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Abstract
The rapid increase in the prevalence of chronic heart failure (CHF) worldwide underscores an
urgent need to identify biomarkers for the early detection of CHF. Post-translational modifications
(PTMs) are associated with many critical signaling events during disease progression and thus
offer a plethora of candidate biomarkers. We have employed top-down quantitative proteomics
methodology for comprehensive assessment of PTMs in whole proteins extracted from normal and
diseased tissues. We have systematically analyzed thirty-six clinical human heart tissue samples
and identified phosphorylation of cardiac troponin I (cTnI) as a candidate biomarker for CHF. The
relative percentages of the total phosphorylated cTnI forms over the entire cTnI populations
(%Ptotal) were 56.4±3.5%, 36.9±1.6%, 6.1±2.4%, and 1.0±0.6% for postmortem hearts with
normal cardiac function (n=7), early-stage of mild hypertrophy (n=5), severe hypertrophy/dilation
(n=4), and end-stage CHF (n=6), respectively. In fresh transplant samples, the %Ptotal of cTnI
from non-failing donor (n=4), and end-stage failing hearts (n=10) were 49.5±5.9% and
18.8±2.9%, respectively. Top-down MS with electron capture dissociation unequivocally localized
the altered phosphorylation sites to Ser22/23 and determined the order of phosphorylation/
dephosphorylation. This study represents the first clinical application of top-down MS-based
quantitative proteomics for biomarker discovery from tissues, highlighting the potential of PTM as
disease biomarkers.
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INTRODUCTION
Heart disease is the leading cause of mortality and morbidity for both men and women in
developed countries.1 While treatments for acute coronary syndromes have dramatically
improved in the past decades, chronic heart failure (CHF) has become an increasingly
prevalent syndrome worldwide in aging populations.1–2 CHF is often diagnosed late during
disease progression which substantially limits the options for therapeutic interventions.3
Early detection of CHF would allow implementation of early intervention strategies to delay
or prevent disease progression, which will not only save costs for medical care but will also
lead to improved prognosis and quality of life.3–4 Biomarker have become an increasingly
useful tool in clinical practice for diagnosis, prognosis, and risk stratification of disease and
for evaluation of therapy.5–8 However, very few clinically approved biomarkers are
currently available for the diagnosis of CHF.9–10 Hence, there is an urgent need for the
discovery of biomarkers with high specificity and accuracy for the early detection and
treatment of CHF.3, 9–10

Protein post-translational modifications (PTMs) are associated with many critical signaling
events during disease progression and thus offer a plethora of candidate biomarkers.11 PTMs
are covalent modifications of a protein that can modulate its activity, stability, and
function.12 Aberrant protein PTMs are found to be connected with a variety of human
diseases, most notably cancer and heart diseases.11, 13–15 Recent studies have suggested that
the profile of PTMs can be utilized as biological fingerprints for tracking and verifying the
activity of key cellular signaling pathways, underscoring the potential of PTMs as a
biomarker.8, 13, 15 Hence, a comprehensive assessment including the detection,
identification, quantification and characterization of PTMs is essential for developing
clinically useful biomarkers with high specificity.

"Top-down" mass spectrometry (MS) is emerging as a powerful technology for assessing
protein modifications.16–27 Unlike the more traditional "bottom-up" method which requires
in-gel or in-solution digestion of proteins prior to MS analysis, top-down MS analyzes
whole proteins without proteolytic digestion therefore enabling detection of all existing
modifications at the protein level including PTMs (i.e., phosphorylation, proteolysis,
acetylation) and sequence variants (i.e., mutants, alternatively spliced isoforms)
simultaneously in a single spectrum (a "bird's eye view”) without a priori knowledge.28–29

The specific modified form of interest can then be directly isolated in the mass spectrometer
and subsequently fragmented by tandem MS (MS/MS) such as collision-induced
dissociation (CID) and electron capture dissociation (ECD) for highly reliable mapping of
the modification sites with full sequence coverage.16, 18–19, 21–25, 27 ECD30, a nonergodic
MS/MS technique, is particularly suitable for the localization of labile PTMs since they are
well-preserved during the ECD fragmentation process.20–24, 31–32 The top-down MS
approach is especially valuable for quantification of the relative abundance of modified
protein species, since the physico-chemical properties of whole proteins are much less
affected by the presence of modifying groups in comparison with peptides.20, 33–34

Although serum and plasma have been the focus for clinical proteomic studies, the
extremely low abundance of potential biomarkers present in blood against the huge
complexity and dynamic range of serum/plasma proteome makes it very difficult to discover
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novel biomarkers directly from blood specimen.35 In contrast, damaged tissue closest to the
disease source is known to contain the highest concentration of potential disease markers,
and thus it is the preferred sample choice for biomarker discovery.5, 36–39 The identified
biomarkers from tissues can be further validated in serum/plasma using targeted detection
such as antibody-based immunoassays or MS-based multiple (or selected) reaction
monitoring (MRM/SRM) methods.5, 35, 40 Nonetheless, extraction, separation/purification
and MS analysis of whole proteins from tissues remain challenging.

Herein, we have employed a simple and robust top-down quantitative proteomics
methodology featuring affinity chromatography and high-resolution MS for the
comprehensive assessment of PTMs in whole proteins extracted from tissues for biomarker
discovery. We have comprehensively evaluated the PTMs of cardiac troponin I (cTnI)
purified from clinical human heart samples. cTnI is well recognized as the gold-standard
biomarker for acute coronary syndrome since it is released into the general circulation
following the necrosis of heart muscle tissues.41 However, whether cTnI can also be used as
a biomarker for chronic heart diseases remains unclear. cTnI is the inhibitory subunit of the
cardiac troponin complex (cTn) and its interactions with other cTn subunits, cTnC, cTnT
and actin-tromopomyosin play pivotal roles in regulating Ca2+-dependent cardiac
contraction and relaxation.42–43 cTnI is also known to exhibit PTMs under both
physiological and pathological conditions.13, 43–45 PTMs, most notably phosphorylation, are
known to modulate cardiac contractility, and altered PTMs/mutations of cTnI are believed to
account for cardiac dysfunctions in various types of heart diseases.46–50 Hence, the status of
PTMs in cTnI is likely to provide information related to disease etiology and prognosis,
suggesting its potential as a disease biomarker. We have systematically analyzed a large set
of postmortem (n=22) and transplant (n=14) human heart tissue samples with varying stages
of CHF, together with healthy controls. We have unambiguously identified the
phosphorylation status of cTnI as a reliable candidate biomarker in CHF with high potential
for detection of CHF at the early stages. Moreover, we have localized the altered
phosphorylation sites to Ser22/23, the bona fide substrates of protein kinase A (PKA), and
determined the order of phosphorylation/dephosphorylation of these sites in normal and
diseased myocardium, respectively. In contrast, no direct correlation could be established
between the detected cTnI degradation products with the heart disease phenotypes.

