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Cardiac troponin | (cTnl), the inhibitory subunit of the thin
filament troponin-tropomyosin regulatory complex, is re-
quired for heart muscle relaxation during the cardiac cycle.
Expressed only in cardiac muscle, cTnl is widely used in the
clinic as a serum biomarker of cardiac injury. In vivo func-
tion of cTnl is influenced by phosphorylation and proteoly-
sis; therefore analysis of post-translational modifications of
the intact protein should greatly facilitate the understanding
of cardiac regulatory mechanisms and may improve cTnl as
a disease biomarker. cTnl (24 kDa, pl ~ 9.5) contains twelve
serine, eight threonine, and three tyrosine residues, which
presents a challenge for unequivocal identification of phos-
phorylation sites and quantification of positional isomers. In
this study, we used top down electron capture dissociation
and electron transfer dissociation MS to unravel the molec-
ular complexity of cTnl purified from human heart tissue.
High resolution MS spectra of human cTnl revealed a high
degree of heterogeneity, corresponding to phosphorylation,
acetylation, oxidation, and C-terminal proteolysis. Thirty-six
molecular ions of cTnl were detected in a single ESI/FTMS
spectrum despite running as a single sharp band on SDS-
PAGE. Electron capture dissociation of monophosphoryla-
ted cTnl localized two major basal phosphorylation sites: a
well known site at Ser?? and a novel site at Ser’®/Thr”?, each
with partial occupancy (Ser??: 53%; Ser”®/Thr’”: 36%). Top
down MS?® analysis of diphosphorylated cTnl revealed oc-
cupancy of Ser?® only in diphosphorylated species consist-
ent with sequential (or ordered) phosphorylation/dephos-
phorylation of the Ser?®2® pair. Top down MS of cTnl
provides unique opportunities for unraveling its molecu-
lar complexity and for quantification of phosphorylated
positional isomers thus allowing establishment of the
relevance of such modifications to physiological func-
tions and disease status. Molecular & Cellular Proteom-
ics 7:1838-1849, 2008.

Cardiac troponin | (cTnl)?, the inhibitory subunit of the key
thin filament troponin-tropomyosin regulatory complex, plays
a critical role in Ca®"-mediated regulation of cardiac muscle
contraction and relaxation (1-7). cTnl is one of three troponin
| genes found in all vertebrates but is expressed only in the
heart. It has become a biomarker of choice for detecting
cardiac muscle injury because of its absence from skeletal
muscle (8). Altered phosphorylation of cTnl and other key
myofilament proteins can have dramatic effects on cardiac
function (9-11). Hyperphosphorylation of cTnl has been pro-
posed to contribute causally to cardiac dysfunction in the
transition from compensated hypertrophy to heart failure (10).
Phosphorylation of cTnl has been extensively studied (5-7,
10-14) and known to be regulated by cAMP-dependent pro-
tein kinase (PKA), protein kinase C (PKC), p21-activated ki-
nase, cyclic GMP-dependent protein kinase, and protein ki-
nase D. At least five serine/threonine phosphorylation sites of
cTnl have been identified, including Ser?®24 (Ser®?/2® exclud-
ing the initiating methionine), Ser***%, and Thr'*4, based on in
vitro phosphorylation studies (3-7, 10-14). However, to our
knowledge, the in vivo basal phosphorylation sites of cTnl
purified directly from heart tissues have not yet been charac-
terized. cTnl (24 kDa, pl ~ 9.5) has twelve serine, eight thre-
onine, and three tyrosine residues, which presents a major
challenge for unequivocal determination of the specific phos-
phorylation sites as well as relative quantification of the re-
sulting positional isomers.

A “top down” mass spectrometry (MS) approach has been
shown to be uniquely suited for characterization of proteins
(10-200 kDa) with complex post-translational modifications
(15-30). In the traditional “bottom up” approach, proteins of
interest are digested with an enzyme (e.g. trypsin) either in gel
or in solution prior to MS and MS/MS analysis (31-33). This
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provides a fast, reliable identification of the protein as well as
certain types of post-translational modification. However,
bottom up analysis has intrinsic limitations for characterizing
protein modifications because the peptide sequences recov-
ered from the digestion typically represent only partial cover-
age of the protein sequence, and most of the tryptic peptides
are relatively small resulting in a loss of correlation between
modifications on disparate portions of the protein (34, 35). The
top down strategy measures molecular weights of intact
proteins and dissociates these intact molecular ions directly in
the gas phase providing highly reliable detection and charac-
terization of sequence alterations and post-translational mod-
ifications (15-30, 36). Use of the newly developed MS/MS
techniques of electron capture dissociation (ECD) (37, 38) and
electron transfer dissociation (ETD) (39) greatly improves both
the efficiency and sequence coverage in top down analyses.
ECD and ETD cleave NH-CHR bonds to produce mainly ¢ and
Z' ions, complementary to those from the well developed
energetic dissociation methods such as collisionally activated
dissociation (CAD) (40) and infrared multiphoton dissociation
(IRMPD) (41) that cleave CO-NH bonds to produce b and y
fragment ions. The most important feature of ECD and ETD is
that they are nonergodic (37-39), which makes them ex-
tremely powerful in locating labile post-translational modifica-
tions in peptides or intact proteins (42-47).

