify the relative expression of αSKA and αCAA, which 

remains challenging due to the high degree of sequence similarity between these isoforms 

(98.9%). Herein, we developed a top-down liquid chromatography mass spectrometry-based 

(“LC/MS+”) method for the rapid purification and comprehensive analysis of α-actin extracted 

from muscle tissues. We thoroughly investigated all of the actin isoforms in healthy human cardiac 

and skeletal muscles. We found that αSKA is the only isoform expressed in skeletal muscle, 

whereas αCAA and αSKA are co-expressed in cardiac muscle. We then applied our method to 

quantify the α-actin isoforms in human healthy hearts and failing hearts with dilated 

cardiomyopathy (DCM). We found that αSKA is augmented in DCM compared with healthy 

controls, 43.1 ± 0.9% versus 23.6 ± 1.7%, respectively. As demonstrated, top-down LC/MS+ 
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provides an effective and comprehensive method for the purification, quantification, and 

characterization of α-actin isoforms, enabling assessment of their clinical potential as cardiac 

disease markers.
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 Introduction

Actin is the major component of the cytoskeleton playing an essential role in the structure 

and motility of both muscle and non-muscle cells.1 In muscle cells, actin is a critical 

component of the myofilament (the contractile apparatus). Together with the troponin and 

tropomyosin regulatory complex (Tn/Tm), actin principally makes up the thin filaments in 

striated (cardiac and skeletal) muscles. Importantly, the interaction between actin thin 

filaments and myosin thick filaments is responsible for force production during muscle 

contraction.1-4

Actin is highly conserved, ubiquitous, and encoded by a multigene family.1,5 A total of six 

actin isoforms, which display tissue specificity and distinct developmental expression 

patterns, are present in mammalian cells.1,6 α-cardiac actin (αCAA) and α-skeletal actin 

(αSKA), which are encoded by two different genes: ACTC and ACTA, respectively, are the 

major actin isoforms expressed in striated muscles.1,5-7 αCAA is the major isoform 

expressed in cardiac muscle, whereas αSKA is the predominant isoform expressed in 

skeletal muscle.4,8 Although both αCAA and αSKA are expressed in cardiac muscle, the 

relative expression levels of αSKA and αCAA have been shown to vary between species, 

during development, and under pathological conditions.1,4-13 In particular, an increase in the 

expression of αSKA has been observed in diseased hearts using experimental animal models 

and human clinical samples.5,7,10-12 Thus, augmented αSKA expression is believed to be a 

programmed response of a diseased heart and it is essential to determine the αSKA/αCAA 

isoform ratio for its potential as a cardiac disease marker.5,8

Unfortunately, αCAA and αSKA have very high sequence similarities (98.9%), making 

analysis of the relative expression level of these two isoforms difficult.5,8,14 Although 

mRNA expression level has traditionally been used to monitor the relative expression 

levels,1,6,9,11 the correlation between mRNA level and protein expression has been reported 

to be notoriously poor.15,16 More recent studies reported the use of αCAA and αSKA 

specific antibodies to assess the expression of α-actin isoforms by Western blot assays.5,10,17 

However, the time-consuming nature and need for standard curve measurements for high-

accuracy quantification makes this technique impractical for large cohorts and clinical 

application.18,19 Therefore, it is essential to develop a fast and reliable method for the 

quantification of α-actin isoform expression levels for clinical applications.

Mass spectrometry (MS) has become a preferred method for determining protein expression 

levels because it essentially serves as a “generalized Western blot” without the need to 

generate antibodies and without the cross-reactivity problem.20 Meanwhile, MS can 
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precisely identify thousands of proteins from complex mixtures, as well as characterize post-

translational modifications (PTMs), and protein isoforms arising from genetic 

variations.20-22 The traditional bottom-up MS approach requires enzymatic digestion of 

proteins into peptides, so the identification and quantification of proteins depends on the 

detection of the peptides of interest,21,22 which complicates the quantification of protein 

isoforms and PTMs (the ‘peptide to protein inference problem’).23 In contrast, top-down MS 

measures the intact proteins without enzymatic digestion and therefore provides reliable 