EXPERIMENTAL PROCEDURES
Reagents

All reagents were purchased from Sigma Chemical Co (St Louis, MO, USA) unless noted
otherwise. Complete protease and phosphatase inhibitor cocktail tablets were purchased
from Roche Diagnostics Corporation (Indianapolis, IN, USA). All solutions were prepared
in Milli-Q water (Millipore Corporation, Billerica, MA).

Human heart tissue samples
The postmortem (autopsy) heart tissue samples (n=22, clinical characteristics summarized in
Supplemental Table S1) were collected within 34 hours from deceased patients in UW-
hospital and clinics with the bodies being preserved at 4 °C prior to autopsy. All the fresh
heart tissue samples (n=14, clinical characteristics summarized in Supplemental Table S2)
were collected within 15 min after the heart stopped beating from explanted failing hearts of
transplant recipients or patients receiving ventricular assist devices (VAD), as well as the
healthy donor hearts with normal cardiac function. All tissue samples were excised from the
free wall of left ventricle, snap-frozen in liquid nitrogen, and stored in −80 °C freezer. The
use of postmortem and fresh human tissue samples from patients have been approved by the
Institutional Review Board of the University of Wisconsin-Madison. Transplant tissue
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samples were obtained with informed consent from patients undergoing transplants or VAD
surgery.

Immunoaffinity Purification of Human cTnI
Approximately 0.1–0.2 g of fresh transplant heart tissues or 1.0–1.5 g of postmortem heart
tissues was excised and homogenized in tissue wash buffer (NaH2PO4 500 mM, Na2HPO4,
100 mM, MgCl2 100 mM, EGTA 100 mM, NaCl 0.1 M, Triton X-100 1%, DTT 5 mM,
protease and phosphatase inhibitor cocktail tablet, PMSF 1 mM, leupeptin, 2 µg/mL, pH
7.4) using a Polytron electric homogenizer for 30 s on ice21, 24. The homogenate was
centrifuged at 16,000 g for 10 min at 4 °C. The supernatant was discarded and the pellet was
resuspended in 6 mL protein extraction buffer (0.7 M LiCl, 25 mM Tris, 5 mM EGTA, 0.1
mM CaCl2, 5 mM DTT, 1 mM PMSF, 2 µg/mL leupeptin, and 0.75 mg/mL protease and
phosphatase inhibitor cocktail, pH 8.0). The protein extraction was performed with agitation
on a nutating mixer (Fisher Scientific Inc., Pittsburgh, PA, USA) at 4 °C for 45 min. The
sample was then centrifuged at 16,000 g (Centrifuge 5415R; Eppendorf, Hamburg,
Germany) for 5 min to collect the supernatant. The collected supernatant was further
centrifuged at 55,000 rpm (Beckman L-55 ultracentrifuge; Beckman Coulter, Fullerton, CA,
USA) for 45 min to completely remove the tissue debris before affinity chromatography
purification. The supernatant was incubated with 0.25 mL of CNBr-activated Sepharose
CL-4B conjugated with 1.25 mg monoclonal cTnI antibody (anti-troponin I monoclonal
antibodies 14G5 and MF4, Hytest, Finland) for 35 min at 4 °C to ensure the complete
binding of the troponin complex to the antibody. After washing the column with 2 mL of
extraction buffer, the bound troponin complex was eluted with 100 mM glycine at pH 2 into
four 0.4 mL fractions and neutralized immediately with 40 µL of 1 M MOPS solution (pH
9). Fractions were analyzed for enriched protein content by 15% sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE) gels stained with Coomassie blue. The
analytical reproducibility was assessed with three technical replicates.

Top-down mass spectrometry analysis
Immunoaffinity purified human cTn complexes were separated and desalted using an offline
reverse phase protein microtrap (Michrom Bioresources, Inc., CA, USA), with a two-step
reverse phase gradient elution method, first with 1% acetic acid in 50:50 methanol/water and
then 1% acetic acid in 75:25 methanol/water. Desalted samples were analyzed using a 7T
linear trap/Fourier transform ion cyclotron resonance (FTICR) (LTQ FT Ultra) hybrid mass
spectrometer (Thermo Scientific Inc., Bremen, Germany) equipped with an automated chip-
based nano electrospray (ESI) source (Triversa NanoMate; Advion BioSciences, Ithaca, NY,
USA) as described previously.21, 24 The spray voltage was 1.2–1.6 kV versus the inlet of the
mass spectrometer, resulting in a flow of 50–200 nL/min. Ion transmission into the linear
trap and subsequently into the FTICR cell was automatically optimized for the maximal ion
signal. The number of accumulated ions for the full scan linear trap (IT), FTICR cell (FT),
MSn FTICR cell, and ECD were 3 × 104, 8 × 106, 8 × 106, and 8 × 106, respectively. The
resolving power of the FTICR mass analyzer was typically set at 200,000 at m/z 400. For
collisionally induced dissociation (CID) and electron capture dissociation (ECD)
fragmentation, individual charge states of protein molecular ions were first isolated and then
dissociated using 15% –25% of normalized collision energy for CID or 2% –3% electron
energy for ECD with a 45–125 ms duration with no delay. Typically, 1000 to 3000
transients were averaged to ensure high quality ECD spectra.

All FTICR spectra were processed with Xtract Software (FT programs 2.0.1.0.6.1.4,
Xcalibur 2.0.5, Thermo Scientific Inc., Bremen, Germany) using a S/N threshold of 1.5 and
fit factor of 40% and validated manually. The resulting mass lists were further assigned
using the in-house developed “Ion Assignment” software (version 1.0) based on the protein

Zhang et al. Page 4

J Proteome Res. Author manuscript; available in PMC 2012 September 2.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



sequence of human cTnI (TNNI3_human) obtained from Swiss-Prot protein knowledgebase
(UniProtKB/Swiss-Prot 2011-01). Allowances were made for possible PTMs such as the
removal of the initial Met, acetylation of the N-terminus, and variable phosphorylation sites
(residues Ser, Thr, and Tyr), using a 10 and 20 ppm tolerance for precursor and fragment
ions. The assigned ions were manually validated to ensure the quality of assignments. For
fragment ions containing possible phosphorylation sites, the masses of fragment ions were
manually examined for 80 Da mass shifts to confirm or exclude the existence of
phosphorylation. All reported masses were the most abundant masses.

