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a  b  s  t  r  a  c  t

Top-down  high-resolution  electron  capture  dissociation  (ECD)  mass  spectrometry  (MS)  is  a  powerful
approach  for  comprehensive  characterization  of large  proteins  with  labile  post-translational  modifica-
tions (PTMs).  Phosphorylation  of  cardiac  troponin  I (cTnI)  is a prominent  determinant  of  cardiac  function.
Non-human  primates  (NHPs)  are  valuable  models  for biomedical  research  due  to their  genetic  similarity
to humans.  To  address  the  emerging  need  for in-depth  understanding  of NHP  heart  models,  we have
applied  top-down  high-resolution  tandem  mass  spectrometry  in  conjugation  with  immunoaffinity  chro-
matography  purification  to comprehensively  characterize  NHP  cTnI.  Our  data  revealed  that  cTnI  affinity
purified from  NHP  Rhesus  monkey  hearts  was  N-terminally  acetylated  and  mono-  or  bis-phosphorylated.
hosphorylation
ardiac troponin I
eart diseases

ECD  unambiguously  identified  Ser22/Ser23  as  the only  basally  phosphorylated  sites  with  a  phospho-
rylation  order  between  these  two  sites  (Ser23  phosphorylates  prior  to  Ser22)  which  is  different  from
those  previously  reported  for mouse  and  human  cTnI.  Our  study  also  strongly  supports  the  nonergodic
mechanism  of ECD  since  no  neutral  loss  of phosphates  was  observed  in  ECD  spectra.  Taken  together,  top-
down  MS  with  ECD  is extremely  valuable  for studying  labile  PTMs  in large  proteins,  which  adds  critical
knowledge  to our  understanding  of  protein  PTM  regulations  in  health  and  disease.

© 2010 Elsevier B.V. All rights reserved.
. Introduction

A  comprehensive sequence characterization of proteins includ-
ng the post-translational modification (PTM) and sequence
ariants (i.e. mutants, splicing isoforms) is extremely important
or understanding the protein structure, activity, and function [1,2].
iological mass spectrometry (MS) [3] is the method of choice for
rotein characterization as it can provide universal information
bout the protein modification state without a priori knowledge

4]. The well-established “bottom-up” MS  strategy involves either
n-gel or in-solution digestion of proteins prior to MS  analysis,

hich is now routinely used for protein identification and profiling

∗ Corresponding author at: Human Proteomics Program and Department of Physi-
logy, School of Medicine and Public Health, University of Wisconsin-Madison, 1300
niversity Ave., SMI  130, Madison, WI  53706, USA. Tel.: +1 608 263 9212;

ax:  +1 608 265 5512.
E-mail address: yge@physiology.wisc.edu (Y. Ge).

1 These two authors contributed equally to this work.

387-3806/$ – see front matter ©  2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.ijms.2010.09.007
with high throughput and automation [5–10]. Nevertheless such
a “bottom-up” approach has intrinsic limitations for characteriz-
ing PTMs and sequence variants mainly due to the partial sequence
coverage since only a portion the digested peptides are recovered,
and the loss of correlations between the modifications on dis-
parate portions of protein [11]. In contrast, top-down MS strategy
emerges as an important method for characterizing large proteins
(>200 kDa) with complex PTMs and sequence variants [2,12–22].
The top-down MS  approach greatly simplifies sample preparation
procedures as no proteolytic digestion is required. Instead, intact
proteins are analyzed directly, which provides an “birds’ eye” view
of the protein revealing all possible modifications [23]. Moreover,
it provides much higher sequence coverage (up to 100%) since
individual modified protein ions can be isolated in the gas phase
(inside the mass spectrometer) and fragmented by tandem mass
spectrometry (MS/MS), thus allowing a highly reliable mapping

of the modification sites [2,21,22,24]. Top-down MS  is primar-
ily performed in mass spectrometers with high resolving power
such as Fourier transform ion cyclotron (FT-ICR) [25]. FT-ICR is
well-known for its ultra high mass resolution, high mass accuracy,