The importance of quantification in proteomics is increas-
ingly appreciated (48), and various technologies developed
for quantitative proteomics including but not limited to iso-
tope-coated affinity tags (ICAT) (49), amine-reactive isobaric
tags (iTRAQ) (50), and stable isotope labeling by amino acids
in cell culture (SILAC) (51, 52) have generated widespread
interest. However, estimating the relative abundance of iso-
meric protein species with specific modifications remains a
challenge in proteomics and yet is extremely important for
elucidating biological function. A top down MS approach is
especially attractive because the ionization efficiency of intact
proteins is much less affected by the presence of modifying
groups in comparison with peptides (25, 35). Recently a top
down MS strategy with ECD has been successfully used for
quantitative characterization of positional isomers with stable
modifications and partial site occupancies (25, 27). MS anal-
ysis of protein phosphorylation still remains a difficult task in
proteomics because of the substoichiometric phosphoryla-
tion and the facile loss of phosphoric acid (53, 54). Hence
quantification of phosphorylated positional isomers is ex-
tremely challenging and to our knowledge has not yet been
reported in the literature. In this study, we used top down ECD
and ETD mass spectrometry for unraveling the molecular
complexity of the clinically important human cTnl and quan-
tification of the labile phosphorylated positional isomers.

EXPERIMENTAL PROCEDURES

Top Down Mass Spectrometry—Human cTnl was immunoaffinity-
purified from human heart tissue (Calbiochem, San Diego, CA), dis-

solved in water/acetonitrile/formic acid (50:50:0.1) at 0.1 pg/ul, and
loaded into an externally coated nanospray emitter with a 2-um inner
diameter (New Objective Inc., Woburn, MA) using a spray voltage of
1.0-1.4 kV versus the inlet of the mass spectrometer, resulting in a
flow of 20-50 nl/min. Intact protein molecular ions were analyzed
using a linear trap/FTICR (LTQ FT Ultra) hybrid mass spectrometer
(Thermo Scientific Inc., Bremen, Germany). lon transmission into the
linear trap and further to the FTICR cell was automatically optimized
for maximum ion signal. The target values (the approximate number of
accumulated ions) for a full MS scan linear trap scan, FTICR cell (FT)
scan, MS” linear trap scan, and MS” FTICR scan were 3 X 104, 106,
10%, and 5 X 10°, respectively. The resolving power of the FTICR
mass analyzer was set at 100,000 m/Amgq., at m/z 400, resulting in
one scan/s acquisition rate. Individual charge states of the protein
molecular ions were first isolated and then dissociated by ECD using
2% “electron energy” and a 45-ms duration time with no delay. Up to
3000 transients were averaged per spectrum to ensure high quality
ECD spectra from low abundance precursor ions. Alternatively pre-
cursor ions were dissociated by IRMPD in the ICR cell. The laser
duration and intensity were adjusted to result in 80-90% precursor
depletion. All FTICR spectra were processed with Xtract software (FT
programs 2.0.1.0.6.1.4, Xcalibur 2.0.5, Thermo Scientific Inc., Bre-
men, Germany) using a S/N threshold of 1.2 and fit factor of 10% and
validated manually. The resulting monoisotopic mass lists were fur-
ther searched using ProSightPC software (version 1.0, Thermo Sci-
entific Inc., San Jose, CA) against a human database (UniProt, re-
leased December 6, 2005, containing 33,592 basic sequences) with
monoisotopic precursor tolerance of 400 Da, 10-ppm monoisotopic
fragment tolerance, and 10 minimum required matches. The static
(mono-, di-, and tri-) methylations, phosphorylations, and acetylations
were considered during the search. The top candidate intact protein
sequence with a P-score better than 1072 was then used to assign
the previously unassigned fragments using a single protein search
mode with 10-ppm monoisotopic precursor and fragment toler-
ance; variable phosphorylations of Ser, Thr, and Tyr residues; se-
quence truncations on both termini; and 10 minimum required
matches. The M, values reported in the study are all most abundant
masses and the mass difference (in units of 1.00235 Da) between
the most abundant isotopic peak, and the monoisotopic peak is
denoted in italics after each M, value.

ETD experiments were performed using LTQ ETD with a 100-ms
reaction time and a 2 X 10° anion target for the ETD reagent
fluoranthene produced by a negative chemical ionization source
attached to the back of the linear trap. Up to 100 scans were
averaged to achieve desirable S/N on MS® ETD fragments. The
resulting MS® spectra were assigned manually to produce se-
quence tags that were used to pinpoint the location of phospho-
rylated residue(s) within the MS? fragment.

Bottom Up Mass Spectrometry with Limited Glu-C Digestion—Ten
micrograms of the human cTnl were dissolved in 25 mm ammonium
bicarbonate buffer, pH 7.8, and digested with 0.2 ug of endoprotein-
ase Glu-C (also known as V8 protease) (Calbiochem, San Diego, CA)
for 1 h at 37 °C, and the resulting peptide mixture (equivalent to 1 ug
of protein) was separated by LC using a C,5 150-um-inner diameter,
100-mm-long column (Microtech Scientific, Vista, CA) with a 200
nl/min flow rate and 45-min gradient. The peptide mixtures were
analyzed using an LTQ Orbitrap XL mass spectrometer (Thermo
Scientific Inc., Bremen, Germany). In these LC/MS experiments, a full
MS scan in the Orbitrap was acquired in parallel with three data-de-
pendent MS/MS scans in the LTQ. Dynamic Exclusion™ was used
with a single repeat count and 7-min exclusion duration. High reso-
lution full-scan spectra (60,000 m/Amsgq,, at m/z 400) were acquired
using a single microscan with 700-ms maximum ion injection time.
For MS/MS, precursor ions were activated using 25% normalized

Molecular & Cellular Proteomics 7.10 1839



Unraveling Molecular Complexity of Human Cardiac Troponin |

collision energy at the default activation g of 0.25 and detected in the
linear ion trap. The LC/MS/MS data were searched with the Mascot
search engine (version 2.2, Matrix Sciences Ltd., London, UK) against
a human database (IPI_human HUMAN_v3_27, containing 67,528
sequences) with 5-ppm precursor mass accuracy, 0.8-Da fragment
mass accuracy, ESI-FTICR instrument type, and a maximum of three
missed cleavages for V8-E enzyme and allowing for fixed acetylation
on the protein N terminus and variable phosphorylation on Ser, Thr,
and Tyr residues. The results were filtered using a significance thresh-
old of p < 0.001 and ion score of 15, and only “bold red” peptide
matches were considered.