Relative quantification of cTnI post-translational modifications
To quantitatively determine the detected levels of cTnI and its modified forms, the MS
signal intensity values were used to calculate the relative ratios for all protein ions observed
as described previously.21, 24 Briefly, the top five most abundant isotopomer peak heights
were integrated to calculate the relative abundance of the intact proteins and their modified
forms. The percentage of the total phosphorylated cTnI species (%Ptotal) is defined as the
summed abundances of all phosphorylated cTnI species including both mono- and bis-
phosphorylated over the entire cTnI population. The percentage of the mono- (%Pmono) or
bis-phosphorylated species (%Pbis) is defined as the summed abundance of mono-(pcTnI) or
bis-phosphorylated cTnI (ppcTnI) species, respectively, over the entire cTnI population. The
percentage of the total degraded cTnI species (%Dtotal) is defined as the summed
abundances of all degraded cTnI species over the summed abundances of entire cTnI
population. The percentage of individual degraded cTnI species (%Dx) is defined as the
summed abundances of each individual degraded cTnI species over the summed abundances
of entire cTnI population.

Statistical analysis
Data were presented graphically using a Box-plot. Linear mixed effects models with random
intercepts were used to compare the mean levels of phosphorylation and degradation
between groups, accounting for the correlation between repeated measurements (technical
replicates) for the same biological subject and determine the significance. P-values were
given directly after fitting the linear mixed model. For all the analyses, a value of P≤ 0.05
was considered as statistically significant. Data are reported as mean ± S.E.M.

RESULTS
Top-down quantitative proteomics methodology

The top-down quantitative proteomics methodology combined the high specificity affinity
chromatography and high-resolution MS for comprehensive analysis of PTMs in whole
proteins extracted from normal and diseased tissues (Fig. 1). It was comprised of five steps:
1) Tissue homogenization and protein extraction. A cocktail of protease and phosphatase
inhibitors were added to preserve the endogenous proteolysis and phosphorylation status. 2)
Affinity chromatography purification of proteins. The purification procedures were
performed at 4 °C where the enzymatic activities of phosphatase/kinase/protease were
significantly reduced. 3) Top-down quantitative MS. The purified proteins were further
separated and desalted via reverse-phase liquid chromatography (LC) and subject to in-depth
high-resolution MS analysis. ECD was used for the localization of labile modifications. 4)
Data interpretation. Protein sequences were characterized and their PTMs detected,
identified, quantified, and mapped to single amino acid residues. 5) Correlation of PTMs
with disease phenotypes. All protein PTMs in normal and diseased samples were quantified
via a relative quantification method of the intact proteins. Altered PTM levels were
correlated with disease phenotypes for the identification of potential biomarkers. Although
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this methodology was optimized for cTn analysis in this study, it can be adapted to other
protein systems with proper modifications of the affinity purification procedures.

Global PTM profiling of cTnI in health and disease
We have used human postmortem (autopsy) and fresh (transplant) myocardial tissues in this
study. The postmortem samples were grouped into four categories according to the severity
of the disease condition: control with normal cardiac functions (NOR, n=7), mild
hypertrophy (HYP, n=5), severe hypertrophy/dilation (SHD, n=4) and CHF (n=6) (Table
S1). The freshly collected transplant heart samples were divided into two groups: donor
hearts with normal cardiac function (DOR, n=4), and end-stage failing hearts with ischemic/
dilated cardiomyopathy (ICM/DCM, n=10) (Table S2). Human cTn was immunoaffinity
purified from the heart tissue samples and MS analyzed using the established top-down
quantitative proteomics methodology described above. The SDS-PAGE analysis of the
elution from the affinity column revealed three relatively pure subunits of cTn: cTnI, cTnT,
and cTnC (Supplemental Fig. S1). After the co-purified cTn proteins were separated by
reverse-phase LC, the electrospray (ESI) FTICR/MS analysis of cTnI revealed a rich
spectrum of PTMs corresponding to phosphorylation, proteolysis and acetylation in
postmortem samples (Fig. 2A). Overall, we have identified 22 cTnI components from all
postmortem cases (Table 1). Three major degradation isoforms of cTnI (II, 1–207; III, 1–
206; IV, 1–205) resulting from C-terminal truncations from the full-length cTnI were
detected, similar as observed previously.20 Both mono- and bis-phosphorylations were
observed for the full length and the three isoforms (II–IV) of cTnI. In addition, five major
degradation products (Y[28–206]K, Y[28–205]K, Y[25–209]S, Y[25–207]K, Y[25–206]K)
and five minor ones (A[1–148]I, Y[28–209]S, Y[25–205]K, S[23–171]H, and P[32–209]S)
were observed in some cases of postmortem samples resulting from both N- and C-terminal
proteolysis. In contrast, minimal degradation products were observed in all 14 transplant
samples. The only detected degradation products were Y[25–209] and P[32–209] at very
low abundance (Table 1). Both mono- and bis-phosphorylations of cTnI were detected in
fresh transplant samples (Fig. 2B), which was consistent with the postmortem samples (Fig.
2A). Representative high-resolution ESI/FTICR MS spectra of cTnI purified from healthy
controls (Fig. 2A-i, B-i) and diseased (Fig. 2A-ii, B-ii) heart samples showed clear
differences in PTM profiles regardless of the tissue source.