quantification and comprehensive characterization of isoforms and PTMs.23-34

Herein, we aim to develop an integrated top-down liquid chromatography mass 

spectrometry-based (LC/MS+) method that includes rapid purification, identification, 

quantification, and characterization of α-actin isoforms extracted from muscles. Specifically, 

we extracted the myofilament proteins from muscles and collected purified α-actin after 

reverse-phase LC separation, which provides significantly higher throughput than the 

traditional time-consuming α-actin purification steps.4,8,35,36 The purified α-actin was 

analyzed by high-resolution top-down MS, enabling a visualization of all the α-actin 

isoforms and their PTMs simultaneously in one spectrum for reliable quantification and 

detailed characterization of the protein sequence and modifications. We then applied this 

method to identify and quantify isoforms from both human skeletal and cardiac muscles, as 

well as swine cardiac muscle. We found that αSKA is the only isoform expressed in skeletal 

muscle, whereas αCAA and αSKA are co-expressed in cardiac muscle. Furthermore, we 

observed an increase in the expression level of αSKA, relative to αCAA, in end-stage failing 

hearts from DCM patients compared with healthy controls. This demonstrates the 

effectiveness and reliability of our integrated LC/MS+ method for assessing α-actin 

isoforms as a potential disease marker.

 Experimental Procedures

 Chemicals and Reagents

All chemicals and reagents were purchased from Sigma Chemical Co. (St Louis, MO) and 

Thermo Fisher Scientific (Pittsburgh, PA) unless noted otherwise. Complete protease 

inhibitor cocktail tablets were purchased from Roche Diagnostics Corporation (Indianapolis, 

IN). All solutions were prepared in HPLC grade water (Thermo Fisher Scientific, PA).

 Sample Procurement

The human cardiac tissues were obtained from surgical heart transplant specimens in the 

University of Wisconsin Hospital and Clinics. Only the left ventricles were utilized in this 

study. All procedures were approved by the University of Wisconsin-Madison Institutional 

Review Board. Percutaneous skeletal muscle biopsies were taken from the tibialis anterior 

(predominantly slow) and the vastus lateralis (mixed) from two young healthy women. All 

procedures have been approved by the ethics committee of the Uppsala University and 

carried out according to the guidelines of the Declaration of Helsinki. Swine heart tissues 

were obtained from juvenile Yorkshire domestic swine as approved by the University of 

Wisconsin Animal Care and Use Committee. The excised tissues were immediately frozen 

in liquid nitrogen and stored in a −80 °C freezer.
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 Top-down LC/MS+ analysis of actin

Approximately 5 mg (sufficient for 10 experiments, equivalent to 500 μg per experiment) of 

cardiac/skeletal muscle tissue was homogenized in HEPES extraction buffer (25 mM 

HEPES pH 7.5, 50 mM NaF, 0.25 mM Na3VO4, 0.25 mM PMSF (in isopropanol), 2.5 mM 

EDTA, and a half tablet of Roche protease inhibitor cocktail) using a Teflon homogenizer 

(1.5 mL tube rounded tip, Scienceware, Pequannock, NJ, USA).28,37 The homogenate was 

centrifuged at 16.1×1000 rcf at 4 °C for 40 min (Centrifuge 5415R, Eppendorf, Hamburg, 

Germany), and the supernatant was removed and stored. The pellet was then resuspended 

and homogenized in TFA extraction buffer (1% TFA, 1 mM TCEP) using the Teflon 

homogenizer. The homogenate was then centrifuged again at 16.1×1000 rcf at 4 °C for 40 

min and the supernatant was collected for further analysis.37

The supernatant collected was mixed with 30% mobile phase B (0.1% formic acid in 50:50 

acetonitrile and ethanol), and LC/MS analysis was performed using a 2D-nanoLC system 

(Eksigent, Dublin, CA) coupled with a linear ion trap (LTQ, Thermo Scientific Inc., Bremen, 

Germany). Pre-mixed samples were loaded onto the sample loop, and a home-made PLRP 

column (200 mm ×500 μm, PLRP, 10 μm, 1000 Å, PLRP-S particles were purchased from 