Calculation of Phosphorylation Occupancies of Multiple Sites—To
quantitatively determine the partial phosphorylation occupancy of
each site, ECD experiments were performed on the M33*, M32*, and
M3'* charge states of the molecular ions of unphosphorylated
(23,554.757-14 at m/z 714.8, 737.1, and 760.8, respectively) and
monophosphorylated isoform Ill (23,634.728-14 at m/z 717.2, 739.6,
and 763.4, respectively) with three replicates per charge state. The
peak intensities of the resulting unphosphorylated ¢ fragment ions
(S/N > 3) were used to calculate the partial phosphorylation occu-
pancy for each distinct phosphorylation site. The absolute abundance
of the most abundant isotope of each individual unphosphorylated
fragment was first normalized intraspectrum versus the fragments
whose relative abundances had not changed after phosphorylation
(analogous to “internal standard”). Such normalized abundances
were then compared interspectra between unphosphorylated and
phosphorylated precursors. The abundance ratio (AR) and phospho-
rylation occupancy (PPO%) were calculated according to Equations 1
and 2. The partial occupancy of individual phosphorylation sites was
calculated as a relative percentage of their full occupancy.

AR = DP Eq. 1
()’ (Eq. 1)

and
PPO% = [1 — AR] X 100% (Eq. 2)

where Ax is the absolute abundance of the most abundant isotope of
each individual unphosphorylated ¢ fragment ion, Ai is the absolute
abundance of the most abundant isotope of the “internal standard” ¢
fragment ion, p represents the monophosphorylated form, and u
represents the unphosphorylated form.

The S.E. was calculated for each fragment AR (n = 18 (three
replicates of six internal standard c ions)). Analytical reproducibility
was assessed using three replicates with the three most abundant
charge states.

RESULTS

High Resolution Mass Spectrometry Analysis of Human
cTnl—Human cTnl was immunoaffinity-purified from nomi-
nally healthy adult human heart tissue. Its size and relative
purity were confirmed by SDS-PAGE and Coomassie Blue
staining (Fig. 1D). The protein sample was analyzed by top
down mass spectrometry with an LTQ FT Ultra. Direct elec-
trospray ionization analysis produced a high resolution multi-
ply charged mass spectrum as shown in Fig. 1A. The decon-
voluted MS spectrum for cTnl is shown in Fig. 1B, revealing
36 molecular isoforms of the cTnl protein. The molecular
weights, their tentative assignments based on accurate mo-
lecular mass, and the normalized relative abundances of the
major and minor components are summarized in Table I. The

Calc. 23554.683-14
(C) Expt. 23554.757-14
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Fic. 1. High resolution ESI/MS analysis of intact cTnl purified
from human heart tissue. A, full mass spectrum of multiply charged
cTnl molecular ions. B, Xtract deconvoluted spectrum of multiply
charged intact cTnl molecular ions as shown in A. Roman numerals
indicate four different C-terminally truncated isoforms of cTnl. Each of
the isoforms is also present as +80- and +160-Da forms (mono- and
diphosphorylated (+P and +2P)). Oxidized species are indicated by
“0.” C, isotopically resolved molecular ion of isoform Il (M32%). Cir-
cles represent the theoretical abundance isotopic distribution of the
isotopic peaks corresponding to the assigned mass. D, one-dimen-
sional SDS-PAGE analysis of human cTnl stained with Coomassie
Blue. Calc., calculated; Expt., experimental.

identities of the most abundant components of cTnl with
masses of 23,554.757-14 (isoform Ill; Fig. 1C), 23,634.728-14,
and 23,714.695-14 Da were confirmed by ECD and IRMPD
experiments using an absolute mass search mode in Pro-
SightPC. They corresponded to the N-terminal Ala-acetylated
product of cTnl with the removal of Met from the N terminus
and a loss of Phe-Glu-Ser residues from the C terminus
(calculated M, = 23,554.683-74) and its mono- and diphos-
phorylated isoforms, respectively. These positive identifica-
tions were supported by high P-scores of 8.6 X 1072° and
3.6 X 107 '° for isoform Ill and its monophosphorylated form
(from ECD spectra of 23,554.757-14- and 23,634.728-14-Da
parent ions, 32+, at m/z 737 and 739.5, respectively) and a
P-score of 4 X 10 * for its diphosphorylated form (from
IRMPD spectrum of 23,714.695-14-Da parent ion, 32+, at
m/z 742). The other two forms with molecular weights of
23,701.826-74 (isoform Il) and 23,426.662-74 (isoform V)
matched with N-terminal Ala-acetylated truncated products
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TABLE |

Identification and relative quantification of major and minor components observed in ESI/FT MS spectrum of human cTnl