Quantification of cTnI phosphorylation
The phosphorylation levels of cTnI in a collection of 36 clinical human heart samples were
quantified using the top-down MS approach. The technical reproducibility of this
methodology was evaluated with highly consistent results among replicate analysis of the
same biological sample (Supplemental Fig. S2). Two representative cases from each group
were shown in Fig. 3 and the overall relative quantification of cTnI phosphorylation in all 36
heart samples were presented in box-whiskers plots (Fig. 4). cTnI mainly existed in un-,
mono- (pcTnI), and bis-phosphorylated (ppcTnI) forms in both postmortem and fresh
transplant hearts of normal cardiac function, NOR and DOR, respectively (Fig. 3A-i-ii, 3B-
i-ii). ppcTnI was significantly reduced in the early-stage heart disease with HYP (Fig. 3A-iii-
iv), whereas no significant difference was observed for pcTnI between HYP (Fig. 3A-iii-iv)
and NOR (Fig. 3A-i-ii) groups. Both pcTnI and ppcTnI were significantly reduced in SHD
(Fig. 3A-v-vi) and end-stage failing hearts with ICM/DCM (Fig. 3B-iii-vi), and nearly
abolished in CHF (Fig. 3A-vii-viii). For the 22 postmortem heart samples studied, the
relative percentages of the total phosphorylated cTnI species over the entire cTnI
populations (%Ptotal) were 56.4±3.5%, 36.9±1.6%, 6.1±2.4%, and 1.0±0.6% for NOR, HYP,
SHD, and CHF, respectively. The relative percentages of pcTnI (%Pmono) were 34.2±2.1%,
29.0±2.0%, 5.2±1.9, and 0.7±0.4; and those for ppcTnI (%Pbis) were 18.4±2.4%, 4.1±0.9%,
0.9±0.5, and 0.3±0.2, for NOR, HYP, SHD, and CHF, respectively (Fig. 4A-i-iii). For all of
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the 14 fresh transplant samples, the %Ptotal of 49.5±5.9% and 18.8±2.9%, %Pmono of
38.6±3.8% and 16.7±2.4%; %Pbis of 10.9±2.2% and 2.2±0.6%, were obtained for DOR and
ICM/DCM, respectively (Fig. 4B-i-iii). Overall, the cTnI phosphorylation levels showed a
clearly decreasing trend as the contractile dysfunction becomes increasingly severe in both
the postmortem and the fresh transplant samples (Fig. 3, 4). Particularly, statistically
significant P values were achieved between group comparisons in the case of %Ptotal,
underscoring the potential of cTnI phosphorylation as a robust candidate biomarker for CHF
with the potential for detection of CHF at the early stage of hypertrophy.

Phosphorylation sites localization and the order of phosphorylation/dephosphorylation
To locate the phosphorylation sites in pcTnI and ppcTnI and explore the potential order of
phosphorylation/dephosphorylation, single charge states of pcTnI and ppcTnI from normal
and hypertrophic hearts were isolated and dissociated by ECD (Fig. 5, and S3). In ECD
spectra of pcTnI (Supplemental Fig. S3a–b), Ser22 was identified as the phosphorylation site
for both NOR and HYP heart samples for the following reasons: (1) No phosphorylated
product ions were detected for smaller c ions before Ser22 (c9 – c21). (2) The detection of
monophosphorylated c22 (pc22) clearly identified the phosphorylation of Ser22, and the
absence of unphosphorylated c22 indicated the nearly exclusive phosphorylation occupancy
at Ser22 in pcTnI. (3) All the larger c ions were present only as phosphorylated forms,
supporting the phosphorylation site assignment at Ser22 (Fig. 5A,B; S3a,b). ECD spectra
of ppcTnI (Supplemental Fig. S3c) unambiguously determined Ser22/23 as the two basal
phosphorylation sites in the normal human heart samples, based on the similar evidence
stated above for pcTnI. Overall, four ECD spectra of pcTnI in normal heart samples provided
consistent evidence for Ser22 being the mono-phosphorylation site, with 57 c ions, 55 z●
ions and a full sequence coverage (Fig. 5A). Similarly, four ECD spectra of pcTnI in
hypertrophic heart samples generated 53 c ions, 69 z● ions and a full sequence coverage
which identified Ser22 as the same mono-phosphorylation site (Fig. 5B). Three ECD data
of ppcTnI in normal heart samples generated 46 c ions, 83 z● ions with 100% sequence
coverage supporting Ser22/23 being the only basal phosphorylation site observed in ppcTnI
(Fig. 5C). The lack of phosphorylation in the major cTnI degradation products corresponds
to the N-terminally truncated forms of cTnI with cleavage sites at Tyr25 or Tyr28 (Table 1)
and also confirmed Ser22/23 as the only two basal phosphorylation sites in human cTnI.

The fact that Ser22 was phosphorylated in both pcTnI and ppcTnI whereas Ser23 was
phosphorylated only in ppcTnI indicates the phosphorylation occurs at Ser22 first and then
Ser23 in NOR hearts. The facts that only pcTnI was observed in the ESI/FTMS spectra of
HYP hearts (Fig. 3A-iv) and Ser22 was localized as the site of phosphorylation suggest that
Ser23 was dephosphorylated first in HYP hearts (Fig. 5C, S3b).

Quantification of cTnI degradation
cTnI degradation was evaluated for all postmortem heart samples in a similar method used
to evaluate the phosphorylation. Three representative cases from each group are shown in
Fig. S4 and the relative quantification of cTnI degradation in four postmortem groups are
presented in Fig. 6. The identities of major cTnI degradation products were confirmed by
both high accuracy mass measurements and MS/MS (representative spectra shown in Fig.
S5). In general, quantification results do not show a significant difference in the overall
degradation product percentages in normal and diseased hearts (Fig. 6a). The relative
percentages of all the degraded cTnI species over the entire cTnI populations were
55.1±6.3%, 61.6±6.6%, 61.3±10.1%, and 65.8±6.1% for NOR, HYP, SHD and CHF,
respectively. The overall degradation is mainly contributed from three C-terminally
truncated isoforms (II, III, IV) (Fig. 6). No significant differences in cTnI isoforms (Fig. 6b–
d) and three major degradation products (Fig. 6e–f) were observed between normal and the
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diseased groups. For example, the relative percentages of cTnI (II) were 17.1±2.4%,
20.1±1.9%, 10.7±2.4%, and 17.8±2.3% for NOR, HYP, SHD and CHF, respectively. The
relative percentages of cTnI [28–205] were 2.9±0.8%, 3.3±1.4%, 6.2±2.3%, and 3.7±0.9%
in NOR, HYP, SHD and CHF, respectively. Additionally, there was not a substantial
correlation between the degradation and the phosphorylation patterns or between the
degradation level and the postmortem intervals (Fig. S6). Moreover, there were only
minimal degradation products detected in freshly collected myocardium samples, including
both healthy donors and explanted failing hearts.