Varian, Lake Forest, CA) was used for the analysis. All of the myofilament proteins eluted 

off with a gradient run (12.5 μL/min) in 45 min (mobile phase A: 0.1% formic acid in water, 

mobile phase B: 0.1% formic acid in 50:50 acetonitrile and ethanol). The gradient started at 

30% mobile phase B for 5 min, and then increased to 40% for 10 min, increased to 50% for 

7.5 min, again increased to 65% for 7.5 min, and then back to 30%. During the LC/MS 

analysis, about 5% of the sample went through the tip (25 μm i.d.) and was ionized by 

electrospray ionization (ESI). In the meantime, the remainder went through the split and was 

fraction collected and stored on ice for further analysis. The fraction of actin was collected 

at 28.5-30 minutes retention time. The fraction collected actin samples were analyzed using 

a 7T linear trap/Fourier transform ion cyclotron resonance (FT-ICR) (LTQ FT Ultra) hybrid 

mass spectrometer (Thermo Scientific Inc., Bremen, Germany) equipped with an automated 

chip-based nano ESI source (Triversa NanoMate; Advion BioSciences, Ithaca, NY) as 

described previously.28,37 The resolving power of the FT-ICR mass analyzer was typically 

set at 200,000 (at 400 m/z). All the spectra were acquired in full profile mode. For 

collisionally activated dissociation (CAD) and electron capture dissociation (ECD) 

fragmentation, individual charge states of protein molecular ions were first isolated and then 

dissociated using 15-20% of normalized collision energy for CAD or 2.8-3.5% electron 

energy for ECD with a 70-75 ms duration with no delay. All MS and MS/MS data were 

processed by an in-house developed software, MASH Suite38 (version 1.2), which uses the 

THRASH39 algorithm, with S/N threshold of 3 and a fit factor of 60% and manually 

validated. The fragments in MS/MS spectra were assigned on the basis of the protein 

sequence of human and swine αCAA and αSKA obtained from Swiss-Prot protein 

knowledgebase (Unit-ProtKB/Swiss-Prot). Allowance was made for possible PTMs such as 

removal of N-terminal Cys and Met, acetylation of the N-terminus, and methylation, using 1 

Da tolerance for the precursor and product ions, respectively. The assigned ions were 

manually validated to ensure the accuracy of the assignments. In general, after manual 

validation using MASH Suite,38 all ions identified have accuracy of less than 10 ppm. All 

the reported molecular weights (MWs) are the most abundant MWs.
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 Quantitative analysis and statistics

Quantitative analysis of the relative expression levels of αCAA and αSKA in human heart 

samples was performed as described previously.27-29 For each detected protein form, the 

integrated peak heights of the top five isotopomers were used to calculate the relative 

abundance. The percentages of αCAA and αSKA were defined as the abundances of αCAA 

and αSKA over the summed abundances of the α-actins. The impact of the number of 

isotopmers on the calculation of the relative abundances has been investigated using three, 

five, seven and eleven isotopomers, respectively (Supplementary Table 1). The percent ratio 

of αSKA over αCAA was used to monitor the changes and data were represented as means 

± SEM. Student's T-tests were performed between group comparisons to evaluate statistical 

significance of variance. Differences among means were considered significant at p < 0.01.

 Results

 Establishment of a top-down LC/MS+ method for the analysis of α-actin isoforms

We have developed a top-down LC/MS+ method that allows for the rapid purification, 

comprehensive characterization, and quantification of α-actin from cardiac and skeletal 

tissues. Briefly, the method includes the following steps: (i) tissue homogenization in 

HEPES buffer; (ii) extraction of myofilaments by centrifugation and solubilization of 

myofilament proteins in TFA solution; (iii) on-line separation of myofilaments by LC; (iv) 

fraction collection of purified actin concurrent with on-line LC/MS analysis; (v) 

comprehensive top-down MS analysis of actin isoforms using high-resolution FT-ICR MS 

(Figure 1, Supplementary Figure 1).