Observed M,-14 Calculated M,-147 Error Tentative identification® Absolute abundance Relative abundance
Ppm %
23,426.662 23,426.588 3.1 I\ 2,540 4.5
23,442.655 23,442.584 3.0 IV+O 227 0.4
23,461.627 No ID 262 0.5
23,506.651 23,506.554 4.0 IV+P 1,790 3.1
23,522.613 23,522.550 2.6 IV+P+0O 258 0.5
23,538.629 23,538.546 3.5 IV+P+20 272 0.5
23,554.757 23,554.683 3.1 1l 8,520 14.9
23,570.748 23,570.679 2.9 +0 1,520 2.7
23,586.716 23,586.675 1.7 1+20 and IV+2P 235 0.4
23,5689.733 No ID 2,420 4.2
23,634.728 23,634.649 3.3 n+pP 7,780 13.6
23,650.717 23,650.645 3.0 +P+0O 2,880 5.1
23,670.708 No ID 2,130 3.7
23,686.717 No ID 933 1.6
23,701.826 23,701.751 3.1 Il 2,840 5.0
23,714.695 23,714.615 3.3 +2P 3,880 6.8
23,730.684 23,730.611 3.0 +2P+0 1,610 2.8
23,749.680 No ID 995 1.7
23,765.677 No ID 387 0.7
23,781.811 23,781.717 3.9 II+P 1,710 3.0
23,797.757 23,797.713 1.8 II+P+0O 510 0.9
23,813.768 23,813.679 3.7 II+P+20 228 0.4
23,829.657 23,829.645 0.5 II+P+30 262 0.5
23,845.796 23,845.611 7.7 II+P+ 40 140 0.2
23,861.768 23,861.683 3.5 I1+2P 268 0.5
23,877.81 23,877.679 5.5 I+2P+0 155 0.3
23,917.911 23,917.826 3.5 | 4,540 8.0
23,933.887 23,933.822 2.7 1+0 250 0.4
23,952.865 No ID 1,730 3.0
23,968.859 No ID 281 0.5
23,984.793 No ID 738 1.3
23,997.890 23,997.792 4.1 I+P 1,670 2.9
24,013.859 24,013.788 3.0 1+P+0 988 1.7
24,029.847 24,029.784 2.6 I+P+20 2,080 3.6
24,077.733 24,077.758 -1.0 1+2P 124 0.2
24,093.782 24,093.724 2.4 1+2P+0 341 0.6

2 Calculated M, is based on the amino acid sequence of entry name TNNI3_human obtained from the Swiss-Prot sequence database.

® Roman numerals indicate four different C-terminal truncated isoforms of N-terminally acetylated cTnl (I, residues 1-209; Il, residues 1-207;
Ill, residues 1-206; IV, residues 1-205). “P” stands for phosphorylation, and “O” stands for oxidation. Tentative identifications were not
assigned (“No ID”) for the cases where overlapping isotopic peaks were observed.

with Glu-Ser or Lys-Phe-Glu-Ser residues removed from the
C terminus, respectively. The protein isoform with molecular
weight of 23,917.911-74 (isoform ) agrees with the molec-
ular weight of the N-terminal Ala-acetylated full sequence of
cTnlin the human database. No further MS/MS experiments
were undertaken to confirm these assignments. Other major
components of the sample matched with either mono- or
diphosphorylated isoforms I-IV or oxidized products. Rela-
tive quantification of four truncated isoforms (I-1V) including
modified and unmodified forms is summarized in Table II.
The relative abundances of un-, mono-, and diphosphoryl-
ated forms observed for cTnl molecules are summarized in
Table lll. The amino acid sequences and molecular
weights of the four human cTnl isoforms (I-IV) are shown in
Table IV.

TaBLE Il
Relative quantification of four isoforms of human cTnl (I-1V) including
modified and unmodified forms as assigned in Table |

cTnl Combined absolute Relative
isoform abundance abundance

%

I (Ac1-209) 9,993 21.0

Il (Ac1-207) 6,113 12.8

Il (Ac1-206) 26,425 55.5

IV (Ac1-205) 5,087 10.7

Sum 47,618 100

Localization of Basal Phosphorylation Sites in the Mono-
phosphorylated cTnl Isoform Ill—Each of the cTnl isoforms
(I-1V) existed in three states, M, M + 80, and M + 160,
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representing un-, mono-, and diphosphorylated molecular
species, respectively. To map basal phosphorylation sites, the
individual charge state (M*2") of the monophosphorylated
isoform Ill was isolated and dissociated by ECD (Fig. 2).
Masses derived from the resulting ECD spectra were as-
signed to fragments expected from the predicted sequence of
cTnl with N-terminal Ala acetylation and C-terminal truncation
of Phe-Glu-Ser residues (root mean square = 3.1 ppm). A
single ECD experiment generated 37 ¢ and 30 z' fragment ions
representing 65 cleavages of the total 205 NH-CH available
backbone bonds in isoform lll, confirming N-terminal Ala
acetylation and the C-terminal truncation (Fig. 3 and supple-
mental Tables 1 and 2). The fact that only unphosphorylated ¢
fragment ions were detected for cg—c,, but a mixture of un-
and monophosphorylated ions was observed for c,,—Cqq3
fragments unambiguously assigned one phosphorylation site
to Ser?2. Partial occupancy of this site was indicated by the
co-existence of un- and monophosphorylated c,,—C4¢5 iOns.
The presence of both unphosphorylated and monophospho-

TABLE I
Relative quantification of overall un-, mono-, and diphosphorylated
human cTnl including all four isoforms (I-1V) as assigned in Table |

rylated cgg ions in the ECD spectrum (Fig. 2, inset) indicates
that some protein positional isomers have a phosphorylation
site before (or on) residue 66 and that the rest are phospho-
rylated after residue 66. The observation of predominantly
unphosphorylated z*, o ions suggests that there are no major
phosphorylation sites in isoform Il after residue 106 (residues
206-100). Therefore, there must be a major phosphorylation
site between residues 67 and 106; the only residues with side
chain hydroxyls are Ser”® and Thr””.