DISCUSSION
cTnI phosphorylation as a potential candidate cardiac biomarker

Here we present a significant correlation between the heart disease phenotypes and the cTnI
phosphorylation in both postmortem and fresh transplant myocardium samples. The use of
relatively well-preserved postmortem samples allows us to explore the changes in cTnI at
early-stages potentially during the progression to CHF, since the more readily available
postmortem samples represent a comprehensive disease spectrum including not only the
early-stage diseases (i.e., hypertrophy and dilation) but also the end-stage failure samples.
As observed here, the total cTnI phosphorylation level was reduced in HYP, significantly
reduced in SHD, and nearly abolished in CHF compared with NOR. To address the concern
that postmortem proteolysis might occur before a tissue sample was collected, we have
confirmed the results using fresh myocardial samples collected immediately after the hearts
were explanted during transplantations. It revealed consistent results with greatly reduced
cTnI phosphorylation in the end-stage failing hearts of ICM/DCM compared with DOR of
brain-dead donor hearts. In addition, the highly comparable cTnI phosphorylation levels
between postmortem and fresh control samples suggest that the stage-appropriate balance
between phosphatase and kinase activities is still maintained in these postmortem heart
tissues collected in this study. Nevertheless, we did observe more severe degradation in
postmortem than in fresh tissues, possibly because proteolysis is an irreversible process
whereas phosphorylation is reversible. To our knowledge, our study provides a direct
comparison on the use of postmortem and freshly collected transplant heart samples for the
first time and illustrates the potential value of widely available postmortem heart samples for
the study of phosphorylation, but not proteolytic degradation.

The previous studies using the semi-quantitative Pro-Q Diamond phosphoprotein stain
combined with immunoblotting also suggested reduced cTnI phosphorylation in end-stage
explanted failing hearts in comparison to non-failing donor hearts.47–48, 51 The consistency
between our top-down quantitative MS data of the affinity purified cTnI and SDS-PAGE
with Pro-Q Diamond stain/immunoblotting of the entire cardiac muscle myofibrils
demonstrates that quantitative changes after immunaffinity enrichment correlate to the
actual abundance of total and phosphorylated cTnI in the intact muscle myofibril47–48, 51,
thereby validate our top-down quantitative MS method. Nevertheless these studies used
immunoblotting with phosphoprotein specific antibodies for phosphorylation site
identification which were based on hypothesis of potential phosphorylation sites at Ser22/23
and therefore precluded comprehensive assessment of other existing phosphorylation
events.47–48, 51 Here, we have comprehensively analyzed all modification state including all
possible phosphorylation sites and unequivocally localized the altered phosphorylation sites
in cTnI to Ser22/23 (Ser23/24 considering the N-terminal Met), which is consistent with our
previous reports.20–21, 23–24 Subsequently we have determined the order of phosphorylation
between these two sites (Ser22 phosphorylates prior to Ser23) in cTnI of normal hearts and
the order of dephosphorylation (Ser23 dephosphorylates prior to Ser22) in diseased hearts.
Phosphorylation of Ser22/23 is well-known to be mediated by PKA, the downstream kinase
of β-adrenergic receptors.52–53 During exercise and stress, β-adrenergic stimulation is a
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major physiological mechanism to meet the increased demand of the body, leading to an
increased level of intracellular cAMP which in turn activates cAMP-dependent PKA.51 The
PKA phosphorylation of Ser22/23 reduces the Ca2+-sensitivity of myofilaments and
enhances relaxation, both of which are considered to be beneficial in the diastolic function
of the heart.51–52 Nevertheless, the chronic over-stimulation of the β-adrenergic receptor
pathway to maintain the cardiac output in cardiac disease ultimately results in the
desensitization of the β-adrenergic receptors which leads to reduced phosphorylation of the
PKA target proteins.51–52 The chronic catecholamine stimulation is also known to promote
cardiac hypertrophy and myocyte apoptosis and ultimately leads to a reduction in
contractility.54 Indeed, we observed the maximal degree of cTnI phosphorylation in normal
hearts at PKA sites and a continuous dephosphorylation from early-stage hypertrophy to
end-stage failing hearts, underscoring the potential of cTnI phosphorylation as a candidate
biomarker for early detection of CHF.

Recent research has shown evidence of reduced PKA phosphorylation in other myocardial
proteins such as cardiac myosin binding protein C and myosin light chain 2, which suggests
the role of Ser22/23 dephosphorylation in cardiac regulation may be a synchronized function
with other contractile proteins.51, 55–56 CHF is a very complex disease in nature with
varying etiologies, it is unlikely that a single biomarker can serve sensitively and
specifically as the therapeutic or diagnostic biomarker for the disease. Biomarkers of the
future are thus expected to be multi-marker panels characteristic of the complexity of the
underlying pathophysiology of the disease process.9, 57 In our future work, we will extend
the top-down methodology to systematically examine the correlation of the PTMs of other
contractile proteins and the disease phenotypes toward developing multi-marker panel with
improved specificity and accuracy for disease detection.

Lack of correlation between cTnI degradation and disease phenotype
cTnI is known to be highly susceptible to degradation.58–59 Consistently, we observed here a
major category of proteolytically degraded cTnI forms in most of the postmortem clinical
heart samples. Overall, we have identified twenty-two major cTnI components from all
postmortem cases (Table 1). Three major degradation isoforms of cTnI (II–IV) were found
resulting from truncations of the C-terminal Glu-Ser, Phe-Glu-Ser and Lys-Phe-Glu-Ser
residues from the full-length cTnI (isoform I), which is consistent with our previous
report.20 In addition, five major degradation products (Y[28–206]K, Y[28–205]K, Y[25–
209]S, Y[25–207]K, Y[25–206]K) and five minor ones (A[1–148]I, Y[28–209]S, Y[25–
205]K, S[23–171]H, and P[32–209]S) were observed in various samples resulting from both
the N- and C-terminal proteolysis. No proteolytic fragments in the middle region between
H[33–147]R were observed, possibly because of the protection by cTnC, in agreement with
a previous study using human serum samples.60 The major degradation products have highly
preferential cleavages at the N-terminal Tyr25 and Tyr28 since the enzyme most frequently
considered to be involved in cTnI degradation is μ-calpain (also known as calpain 1) which
is known to cleave Tyr preferably.61

No significant correlation could be established between the cTnI degradation level and the
disease phenotype. Among all the major degradation products here, none of them can be
used as a robust indicator of disease or disease progression in contrast to cTnI
phosphorylation. Moreover, we only observed trace degradation products in freshly
collected transplant heart samples. The only detected degradation products were Y[25–
209]S and P[32–209]S with very low abundance (Table 1), which was consistent with those
reported previously for mouse and swine cTnI: Y[26–210]G and P[33–210]G (mouse and
swine cTnI sequences have one additional amino acid than that of human cTnI).21, 24

Nevertheless, every analytical method has its detection limit. It is possible that some
degradation products of extremely low abundance (<1% of the total population) may not be
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detected here. Moreover, as each antibody has its specific epitope region, it is also possible
that some degradation products lack those epitope regions may be missed during the
immunoaffinity step. The antibodies we used in this study are 14G5 and MF4, with epitopes
at N-terminal residues 1–23 and C-terminal residues 190–196 of cTnI, respectively.