We employed this method to purify α-actin from human cardiac and skeletal tissues and 

analyzed all detectable isoforms by FT-ICR. A predominant isoform of α-actin, with a MW 

of 41,840.09, as well as a minor isoform with MW 41,872.06, were present in cardiac 

muscle (Figure 2A). These two isoforms had a 32 Da mass difference and presumably 

corresponded to αCAA and αSKA, respectively. As reported previously,5,8 αCAA and 

αSKA vary by only two juxtaposed amino acids (Asp2Glu3 in αCAA versus Glu2Asp3 in 

αSKA) and two amino acid substitutions (Met299 and Thr358 in αSKA, versus Leu299 and 

Ser358 in αCAA) which result in a 32 Da mass difference (Supplementary Figure 2). 

Moreover, the predominant α-actin peak from skeletal muscle had the same MW of 

41,872.05, matching the peak attributed to αSKA in the cardiac sample (Figure 2B). Besides 

αCAA and αSKA, two minor unknown protein component with the MWs of 18700.69 and 

42226.77 were present in the human heart samples (Supplementary Figure 1). The MWs of 

unknowns do not match any actin isoforms with common modifications. Because of the low 

S/N of these minor components, it was difficult to obtain sufficient fragmentation ions for 

further identification.

However, the experimental MWs of αCAA (41,840.09) and αSKA (41,872.06) do not match 

exactly with the theoretical MWs of αCAA (P68032-ACTC_HUMAN, UniProtKB/Swiss-

Prot) and αSKA (P68133-ACTS_HUMAN, UniProtKB/Swiss-Prot). Both the experimental 

MWs of αCAA and αSKA have a mass discrepancy of 177.02 Da from the calculated MWs 

of 42,016.93 and 42,048.91, respectively, based on the unmodified sequences given in the 
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database. To account for this mass difference, it is reasonable to hypothesize the presence of 

modifications in the amino acid sequence. After removal of N-terminal Cys and Met, a well-

known N-terminal proteolytic cleavage for all actin, and addition of acetylation,14 the 

calculated MWs (41,825.90 and 41,857.88) still have a mass difference of 14.02 Da from the 

experimental value. This mass difference is likely due to methylation as the vast majority of 

α-actin isoforms are post-translationally methylated at His73 to produce N-τ-3-methyl-

histidine.40-42 The theoretical most abundant masses (Calc'd) of α-actin, after consideration 

of N-terminal truncation, acetylation of the new N-terminus and methylation of a histidine 

residue, are 41,839.92 Da for αCAA and 41,871.89 Da for αSKA, which match the 

experimental (Expt'l) most abundant mass of αCAA and αSKA (41,840.09 Da and 

41,872.06 Da, both with mass errors of 4.1 ppm, respectively) .

 Comprehensive characterization by MS/MS

Unlike bottom-up MS, the top-down MS approach allows comprehensive sequence 

characterization of proteins of interest.23-26 We performed MS/MS to verify the potential 

modifications in αCAA and αSKA (Supplementary Figure 3). Individual charge states of 

αCAA and αSKA were isolated in the LTQ/FT mass spectrometer, and fragmented by both 

ECD and CAD. The representative fragmentation ions and the fragmentation maps for 

αCAA and αSKA are shown in Figure 3 and Figure 4, respectively. As expected, excluding 

any protein modifications, only 29 y ions and 12 z· ions, both generated from the C-terminus 

of the protein, were observed. On the other hand, there was no match for the N-terminus, 

namely the b and c ions, suggesting the presence of modification at the N-terminus. After 

removal of the N-terminal Met and Cys, as well as the addition of N-terminal acetylation, 7 

b and 19 c ions were generated between 1-72 amino acids, suggesting that the first 72 amino 

acids from the N-terminus (1-72) do not contain a methylation site. After considering 

methylation at His73, additional b and c ions were observed. Of note, only methylated forms 

of c73 were detected, no unmethylated c73 was observed, suggesting that His73 is the only 

site basally methylated in α-actin. Conversely, if other sites after His73 were methylated (as 

in the case of positional isomers), one would expect to observe unmethylated c73 ions 

represented in the ECD/CAD spectrum. After considering all protein modifications, a total 

of 37 b, 40 y, 16 c and 11 z· ions were detected for human αCAA, as shown in Figure 3A. 