The monophosphorylation site at Ser??> was also verified
with MS® ETD experiments (Fig. 4). First the individual charge
state (M®2* at m/z 739.6) of monophosphorylated isoform IlI
of cTnl (Fig. 4A) was dissociated in the ion trap using CAD
(Fig. 4E). The dominant neutral loss of 80 Da was observed in
the CAD spectrum (Fig. 4C) as phosphorylation is labile under
the energetic dissociation conditions of CAD (or IRMPD). It is
also possible that a fraction of the ions at m/z 683.545 could
be unphosphorylated b,%* fragments, MS/MS products of
the monophosphorylated M®2* precursor ions. The abundant
monophosphorylated b, fragment (Fig. 4, C and D) (its iden-
tity was separately confirmed by high resolution accurate
mass MS? IRMPD experiments; Fig. 4B) was further isolated
and fragmented using ETD. The sequential doubly charged

cTnl Combined Relative C45—Cos fragment ions verified one phosphorylation at Ser®?
phosphorylated form absolute abundance abundance (Fig. 4F and supplemental Table 3)
% Determination of Phosphorylation Occupancies in Mono-
Unphosphorylated 20,672 43.4 phosphorylated cThl—ECD experiments were performed in-
Monophosphorylated 20,568 43.2 dividually on unphosphorylated and monophosphorylated
Diphosphorylated 6,378 13.4 cTnl isoform Il to quantify phosphorylation occupancy of
Sum 47,618 100 . . ) .
each site. Given that the first N-terminal phosphorylated res-
TaBLE IV
The amino acid sequences and molecular weights of the four human cTnl isoforms
cTnl Amino acid sequence Sequence modifications Calculated
isoform . to TNNI3_human® M,-14°
| (Ac1-209) ADGSSDAARERPAPAPIRRRSSNYRAYATEPHAKKKSKISASR N-terminal acetylation 23,917.826
KLQLKTLLLQIAKQELEREAEERRGEKGRALSTRCQPLELT
GLGFAELQDLCRQLHARVDKVDEERYDIEAKVTKNITEIADL
TQKIFDLRGKFKRPTLRRVRISADAMMQALLGARAKESLDLRA
HLKQVKKEDTEKENREVGDWRKNIDALSGMEGRKKKFES
Il (Ac1-207) ADGSSDAARERPAPAPIRRRSSNYRAYATEPHAKKKSKISASR  N-terminal acetylation and 23,701.751
KLQLKTLLLQIAKQELEREAEERRGEKGRALSTRCQPLELTG C-terminal truncation of Glu-Ser
LGFAELQDLCRQLHARVDKVDEERYDIEAKVTKNITEIAD
LTQKIFDLRGKFKRPTLRRVRISADAMMQALLGARAKESLDLR
AHLKQVKKEDTEKENREVGDWRKNIDALSGMEGRKKKF
Il (Ac1-206) ADGSSDAARERPAPAPIRRRSSNYRAYATEPHAKKKSKISASRK N-terminal acetylation and 23,554.683
LOLKTLLLQIAKQELEREAEERRGEKGRALSTRCQPLELTGLG C-terminal truncation of Phe-Glu-Ser
FAELQDLCRQLHARVDKVDEERYDIEAKVTKNITEIADLTQK
IFDLRGKFKRPTLRRVRISADAMMQALLGARAKESLDLRAHL
KQVKKEDTEKENREVGDWRKNIDALSGMEGRKKK
IV (Ac1-205) ADGSSDAARERPAPAPIRRRSSNYRAYATEPHA N-terminal acetylation and 23,426.588

KKKSKISASRKLQLKTLLLQIAKQELEREAEERRG

C-terminal truncation of Lys-Phe-Glu-Ser

EKGRALSTRCQPLELTGLGFAELQDLCRQLHARVDKVDEER

YDIEAKVTKNITEIADLTQKIFDLRGKFKRPTLRRVR
ISADAMMQALLGARAKESLDLRAHLKQVKKEDTEK
ENREVGDWRKNIDALSGMEGRKK
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idue was Ser®? from the qualitative data, we selected the six
abundant ¢ fragment ions between the N terminus and Ser??
as independent “internal standards” (as their relative abun-
dances do not change between unphosphorylated and phos-
phorylated isoforms (supplemental Fig. 1)). The absolute
abundances of the remaining unphosphorylated c ions from
unphosphorylated and phosphorylated isoform Il were nor-
malized to these six fragments intraspectrum. The presence
of multiple unphosphorylated c ions between the N terminus
and Ser®? (six in our case) is advantageous as it allows for
multiple independent measurements of the AR (Equation 1)
for each fragment ion, greatly improving the precision of our
quantification method. Moreover the abundances of all un-
phosphorylated ¢ ions (normalized independently to the first
six N-terminal ¢ ions) were compared between the mono-
phosphorylated and unphosphorylated isoform Ill. These abun-
dance ratios revealed differences in fragment abundance
caused by a phosphorylation event. To ensure statistical va-
lidity of our measurements, the experiments were repeated
three times on the three most abundant charge states of
both the unphosphorylated and monophosphorylated cTnl
isoform lIl.

ible fragments among the three repli-
cates are shown. Ser (S), Thr (T), and Tyr
(Y) residues are highlighted in circles.