Whether cTnI degradation can be considered a universal mechanism of contractile
dysfunction is still of intense debate.62 Selective cTnI proteolysis has been proposed as a
mechanism of contractile dysfunction mainly supported by a seminal report46 that the
transgenic mouse line expressed cTnI[1–193], a cTnI degradation product first found in
stunned rat myocardium44 exhibited ventricular dilation and decreased myofilament
contractility. However, studies on large animals (in vivo canine and swine models of
stunning) did not show such a degradation product associated with reversible stunning.62

The disparity among these studies suggests that the cTnI degradation might be species,
disease-model, and experimental preparation dependent.62–64

cTnI degradation products have been reported in both human myocardium and serum but
also with disparities. cTnI degraded products were detected in the myocardium of bypass
patients with some patients experiencing an increase in cTnI modification and others
experiencing a decrease.44 A recent study using human transplant samples reported no
evidence of cTnI degradation between failing and non-failing myocardium.48 In contrast,
Labugger et al. reported the detection of the extensive cTnI degradation (as many as 8
degradation products) in serum from patients with acute myocardial infarction (AMI), which
seemed to correspond to the severity of the AMI.45 This also indicated that some cTnI
modified products existing in the serum may also be present in the myocardium.65 It is
believed that the degradation of cTnI can potentially occur as a part of a natural turnover of
a protein or as a result of injury depending on the disease model and the sample origins.63

Overall, caution needs to be taken in consideration of cTnI degradation products as potential
disease markers.

Lack of detection of PKC phosphorylation sites in human cTnI
Our results provide strong evidence that the phosphorylation at Ser22/23 (the bona fide PKA
substrates) is a stable basal modification in healthy hearts, which is essential for normal
cardiac function, whereas a decrease in the basal phosphorylation could be linked to the
impaired contractile function in diseased hearts, underscoring the potential of cTnI
phosphorylation as a candidate cardiac biomarker for chronic diseases with impaired cardiac
contractile function. cTnI is also well-known to be regulated by protein kinase C (PKC) at
three sites, Ser43/45 and Thr144, which were identified based on in vitro phosphorylation
assays. However, we did not detect these PKC sites in this study, in agreement with other
studies using transplant human heart tissues.48, 51 The lack of detection of PKC
phosphorylation sites in cTnI purified from clinical human tissues is likely due to the
following possibilities: 1) the potential fundamental differences between in vitro and in vivo
experiments. 2) the well-known PKC sites (Ser43/45 and Thr144) have very low
phosphorylation occupancy (<1% of total cTnI populations), which may be below the
detection limit of our method;21 3) the potential PKC phosphorylation sites in cTnI
(Ser43/45 and Thr144) might only be present in the hearts of other specific disease models
which is not studied here; and 4) PKC phosphorylation might be offset by the increased
activity of phosphatase in end-stage heart failure.48 Whereas PKA phosphorylation in cTnI
is taken as a fact, the significance of PKC phosphorylation sites is still of intense debate due
to the lack of in vivo evidence.66

An additional phosphorylation site, Ser76/Thr77, identified in commercially available
human cTnI samples,20 was also not detected in the clinical samples here. This could be due
to the sample source, as the commercially available cTnI sample was purified from a
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mixture of multiple hearts possibly without proper control or preservation. Nevertheless, the
pathological implication of Ser76/Thr77 remains to be explored.

The effect of β-blockade on cTnI phosphorylation
Our study shows that there is no significant correlation between the reduced phosphorylation
in cTnI and β-blocker treatment (Fig. S7). Moreover, there is no clear correlation between
the β-blocker dosage and cTnI phosphorylation (Fig. S7B). Furthermore, the variability in
cTnI phosphorylation within a group does not correspond to cardiac indices like left
ventricular ejection fraction (LVEF) (Fig. S8). Although β-adrenergic antagonists are
considered as an effective therapy in the treatment of heart failure, its actual effect on the β-
adrenergic receptor systems is still not clear.67 Previous studies reported that β-blockers,
such as metoprolol and atenolol, suppressed the hypophosphorylation of ryanodine receptor
(RyR2) and restored channel function.68 In contrast, a recent paper demonstrated that the
cTnI and cMyBP-C phosphorylation level was not altered in a pig myocardial infarction
(MI) model with β-blocker therapy despite the relatively lower Ca2+ sensitivity in MI+β-
blocker compared with untreated myocardium.69 Moreover, studies by Messer et al.48 and
van der Velden et al.47 showed overall decreased phosphorylation of cTnI in human
transplant heart tissues without β-blocker therapy, consistent with our results. Therefore, we
reason that the decreased PKA phosphorylation of cTnI in diseased hearts may be
independent of β-blocker treatment (in other words, reduced PKA phosphorylation may
proceed with or without β-blocker therapy).

Tissue versus blood for biomarker discovery
Human blood (serum/plasma) has been the focus of clinical proteomics for biomarker
discovery since it is readily available and is potentially a rich source for biomarkers of
various diseases.70 However the blood sample also presents significant challenges for the
current analytical technologies due to its extraordinary dynamic range (> 10 orders of
magnitude) in protein concentration with several most abundant proteins dominating >99%
of the total protein amount in blood.70 Thus the serious mismatch between the complexity
and the huge dynamic range of proteins in blood against the extremely low abundant
potential biomarker candidates makes the discovery of novel biomarkers in blood extremely
difficult, and possibly with high false positive rate.35, 71–72 In contrast, damaged tissue
closest to the disease source appears to be a preferred sample choice for biomarker
discovery since it contains the highest concentration of potential disease markers.5, 36–39

Fresh frozen tissues are especially valuable for identification of biomarker with high
accuracy and specificity. Here, we have used freshly collected heart tissue samples from
transplant surgery within 15 min after the hearts stopped beating and our data revealed
unambiguously the significant correlation between cTnI basal phosphorylation levels and
the disease phenotypes, suggesting cTnI phosphorylation as a reliable candidate biomarker
for CHF.