Representative fragmentation ions are shown in Figure 3B. In the case of αSKA, a total of 

25 b, 29 y, 41 c and 12 z· were observed, as shown in Figure 4A. Representative 

fragmentation ions are shown in Figure 4B.

 Investigation of α-actin isoforms in swine heart tissue

The co-expression of αCAA and αSKA in heart tissue has been shown in various species in 

addition to humans.4,5,8,13 Given the similarity between swine and human hearts, which 

include similar size, anatomy, and coronary artery distribution, swine models are preferred 

in cardiovascular research.43,44 Thus, we applied our method to study the composition of α-

actin in swine samples. High-resolution MS of swine actin revealed the presence of two 

major isoforms of α-actin extracted from cardiac muscle with MWs of 41,840.49 and 

41,872.66 and a minor unknown protein component with the MWs of 42048.44 (Figure 5 A-

C and Supplementary Figure 4). These correspond to αCAA and αSKA, respectively, and 

are consistent with the human data (vide supra). Interestingly, unlike healthy human hearts 
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in which αCAA predominates, αSKA is the most abundant α-actin isoform in the swine 

heart. Next, we measured the relative ratio of αCAA and αSKA in healthy swine heart 

tissues over three biological replicates. The summed percentages of the αCAA and αSKA 

over three biological replicates in swine heart with triplicate technical replicates are 37.0 

± 1.0% and 63.0 ± 1.0%, respectively. To address the potential impact of the number of 

isotopomers on the calculation of the relative abundances, we have used three, five, seven 

and eleven isotopomers, respectively, and found the impact to be minimal (Supplementary 

Table 1). Apparently, the ratio of αSKA/αCAA is higher in healthy swine heart than in 

healthy human heart, which is not surprising since the relative expression levels of αSKA 

and αCAA have been known to vary between species.4

 Investigation of disease-related changes in α-actin isoforms in human heart tissues

To assess the potential of α-actin isoforms as a cardiac disease maker, we investigated the 

differences of α-actin expression levels in healthy and diseased human hearts using top-

down MS. We utilized three healthy human donor hearts as control (Ctrl) and three dilated 

cardiomyopathy (DCM) human hearts to study the disease-related changes in α-actin 

isoforms in human cardiac tissues. αCAA remains the major isoform in both Ctrl and DCM 

samples although the relative abundance of αSKA is much higher in DCM than Ctrl (Figure 

6). The individual values of relative abundances of αCAA and αSKA from each human 

heart were listed in Supplementary Table 2. The summed percentages of the αCAA and 

αSKA over three biological replicates (each with three technical replicates) in healthy heart 

were 76.3±1.7% and 23.7±0.9%, respectively (Figure 6A). Strikingly, the percentage of 

αSKA increased to 43.1 ± 0.9% (Figure 6B) in failing heart samples with DCM. This clearly 

shows the level of αSKA is augmented in DCM compared to healthy heart tissue.

 Discussion

 Top-down LC/MS+ method for the quantification of α-actin isoforms

In this study, we developed an integrated top-down LC/MS+ method for the rapid 

purification, accurate quantification, and comprehensive sequence characterization of α-

actin isoforms from tissue samples. The key advantages of our method over existing 

methods for the quantification and analysis of α-actin isoforms include: i) rapid purification 

of actin; ii) a minimal amount of tissue needed (~500 μg per LC/MS analysis); iii) high 

reproducibility and reliable quantification of actin isoforms; and iv) comprehensive 

characterization of the sequences and modifications of all actin isoforms.

The traditional methods for the quantification of α-actin isoforms include mRNA 

expression1,6,9,11 and Western blot assays;5,10,17 however, both of these methods have 

intrinsic limitations. It is known that the correlation between mRNA level and protein 

expression, especially in complex samples, is far from perfect due to multiple parameters 

such as RNA secondary structure, regulatory proteins and sRNAs, codon bias and adaptation 

index, ribosomal density and occupancy, protein half-lives, and other biological factors 

influencing mRNA-protein correlation.15 Although Western blot has been the primary tool 

used to quantify proteins over the last three decades, there are numerous potential pitfalls, 

including unequal loading of proteins, transfer problems, the amount of substrate for 
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chemiluminescence, and nonlinearity of the signal, which makes the quantification of 

Western blot very challenging.19 To improve protein quantification by Western blot, 

Copeland et al. applied a standard curve method by making serial dilutions of purified 

αSKA to quantitate αSKA expression in human heart tissues.5 However, the method is very 

time consuming and is impractical for analysis of large cohorts.