The abundance ratios of all unphosphorylated c ions from
ECD of unphosphorylated and monophosphorylated isoform
Il are plotted against the amino acid sequence of cTnl (Fig. 5).
A phosphorylation occupancy map of monophosphorylated
cTnl is also illustrated in Fig. 5. The abundance ratios for the
first six fragments (Co, C15, C18, C19, C2o, @nd C,,) from un- and
monophosphorylated isoform Il were approximately 1 (1.01 =
0.1), indicating that their relative abundances did not change
in the ECD spectra, which confirms that there is no phospho-
rylation site between the N terminus and Ser®2. The abun-
dance ratio started to drop at c,, (Ser??) and stayed at an
average of 0.47 = 0.05 between c,; and cgg indicating that
47% of Ser®® is unphosphorylated and 53% of the
23,634.728-14 molecules are phosphorylated at Ser?2. The
abundance ratios did not change appreciably between c,5
and cg, strongly suggesting that there are no phosphorylated
residues between Ser®® and GIu®® including Ser*'/4® (Ser*1/43
in human cTnl; Ser*®*“® in mouse cTnl), and then decreased to
0.18 at c,4 indicating that there is another major phosphoryl-
ation site between Gly®® and Cys”®. There are only two pos-
sible phosphorylation sites within this region, Ser”® and Thr’?,
suggesting that the second dominant positional isomer was
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FiG. 4. Confirmation of monophosphorylation site at Ser?? by
MS2 ETD experiments. A, low resolution ES| spectra of multiply
charged intact cTnl molecular ions measured in the linear ion trap. B,
partial high resolution IRMPD spectrum from the monophosphoryla-
ted cTnl isoform Il 32+ molecular ion at m/z 740. C, partial linear trap
CAD spectrum from the precursor molecular ion at m/z 740. D, a
linear trap ultrazoom CAD scan showing the isotopically resolved
monophosphorylated (p) bs,®* fragment ion. E, linear trap CAD spec-
trum from the monophosphorylated cTnl isoform Ill 32+ molecular ion
at m/z 740. F, ETD MS? spectrum of the monophosphorylated b,,°"
fragment ion. The region shows ETD doubly charged ¢ fragment ions
forming a sequence tag that is consistent with fully phosphorylated
Ser?? and unphosphorylated Ser?s.

phosphorylated at either of these two residues and accounted
for 36% of phosphorylation occupancy of the 23,634.728-74
molecules. As no ¢ fragment ions were observed between
these two residues, we cannot confidently assign the modifi-
cation to either one. In addition, the abundance ratios re-
mained at an average of 0.11 = 0.08 between c,4 and c445
suggesting the presence of a low level (10-12%) unidentified
positional isomer(s) with likely phosphorylation site(s) be-
tween Glu''® and the C terminus. Because no phosphorylated
z' fragment ions were found between the C terminus and z',4
(S/N = 20), this minor basal phosphorylation site(s) is likely
located between residues Glu'"® and Thr'8°; which contains
five Thr, two Ser and no Tyr residues.

Confirmation of the Phosphorylation Site by Bottom Up
Mass Spectrometry—To verify the presence of phosphoryla-
tion at Ser’®/Thr’”, human cTnl was digested with Glu-C
protease for 1 h, and the resulting peptides were separated by
reverse phase HPLC and sequenced in a data-dependent
manner using an LTQ Orbitrap. The resulting LC-MS/MS file
was searched against a human data base using Mascot. A
total of eight peptides matched the sequence of cTnl (Inter-
national Protein Index entry 00244346) with a score of 45 and
sequence coverage of 37% (supplemental Table 4). The pep-
tide Lys-Gly-Arg-Ala-Lys-Ser-Thr-Arg-Cys-Gin-Pro-Leu-Glu-
Leu-Ala-Gly-Leu-Gly-Phe-Ala-Glu was found to be mono-
phosphorylated as confirmed by its accurate mass (calculated
M, = 2297.142-1; experimental M, = 2297.147-1; 2.2 ppm; at
m/z 766.389, 3+) as well as its linear trap MS? spectrum
(Mascot score, 16) with a dominant neutral loss of 80 Da (Fig.
6 and supplemental Fig. 2 and Table 5). The structural frag-
ments indicate that either Ser® or Thr” (Ser”®/Thr”” in the protein
sequence) is esterified by a phosphoryl group, directly qualita-
tively confirming our interpretation of the high resolution and
high accuracy top down ECD data. Considering that Glu-C
digestion was performed on the mixture of many structurally
similar isoforms of the same protein (over 30 intact molecular
ions were observed in the full-scan FTICR spectrum) and the
recovery of phosphopeptides after digestion is not quantitative,
no conclusions on the phosphorylation occupancy of this site
can be made from the bottom up experiments.