dx.doi.org/10.1016/j.ijms.2010.09.007
http://www.sciencedirect.com/science/journal/13873806
http://www.elsevier.com/locate/ijms
mailto:yge@physiology.wisc.edu
dx.doi.org/10.1016/j.ijms.2010.09.007
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igh sensitivity, and multiple MS/MS  techniques including colli-
ionally activated dissociation (CAD) [26], infrared multiphoton
issociation (IRMPD) [27], blackbody infrared radiative dissoci-
tion (BIRD) [28,29],  and the most recently introduced electron
apture dissociation (ECD) [30]. ECD cleaves peptide backbone
–C� bonds leading to c and z• fragment ions, which complements
ith the traditional energetic dissociation methods for compre-
ensive protein structural characterization [22,24,31,32].  The most

mportant and unique feature of ECD is its nonergodic nature
30,33], which preserves the labile PTMs during MS/MS  process.
n contrast, neutral phosphate losses are typically observed in the
AD and other energetic dissociation experiments, making it diffi-
ult to localize the phosphorylation sites. ECD is also nonselective,
hich can generate far greater sequence coverage for proteins than

hat of CAD [14,30].  Hence, top-down MS  with ECD is becoming an
xtremely valuable tool in mapping labile PTMs such as phospho-
ylation [2,21,34].

As the ‘gold standard’ biomarker for diagnosis of heart disease,
ardiac troponin I (cTnI) and T (cTnT) are the most cardiac-specific
nd sensitive biomarkers to date [35]. cTnI, cTnT and cardiac Tro-
onin C (cTnC) are the three subunits of cardiac troponin (cTn), the
egulatory protein complex of cardiac contraction and relaxation
36]. Phosphorylation of cTnI is a key mechanism in modulat-
ng cardiac function [37–39].  cTnI phosphorylation changes Ca2+

inding affinity of cTnC that renders the conformational change
nd thereby alters myofilament Ca2+ sensitivity [38]. A disturbed
alance between phosphorylation and dephosphorylation of cTnI
ould contribute causally to cardiac dysfunction in the transition
rom compensated hypertrophy to heart failure [38,40,41].  Phos-
horylation of cTnI is known to be regulated by protein kinase A
PKA) [42], protein kinase C (PKC) [41,43–46],  p21-activated kinase
PAK) [47], protein kinase D (PKD) [48], and cyclic GMP-dependent
rotein kinase (PKG) [38].

Non-human primates (NHPs) models are used to study a broad
rray of disease pathogenesis, medical treatments and organ trans-
lantation, and are of high value for pre-clinical testing [49–51].
mong those NHPs, Rhesus monkey (also named Rhesus Macaque or
acaca mulatta) is the most common species explored in laborato-

ies for heart disease and transplantation studies [52,53]. Hence,
here is an emerging need for in-depth understanding of NHP

yofilament proteins such as cTnI and its PTMs, which will help
stablish a proper NHP heart model.

In this study, we aim to comprehensively characterize cTnI in
hesus monkey heart to examine the correlation of heart models
etween NHPs and humans. To address this aim, we have employed
op-down high-resolution FT-ICR MS  combined with immunoaffin-
ty purification to comprehensively characterize NHP cTnI, with a
pecial focus on its phosphorylation state.

. Material and methods

All chemicals were purchased from Sigma Chemical Co. (St.
ouis, MO,  USA) unless noted otherwise. Complete protease and
hosphatase inhibitor cocktail tablets were purchased from Roche
iagnostics Corporation (Indianapolis, IN, USA). All solutions
ere prepared in Milli-Q water (Millipore Corporation, Billerica,
A).