Recently, MS has become a preferred method for determining protein expression because it 

essentially serves as a “generalized Western blot”.20 Ravenscroft et al. successfully applied a 

multiple reaction monitoring (MRM)-based targeted MS approach to quantify α-actin 

isoforms.13 However, their method requires SDS-PAGE separation of the muscle tissue and 

extraction of peptides from the gel. Consequently, instead of measuring the protein itself, the 

quantification depends on peptides generated from digestion, which complicates the 

quantification of isoforms and PTMs (the ‘peptide to protein inference problem’).23 The 

major caveats of any peptide-based quantitative method include: i) not all peptides can be 

analyzed by MS since some may not be favorably retained on LC column and larger 

peptides may not be detected by MS; ii) The propagation of quantitative errors may result 

from processing steps including digestion and LC/MS of peptides.45 Alternatively, Bergen et 
al. investigated the expression of α-actin isoforms by measuring intact protein masses by FT-

ICR.8 Although this method eliminates the needs for digestion of proteins and the 

quantification relies on the abundance of the protein not the peptide, it requires 2-3 days of 

laborious α-actin purification from a large amount of muscle making it impractical for 

analysis of α-actin expression in normal and pathological human heart tissues.

In contrast, our method provides fast, reliable α-actin isoform analysis with high-accuracy 

from a minimal amount of tissue. Rather than the time-consuming traditional biochemical α-

actin purification,8,35,36 we can extract the myofilament subproteome in less than two hours 

and then purify actin by reverse phase LC/MS gradient run in ~45 min. The purified protein 

is obtained directly from HPLC separation and is ready for MS analysis without the need for 

desalting. Thus, the α-actin proteins could be ready for high-resolution MS analysis in less 

than 3 hours, compared to the traditional actin purification which requires more than two 

days of work.4,8,35,36 Furthermore, a minimal amount of heart and skeletal muscle tissue 

(equivalent to 500 μg per LC injection) is enough for LC/MS separation. The reason we 

started with 5 mg was due to the difficulty in measuring 500 μg accurately. Such advantages 

make this a promising method for future clinical applications.

The purified α-actin was analyzed by high-resolution top-down MS, enabling visualization 

and extensive characterization of all α-actin isoforms together with their PTMs. A total of 

six actin isoforms resulting from different genes are known to be expressed in a tissue-

specific way. 46 In addition to the ubiquitous β- and γ-cytoplasmic actins, four muscle 

specific actins, αCAA, αSKA, α-smooth muscle actin (αSMA), and γ-smooth muscle actin 

(γSMA). Here only αCAA, αSKA, but neither αSMA nor γSMA were detected in the adult 

cardiac and skeletal muscle tissues. This is not surprising since αSMA is known to be 

transiently expressed in the embryonic cardiac and skeletal muscles.46 A previous study 

demonstrated that αSMA is not expressed in the healthy and pathologic cardiac tissues.7 

γSMA is known to be absent in the myocardium and the re-expression of γSMA in the 

transgenic mouse heart resulted in a hypodynamic and hypertrophied heart.46 
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Characterization of α-actin isoforms revealed that N-terminal modifications and histidine 

methylation are the only modifications of αCAA and αSKA, which is in agreement with 

previous reports.40-42 Note that we employed a “LC/MS+” platform which allowed fraction 

collection concurrent with on-line LC/MS,28,37 which is also known as “data-directed top-

down” reported by Whitelegge and co-workers.47,48 Here, the low-resolution LTQ/MS is 

used as a detector to monitor the elution of the proteins in order to find the specific fraction 

that contains actin for offline high-resolution top-down MS analysis. The advantage of 

fraction collection is the generation of the purified proteins for further comprehensive high-

resolution MS analysis off-line and other biochemical assays if desired. Nonetheless, the off-

line fraction collection undoubtedly compromised the throughput. With the development of 

the high sensitivity of high-resolution instruments,49,50 we expect to perform the high-

resolution MS analysis of actin isoforms on-line on a chromatographic scale, which will 

further increase the throughput of this method.