Localization of a Diphosphorylation Site at Ser?® by Top
Down MS® Mass Spectrometry—The diphosphorylated iso-
form Il (M®2™) molecular ion was first isolated and dissociated
by IRMPD in the ICR cell or by CAD in the LTQ. In each case
a dominant diphosphorylated bs,°" fragment (3572.620-17,
1.9 ppm) at m/z 715.91 was produced with two consecutive
neutral losses of 80 Da because of the energetic nature of
IRMPD and CAD (Fig. 7, A and B). It is also possible that a
portion of the ions at m/z 683.545 and 699.538 can be un- and
monophosphorylated b;,®* fragments directly resulting from
the diphosphorylated M®2* precursor ions. For the MS® ex-
periments, the diphosphorylated M*2* molecular ions were
first isolated and dissociated by CAD in a stand alone LTQ
equipped with an ETD source. The resulting bs,°" fragment
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ions at m/z 715.88 were further isolated and fragmented using ion (Fig. 7D) compared with the ¢ fragment ions in the ETD
ETD where the corresponding doubly charged ¢ ions were MS?® spectrum obtained from the monophosphorylated iso-
shifted by an additional 80 Da starting from the c,; fragment form (Fig. 7C and supplemental Table 6). This indicated that
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FiG. 7. Localization of phosphorylated sites in diphosphorylated
cTnl isoform Il by MS® ETD. A, partial high resolution IRMPD
spectrum of the precursor ion at m/z 742.092 corresponding to
diphosphorylated isoform Il (32+). B, partial low resolution CAD
spectrum recorded in the linear trap on the same parent ion. C, partial
ETD MS?® spectrum of the monophosphorylated b;,>* fragment ion.
The expanded region shows doubly charged ¢ fragment ions forming
a sequence tag that includes monophosphorylated (p) Ser?? and
unphosphorylated Ser?®. D, partial ETD MS® spectrum of the diphos-
phorylated (2p) bs;°" fragment ion. The region shows ETD doubly
charged c fragment ions forming a sequence tag that includes phos-
phorylated Ser?? and Ser®®.
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among the diphosphorylated isomers of isoform Il there was
a significant portion of positional isomers with both Ser?? and
Ser?® phosphorylated in the same molecule. Importantly oc-
cupancy of Ser?® was not detected in monophosphorylated
species but was observed here in diphosphorylated cTnl ions.
As no other abundant MS? fragments suitable for consecutive
MS? analysis were observed in CAD or IRMPD spectra, further
experiments to localize other possible phosphorylation sites
in diphosphorylated isoform Il were not undertaken.

DISCUSSION

Complex Molecular Heterogeneity of cTnl—The high reso-
lution MS spectrum of cTnl reveals a substantial degree of
heterogeneity where 36 distinct components of human cTnl
were observed; albeit a parallel analysis of cTnl by SDS-PAGE
showed only a single sharp band. A previous low resolution
LC/MS and MALDI/MS analysis of human cTnl only reported
up to eight heterogeneous cTnl components (55). The accu-
rate molecular weights measured here by high resolution MS
revealed a number of features of human cTnl. The removal of
Met was confirmed in agreement with the amino acid se-
quence obtained from the Swiss-Prot database. In addition,
all isoforms detected here were acetylated on the N-terminal
Ala. Three different types of truncated products of cTnl were
found resulting from truncations of C-terminal Glu-Ser, Phe-
Glu-Ser, and Lys-Phe-Glu-Ser residues. This proteolytic C-
terminal truncation of cTnl might correlate with altered cardiac
function as the C terminus is highly conserved and may di-
rectly participate in the allosteric switch during Ca®* activa-
tion of contraction (56). Mono- and diphosphorylations were
observed in all four isoforms (I-1V) of cTnl. Oxidation was also
observed that could possibly occur in vivo as a result of
oxidative stress or in vitro from sample preparation or both.
cTnl is known to be subject to extensive post-translational
modification including phosphorylation, proteolysis, and oxi-
dation under both physiological and pathological conditions
(57). These modifications occurring either in the myocardium
or after release into the general circulation could potentially
provide insight into the history of cTnl present in the tissues
and fluids of the body and ultimately be linked to disease
etiology, pathogenesis, and prognosis.

Top Down MS with ECD for Quantification of Phosphoryl-
ated Positional Isomers—Top down ECD analysis of mono-
phosphorylated cTnl isoform Il suggested the existence of
more than one positional isomer for monophosphorylated
23,634.728-14 molecular ions. Because ECD is known to
preserve labile post-translational modifications (37, 38, 42—
45), the presence of a mixture of un- and monophosphoryl-
ated c,,—C,45 fragment ions indicated the existence of at
least one additional phosphorylation site located between
Ser?? and the C terminus. Conversely if all phosphoryl
groups were present only on Ser®? (the case of a single
positional isomer), one would expect to see only phospho-
rylated c,,—c,45 fragments.

To quantify the phosphorylated positional isomers, instead
of directly measuring ratios of unphosphorylated to phospho-
rylated fragments in a single spectrum (analogous to what has
been successfully done by Kelleher and co-workers (25) for a
non-labile post-translational modification), we developed a
new methodology by measuring the difference in relative
abundance of the unphosphorylated c ions derived from ECD
of unphosphorylated and monophosphorylated precursor
ions. This is because ECD cleavage efficiency of the peptide
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backbone bonds could be affected by the phosphate moiety
in the neighborhood thereby altering the yield of the phospho-
rylated fragments (58) so that the relative abundances of
phosphorylated c ions derived from ECD/ETD are not neces-
sarily proportional to the size of the corresponding phospho-
rylated isomeric precursors. Hence a direct measurement of
the abundance ratios of phosphorylated to unphosphorylated
c/z" ions within one spectrum would significantly compromise
the accuracy in quantification of phosphorylated isomers.

In contrast, our method utilized only the unphosphorylated
fragment ions first through intraspectrum normalization versus
internal standard fragments followed by a comparison be-
tween ECD spectra of unphosphorylated and phosphorylated
precursor ions, allowing for quantitative determination of par-
tial phosphorylation occupancies of the corresponding sites
as the abundance ratios revealed the difference attributed to
phosphorylation events. Therefore, it is arguably a more ac-
curate method for quantification of phosphorylation occupan-
cies because of the physicochemical properties of phospho-
rylated polypeptides (25, 35, 53, 54).