On the other hand, although tissue is ideal for biomarker discovery, it is not widely
accessible as blood specimen, which limits its clinical utility in routine diagnostics.
Conversely, the readily available blood specimen has the great advantage for developing a
routine diagnostic assay since blood involves minimal risk and cost to obtain and thus is the
preferred form of a clinical test.5, 35, 71 Hence, it is plausible to use tissue sample for
biomarker discovery but use blood sample for biomarker validation.5 Once the candidate
biomarkers have been discovered in tissue sample, it is practical and essential to validate
them in serum/plasma using targeted experiments such as antibody-based immunoassays (by
developing antibodies recognizing the protein and its specific modifications) or MRM/SRM-
MS-based methods (by developing multiple reaction monitoring with stable isotope dilution
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methods).5, 35, 40 This serves as an essential biomarker validation step toward the ultimate
goal of developing blood-based diagnostic assay for routine use in the clinic.

The cTnI modification products have been detected in serum.45 Thus, it was believed that
some cTnI modification products necrotically released into the blood might be disease-
related, which can reflect the disease progression and the functional status of the remaining
viable myocardium with the potential to be the next-generation of cardiac biomarkers.13, 44

Therefore, the future efforts will be allocated to biomarker validation in human serum/
plasma with a large sample size (n=500) by MRM/SRM for targeted detection of
phosphorylated Ser22/23 and immunoassay with phosphoSer22/23 specific antibody to
further demonstrate its utility in the clinical setting.

Top-down quantitative proteomics for assessing PTMs
The major advantages of our top-down methodology include: (a) highly effective and
reproducible affinity purification of whole proteins from tissues. Affinity chromatography
remains the most effective and specific protein purification method.73 Here we demonstrate
the successful immunoaffinity purification of cTn complex from clinical human tissue
samples with high specificity and reproducibility. (b) Global detection of all possible
modifications (within the detection limit) without a priori knowledge. The traditional
strategies for PTM characterization, such as Western blotting, require a priori knowledge of
the modification types and seldom provide global information of a protein modification
state. In contrast, high-resolution MS analysis provides a "bird’s eye view" of all detectable
modifications (>1% of the total protein population) including various PTMs and sequence
variants.29 Here, the top-down MS revealed a comprehensive spectrum of cTnI PTMs
resulting from phosphorylation, proteolytic degradation and acetylation. (c) Identification
and quantification of modifications that reflect tissue stress. Although other non-MS-based
methods such as the recently developed Pro-Q diamond staining with 1D/2D PAGE can
provide semi-quantification of phosphorylation levels in proteins,48, 51 they cannot provide
the identification of proteins and their specific modification sites, which are essential for
understanding the molecular mechanisms of the disease. In contrast, the top-down
quantitative proteomics methodology not only detects and quantifies even subtle changes in
the protein modification levels in response to stress, but also provides unambiguous
identification of such altered modification site(s) regardless of the modification type. Our
data unequivocally revealed reduced phosphorylation levels in cTnI in CHF and identified
Ser22/23 as the phosphorylation sites by a unique nonergodic ECD method and determined
the phosphorylation/dephosphorylation order in health and diseased states, respectively. (d)
Characterization of the order of multiple PTMs. Since top-down MS directly analyzes the
whole proteins, all the PTMs and their correlation are well preserved. Here we have
unambiguously determined the phosphorylation/dephosphorylation order between the two
sites in cTnI in normal and diseased myocardium, respectively. Such an in-depth PTM
characterization can be hardly accounted for by a bottom-up proteomics strategy where the
proteins are first digested into small pieces, thus disrupting the interconnection among
multiple PTMs.28 (e) Highly reproducible quantification of all types of PTMs
simultaneously. Compared with the bottom-up approach, the top-down method has a unique
advantage in relative quantification of PTMs since the physico-chemical properties of whole
proteins are much less affected by the presence of modifying groups in comparison with
peptides.20, 33 In contrast to immunoblotting or Pro-Q diamond stain which can only provide
quantification for a specific modification, top-down quantitative MS provides universal
quantification of all types of modifications and thus can offer the correlation between
different types of modifications. Here we investigated the correlation between
phosphorylation and proteolytic degradation (Fig. S6). It also offers the possibility for global
comparisons among multiple samples, providing insight into disease progression.

Zhang et al. Page 12

J Proteome Res. Author manuscript; available in PMC 2012 September 2.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Admittedly, in comparison to the mature bottom-up proteomics technologies, the top-down
MS is still in its early developmental stage and yet to become available for routine use.
Nevertheless, the top-down MS has achieved substantial progress in the last few years and
started to gain increasing space in modern proteomics.19, 22, 27, 74–76 Hence, the continuing
development of new technologies with improvements in MS instrument sensitivity and
detection limits, front end protein separation, and user-friendly data processing and
automation software will ultimately promote wider use of top-down proteomics in the near
future.75

CONCLUSION AND FUTURE DIRECTION
We have employed a top-down quantitative proteomics methodology for in-depth
comparative analysis of PTMs in whole proteins extracted and purified from normal and
diseased cardiac tissues for the discovery of candidate biomarkers with high reproducibility
and specificity. Specifically, have analyzed 36 clinical human heart tissue samples and
unambiguously identified the phosphorylation of cTnI as a robust candidate biomarker for
CHF. We report, for the first time, the detection of reduced cTnI phosphorylation at the
early-stage of CHF highlighting its potential as a diagnostic marker for the early detection.
We have further mapped phosphorylation sites on cTnI to Ser22/23 and determined the
order of phosphorylation/dephosphorylation between these sites in normal and diseased
myocardium, respectively. In contrast, no correlation between detected proteolytic
degradation products and disease phenotypes was established. This study represents the first
clinical application of top-down quantitative proteomics for biomarker discovery from
tissues. It demonstrates the advantages of the top-down MS methodology to detect, identify,
characterize, and quantify protein PTMs for developing PTM-based disease biomarker. In
our future work, we will extend this methodology to systematically examine the correlation
of the PTMs of other contractile proteins and the disease phenotypes since the next
generation biomarkers are expected to be multi-marker panels characteristic of the
complexity of the underlying patho-physiology of the disease process. Moreover, the future
efforts will be allocated to biomarker validation in serum/plasma with a large sample size
via antibody-based and/or SRM/MRM MS-based targeted approach toward an ultimate goal
of developing a sensitive blood-based assay for routine diagnostics.
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Refer to Web version on PubMed Central for supplementary material.