 The αSKA/ αCAA relative expression ratio as a potential cardiac biomarker

High-resolution FT-ICR MS spectra of purified actin from healthy human heart tissue 

exhibited the co-expression of αCAA and αSKA, 76.3 ± 1.7% and 23.7 ± 0.9% of total α-

actin, respectively. This is in close agreement with the previously reported 21 ± 2% αSKA 

ratio in healthy human heart tissues determined by Western blot analysis.5 Moreover, we 

found α-actin purified from human skeletal tissue exhibited only αSKA with no detectable 

αCAA (Figure 2B), which is also in agreement with previous reports.4,8 Interestingly, the 

healthy swine heart tissue expressed high levels of αSKA (62%) (Figure 5) compared to 

healthy human heart tissue (Figure 6). This value is a bit higher than the percentage reported 

by Ravenscroft et al. using MRM-based quantification, which measured 52% αSKA in 

swine hearts.13 The variation could be due to ‘peptide to protein inference’23 between the 

peptide-based MRM quantification in comparison to protein-based top-down MS. The top-

down MS approach has the advantage for relative quantification of isoforms since the 

ionization efficiency is much less affected by the small variation in the protein sequence (in 

this case two amino acid substitutions, Met299 and Thr358 in αSKA, versus Leu299 and 

Ser358 in αCAA, which result in a 32 Da mass difference) in comparison to peptides in the 

bottom-up approach.51,52 It may also be due to differences in the breeds of animals used.5

The higher level of αSKA in pathological conditions such as heart failure and hypertrophy 

has been shown by mRNA assays and αSKA-specific antibody application.5,7,10,11 To 

further validate our method, we investigated the relative expression of αSKA in healthy and 

end-stage failing human hearts with DCM (Figure 6). In failing heart samples, the 

percentage of αSKA increased from 23.6 ± 1.7% (Ctrl) to 43.1 ± 0.9 % (DCM). Although 

the percentage of αSKA in healthy human hearts is similar to the previous report (21 ± 2%), 

the value in DCM hearts is slightly less than the previously reported value of 53 ± 5%, 

determined by quantitative Western blot in end-stage failing hearts.5 It is likely that these 

variations reflect differences in the pathological conditions (our study used tissue samples 

from patients with DCM), or differences caused by varying medical treatments received for 

each individual. Further investigation of αSKA expression levels in large groups of patients 

with diverse hypertrophic disease conditions could provide better insight into pathology-

specific αSKA expression.
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The functional significance of the varying expression levels of αSKA in the heart muscle 

during differentiation, development, and disease is incompletely understood.5,7,12 

Nevertheless, a previous study by Robbins and co-workers in BALB/C mouse heart 

demonstrated a significant functional correlation between α-actin isoform content and 

cardiac contractile function, suggesting that αSKA is associated with increased 

contractility.1 Therefore, increased αSKA might be part of a compensation mechanism to 

maintain cardiac contractility and serve as a programmed response of a disease-

compromised heart which is unable to meet the demand.53 Recently, the Marston group 

employed an in vitro motility assay which observed basic sliding speed and response to Ca2+ 

concentrations to examine the contractile properties of αSKA.5 They found no functional 

differences in direct comparison of reconstituted thin filaments containing 20% αSKA 

versus 60% αSKA. Thus it has been suggested that accumulation of αSKA might not be the 

sole factor for compensation of contractility.5 However it could be a part of the gene 

reprogramming known as the “fetal gene program”54, which includes the re-expression of 

certain fetal genes and the down-regulation of multiple adult genes, such as β-myosin heavy 

chain, atrial natriuretic factor, and αSKA.55,56 Conceivably, re-expression of αSKA could 

serve as a marker for dedifferentiation and an important molecular indicator of heart 

failure.12

 Conclusion

We have developed a LC/MS+ method for the rapid purification, reliable quantification, and 

comprehensive characterization of α-actin isoforms due to genetic variations together with 