Potential Physiological Implication of the New Phosphoryl-
ation Site—A new phosphorylation site was identified and
quantified at residue Ser”®/Thr”” by top down ECD and con-
firmed by a Glu-C proteolytic digest. To our knowledge, this is
the first experimental evidence for Ser’®/Thr’” as an in vivo
phosphorylation site in human cTnl, although Ser”® is pre-
dicted to be a phosphosite based on an algorithm that detects
kinase recognition motifs (PhosphoSite, Cell Signaling Tech-
nology). Moreover Kuo and co-workers (59) reported that
Ser”® in bovine ¢Tnl was slowly and incompletely phospho-
rylated by PKC in vitro. Interestingly human cTnl and bovine
cTnl share 100% sequence identity for >20 residues flanking
each side of this residue (Ser”® in human cTnl; Ser”® in bovine
cTnl). Phosphorylation of cTnl by PKC occurs primarily on
Ser*¥45 and Thr'44, resulting in alterations of calcium sensi-
tivity and ATPase rate during contraction (3-7, 10). In the
crystal structure of the human troponin complex obtained by
Maeda and co-workers (60), Ser”/Thr”” is exposed to solvent
and likely to be accessible to kinases. In addition, it is possible
that phosphorylation of Ser”®/Thr”” located at the end of an
a-helix may serve to extend the helix by analogy with phos-
phorylation of Ser*'/4% to alter the rigidity of a lever arm in the
heterotrimeric protein complex (4). Both the expression level
of protein kinases and the phosphorylation state of myofila-
ment proteins have been shown to be altered in end stage
heart failure (9), but the status of Ser’®/Thr’” has not been
investigated further in this context because of the lack of
information on the storage and purification conditions for this
commercially available human cTnl.

Ordered or Sequential Phosphorylation—Our top down
MS/MS and MS?® analysis of cTnl revealed Ser®? as a primary
phosphorylation site in both mono- and diphosphorylated
human cTnl, whereas Ser®>® was only phosphorylated in the
diphosphorylated species. Sequential (or ordered) phospho-

rylation of these serine residues on cTnl has been suggested
based upon phosphorylation of synthetic peptides by PKA in
vitro (61-64). In those studies, Ser>® was phosphorylated first
followed by Ser?? at a ~10-fold slower rate. Differences in
phosphorylation kinetics was also reported by Potter and
co-workers (65) who treated mouse cTnl containing alanine
substitutions with PKA in vitro and found that Ser®® was
phosphorylated severalfold more rapidly than Ser??. These
authors suggested that Ser®® might be constitutively phos-
phorylated and that Ser®® phosphorylation may therefore be
functionally more important. Here we found strong evidence
for constitutive phosphorylation of Ser®? rather than for Ser®®
in human cTnl. This apparent disagreement of our results with
the literature may be explained by our analysis of the basal
phosphorylation state of intact human cTnl phosphorylated in
vivo in contrast to those previous in vitro studies (61-65). In
vivo, Ser?®> may be phosphorylated by kinases in addition to
PKA, such as PKC (12, 66, 67), cyclic GMP-dependent protein
kinase (10), and protein kinase D (14). Moreover one must
consider the actions of phosphatases in the in vivo setting
that may also dephosphorylate Ser®® faster than Ser?? such
that Ser?? is the thermodynamically preferred site even
though Ser?® is kinetically preferred. The need to study
phosphosites that occur in vivo has been emphasized in
recent studies because some of the in vitro sites appeared
to be artifacts (68). In general, the basal phosphorylation
state of cTnl has not been adequately established from any
tissue source, so our characterization of these in vivo phos-
phorylation sites represents an important precedent for this
protein. In fact, the basal state of post-translational modifi-
cation is an important starting point in understanding regu-
lation of any protein in vitro and in vivo.

Conclusion—Top down ECD and ETD mass spectrometry
has been directly applied here for unraveling the molecular
complexity of phosphorylated cTnl purified from human heart
tissue. FTMS spectra of intact cTnl ions revealed a high
degree of heterogeneity (over 30 different molecular ions)
within a nominally pure sample of cTnl. Many of the ions were
assigned to specific molecular species, and much of the
heterogeneity was accounted for aided by the high mass
accuracy and high resolution afforded by this technology.
ECD and ETD dissociations of cTnl retained labile phosphoryl
moieties and allowed for reliable localization of basally phos-
phorylated sites in human cTnl. Two major basal phosphoryl-
ation sites were characterized from monophosphorylated
cTnl, one of which was an extensively studied PKA site,
whereas the other was an almost completely unknown and
uninvestigated site. Meanwhile a new methodology was also
developed for quantification of the positional isomers with
labile post-translational modifications. Top down MS® analy-
sis of diphosphorylated cTnl revealed another PKA phospho-
rylation site and suggested sequential (or ordered) phospho-
rylation/dephosphorylation between these PKA sites. These
new insights into cTnl structure and new capabilities afforded
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by top down MS/MS will facilitate a deeper understanding of
physiology and pathophysiology of this important human
phosphoprotein. As shown here, top down MS/MS with ECD/
ETD provides unique opportunities for 1) discovery of novel
phosphorylation sites, 2) quantification of positional isomers
even with labile phosphorylation, and 3) exploration of inter-
dependencies between phosphorylation sites by different ki-
nase/phosphatase systems.
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