ABBREVIATIONS

CHF chronic heart failure

PTMs post-translational modifications

ESI electrospray

LC liquid chromatography

MS mass spectrometry

MS/MS tandem mass spectrometry

CID collision-induced dissociation

ECD electron capture dissociation

FTICR Fourier transform ion cyclotron resonance
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MRM/SRM multiple (or selected) reaction monitoring

cTnI cardiac troponin I

cTn cardiac troponin complex

pcTnI mono-phosphorylated cardiac troponin I

ppcTnI bis-phosphorylated cardiac troponin I

PKA protein kinase A

PKC protein kinase C

LV left ventricle

RV right ventricle

S.E.M. the standard error of the mean

NOR control postmortem hearts with normal cardiac function

HYP postmortem hearts of mild hypertrophy

SHD postmortem hearts of severe hypertrophy/dilation

DOR donor transplant hearts with normal cardiac function

ICM ischemic cardiomyopathy

DCM dilated cardiomyopathy

CAD coronary artery disease

OCT orthotopic cardiac transplantation

VAD ventricular assist devices

LVEF left ventricular ejection fraction

ACE angiotensin-converting enzyme

ARB angiotensin receptor blockers

CCB Ca2+ channel blocker
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Fig. 1.
Schematic representation of top-down quantitative proteomics methodology featuring
affinity-chromatography and high-resolution MS for comprehensive analysis of PTMs in
whole proteins extracted from normal and diseased tissues.
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Fig. 2.
Representative high-resolution ESI/FTMS spectra of whole cTnI (M28+) purified from (A)
postmortem and (B) fresh transplant human heart samples. A, i) NOR2; ii) HYP3; and B, i)
DOR1; (ii) ICM3. Roman numerals (II–IV) indicate three different C-terminally truncated
isoforms of N-terminally acetylated cTnI (II, 1–207; III, 1–206, IV, 1–205). Subscripts p
and pp stand for mono and bisphosphorylation. +H3PO4, non-covalent adduct of phosphoric
acid. Asterisks indicate co-purified minor cTnT related products. NOR, control heart with
normal function; HYP, mild hypertrophy; DOR, donor heart; ICM, ischemic
cardiomyopathy. Clinical details of the myocardial tissue samples were shown in Table S1–
2.
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Fig. 3.
Correlation between the cTnI phosphorylation level and heart disease phenotypes.
Representative cases from (A) postmortem heart samples: i–ii) NOR2,3; iii–iv) HYP2,3; v–
vi) SHD1,2; vii–viii) CHF2,3; and (B) fresh transplant heart samples, i–ii) DOR1,4; iii–iv)
ICM3, 6; v–vi) DCM 3,4. Clinical details of the myocardial tissue samples were shown in
Supplemental Table S1–2.
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Fig. 4.
Relative quantification of cTnI phosphorylation in normal and diseased human heart
samples. (A) postmortem (NOR, control heart with normal function; HYP, mild
hypertrophy, SHD, severe hypertrophy/dilation; CHF, congestive heart failure), and (B)
fresh transplant (DOR, donor heart; ICM/DCM, ischemic/dilated cardiomyopathy) samples.
i) Total phosphorylated cTnI percentage (%Ptotal); ii) mono-phosphorylated cTnI percentage
(%Pmono); and iii) bis-phosphorylated cTnI percentage (%Pbis) over the entire cTnI
populations. Box, median and interquartile range (25%, 75%); whiskers, minimum and
maximum values. *p<0.05.
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Fig. 5.
Mapping cTnI phosphorylation sites by top-down MS with ECD. Fragmentation maps
of pcTnI in (A) normal, (B) hypertrophic heart samples and (C) ppcTnI in normal heart
samples. The identified phosphorylation site(s) of Ser22 in pcTnI and Ser22/23 in ppcTnI are
highlighted in circles.
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Fig. 6.
Relative quantification of cTnI degradation levels in normal and diseased heart samples.
NOR, normal controls, HYP, mild hypertrophy, SHD, severe hypertrophy/dilation, and
CHF, congestive heart failure. (a) Total degraded cTnI percentage (%Dtotal); (b–f)
percentages of degradation products cTnI(II), (III), (IV), [Y28–205K], [Y28–206K], over
the entire cTnI populations, respectively. Calculated p values were not found to be
statistically significant
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Table 1

Identification of cTnI components in ESI/FTMS spectra of postmortem (b) and fresh transplant (c) human
heart tissue samples.

Identification 1 Observed Mr (Da) Calculated Mr
2(Da) Error (ppm)

cTnIb,c 23917.96 23917.83 5.4

Major C-terminally truncated isoforms

cTnI(II)b 23701.96 23701.75 8.9

cTnI(III)b 23554.86 23554.68 7.6

cTnI(IV)b 23426.72 23426.59 5.5

Phosphorylation products

pcTnIb,c 23997.95 23997.90 2.1

ppcTnIb,c 24077.84 24077.86 −0.8

pcTnI(II)b 23781.60 23781.72 −5.0

ppcTnI(II)b 23861.67 23861.68 −0.4

pcTnI(III)b 23634.88 23634.65 9.7

ppcTnI(III)b 23714.68 23714.62 2.5

pcTnI(IV)b 23506.64 23506.55 3.8

ppcTnI(IV)b 23586.44 23586.52 −3.4

Major degradation products

cTnI Y[28–206]Kb 20605.22 20605.19 1.5

cTnI Y[28–205]Kb 20477.12 20477.10 1.0

cTnI Y[25–209]Sb,c 21359.60 21359.59 0.5

cTnI Y[25–207]Kb 21143.46 21143.50 −1.9

cTnI Y[25–206]Kb 20996.57 20996.56 0.5

Minor degradation products

cTnI A[1–148]Ib 16990.38 16990.46 −4.7

cTnI Y[28–209]Sb 20969.32 20969.40 −3.8

cTnI Y[25–205]Kb 20868.30 20868.32 1.0

cTnI S[23–171]Hb 17070.52 17070.27 14.6

TnI P[32–209]Sc 20504.48 20504.70 −10.7

1
Roman numerals indicate four different C-terminal truncated isoforms of C-terminally acetylated cTnI (I, residues 1–209; II, residues 1–207; III,

residues 1–206; IV, residues 1–205). Subscript p stands for monophosphorylation and pp stands for bisphosphorylation.

2
Calculated Mr is the most abundant isotopic mass based on the amino acid sequence of entry name TNNI3_human from the Swiss-Prot sequence

database.
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