PTMs. We have applied this method to assess the α-actin isoforms in both cardiac and 

skeletal tissues. We confirmed both αCAA and αSKA are expressed in cardiac muscle, 

whereas αSKA is the only isoform expressed in skeletal muscle. Furthermore, our data 

revealed that αSKA/αCAA ratio is disturbed in end-stage failing hearts with DCM 

compared with healthy hearts. Importantly, our LC/MS+ method only requires small 

amounts of samples which makes it feasible to analyze biopsy samples and is practical to be 

used in large human cohorts in clinical applications. Moreover, it can be easily developed 

into a high throughput method using a high-sensitivity and high-resolution mass 

spectrometer.

 Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Schematic representation of the integrated top-down LC/MS+-based method for 
quantification of α-actin isoforms
Tissues are homogenized in HEPES buffer; the myofilament proteins are extracted by 1% 

TFA buffer and separated using LC/MS. The α-actin fraction is then collected and analyzed 

using a high-resolution mass spectrometer.
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Figure 2. High-resolution MS for quantitative analysis of α-actin isoforms
Narrow band FTMS spectrum of α-actin isolated from human (A) heart tissues and (B) 

skeletal tissues for charge state 44. Insets: isotopically resolved molecular ions of αCAA and 

αSKA with high accuracy molecular weight measurements. Circles represent the theoretical 

isotopic abundance distribution of the isotopomer peaks corresponding to the assigned mass. 

Calc'd, calculated most abundant molecular weight; Expt'l, experimental most abundant 

molecular weight.
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Figure 3. Comprehensive characterization of α-cardiac actin (αCAA) by top-down high-
resolution MS
(A) The fragmentation map of αCAA based on ECD and CAD spectra, Ac-represents 

acetylation, and the green circle represents methylation. (B) The representative b and y ions 

from CAD experiments. Fragmentation assignments were made based on the sequence of 

human αCAA (P68032, ACTC_HUMAN, UniProtKB/Swiss-Prot) with acetylation at the N-

terminus and methylation at His73. Circles represent the theoretical isotopic abundance 

distribution of the isotopomer peaks corresponding to the assigned mass. Calc'd, calculated 

molecular weight; Expt'l, experimental molecular weight.
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Figure 4. Comprehensive characterization of α-skeletal actin (αSKA) by top-down high-
resolution MS
(A) The fragmentation map of αSKA based on ECD and CAD spectra. Ac-represents 

acetylation and the green circle represents methylation. (B) Representative b and y ions from 

CAD data, c and z• ions from ECD data of αSKA. Fragmentation assignments were made 

based on the sequence of human αSKA (P68133, ACTS_HUMAN, UniProtKB/Swiss-Prot) 

with acetylation at the N-terminus and methylation at His73. Circles represent the theoretical 

isotopic abundance distribution of the isotopomer peaks corresponding to the assigned mass. 

Calc'd, calculated molecular weight; Expt'l, experimental molecular weight.
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Figure 5. High-resolution MS for quantitative analysis of α-actin isoforms in swine hearts
A-C) Representative spectrum of α-actin isolated from three different biological samples. D) 

The bar graph represents the ratio of αCAA and αSKA in pig hearts. Circles represent the 

theoretical isotopic abundance distribution of the isotopomer peaks corresponding to the 

assigned mass. Calc'd, calculated most abundant molecular weight; Expt'l, experimental 

most abundant molecular weight.
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Figure 6. Quantification of the relative abundance of αSKA from control and DCM human 
hearts
A) Representative high-resolution MS spectra of human α-actin purified from healthy 

human heart (top) and end-stage failing human heart with DCM (bottom). Calc'd, calculated 

molecular weight; Expt'l, experimental molecular weight. B) The bar graph represents 

αSKA ratio to total α-actin. All measurements were performed with three biological 

replicates per group. The data are represented as the mean peak area ± S.E.M. Ctrl, control.
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