.1. Immunoaffinity purification of NHP cTn

Heart tissue was obtained from left ventricles of Rhesus mon-

ey hearts approved by the University of Wisconsin Animal
are and Use Committee. The excised heart tissue was imme-
iately frozen in liquid nitrogen and stored at −80 ◦C until
Tn protein extraction. The entire cTn complex was  purified by
 Spectrometry 305 (2011) 95– 102

the immunoaffinity purification method as described previously
[21,22]. Briefly, approximately 1.5 g of heart tissue was homoge-
nized 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 �g/mL, pH 7.4) using a Polytron electric homog-
enizer for 1 min  on ice. The homogenate was  centrifuged at
13,200 rpm (Centrifuge 5415R, Eppendorf, Hamburg, Germany) for
3 min  at 4 ◦C; the supernatant was  discarded and the pellet was
resuspended 4 times in total 6 mL  (1.5 mL × 4) of protein extrac-
tion buffer (0.7 M LiCl, 25 mM Tris, 5 mM EGTA, 0.1 mM CaCl2, 5 mM
DTT, 1 mM PMSF, 2 �g/mL leupeptin, and 0.75 mg/mL protease
and phosphatase inhibitor cocktail, pH 8.0) and protein extrac-
tion was  performed with agitation on a rotating mixer (Fisher
Scientific Inc., Pittsburgh, PA) at 4 ◦C for 25, 20, 15 and 10 min
sequentially. The sample was then centrifuged at 16,000 rpm (Cen-
trifuge 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) 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 con-
jugated with 1.25 mg  monoclonal cTnI antibody (anti-troponin I
monoclonal antibody MF4  and 14G5, Hytest, Finland) for 40 min
at 4 ◦C. 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 �L of 1 M MOPS (pH 9). The eluted fractions from the affinity
columns were analyzed for enriched protein content by 15% SDS-
PAGE gels stained with Coomassie Blue. Analytical repeatability and
reproducibility were assessed with at least three technical repli-
cates (independent purification experiments) of three biological
replicates.

2.2. Top-down ECD MS  analysis of NHP cTnI

Immunoaffinity purified NHP cTn complexes were further sepa-
rated and desalted using an offline reverse phase protein microtrap
(Michrom Bioresources Inc., CA), with a three step reverse phase
gradient elution method, first with 1% acetic acid in 30:70
methanol/water, then 1% acetic acid in 50:50 methanol/water and
last 1% acetic acid in 70:30 methanol/water. Data were acquired
using a 7 T linear trap/FT-ICR (LTQ FT Ultra) hybrid mass spec-
trometer (Thermo Scientific Inc., Bremen, Germany) equipped with
an automated chip-based nano-ESI source (Triversa NanoMate,
Advion BioSciences, Ithaca, NY) as described previously [2,21]. The
spray voltage was 1.2–1.6 kV versus the inlet of the mass spectrom-
eter, resulting in a flow rate of 50–200 nL/min. Ion transmission
into the linear trap and subsequently into the FT-ICR cell was
automatically optimized for maximum ion signal. The number of
accumulated ions for the full scan linear trap (IT), FT-ICR cell (FT),
MSn FT-ICR cell, and ECD were 3 × 104, 1 × 106, 2 × 107, and 3 × 107,
respectively. The resolving power of the FT-ICR mass analyzer was
typically set at 200,000 at m/z 400 resulting in an acquisition rate
of 1 scan/s. For ECD fragmentation, individual charge states of
protein molecular ions were first isolated and then fragmented
using 1.8–4.0% electron energy with a 45–55 ms  duration with no
delay. Typically, 1000–3000 transients were averaged to ensure
high quality ECD spectra.

2.3. Data analysis
All FT-ICR spectra were processed with Xtract Software (FT pro-
grams 2.0.1.0.6.1.4, Xcalibur 2.0.5, Thermo Scientific Inc., Bremen,
Germany) using S/N threshold of 1.5 and fit factor of 40% and val-
idated manually. The resulting mass lists were further assigned
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tion between Glu31 and the C-terminal in NHP cTnI (Fig. 4). The
ig. 1. SDS-PAGE analysis of immunoaffinity purified cTn complexes from Rhesus
onkey hearts.

sing in-house developed “Ion Assignment” software (Version 1.0)
ased on the protein sequence of Rhesus monkey cTnI type3 isoform

 (NCBI Reference XP 001085820.1) obtained from NCBI protein
atabase. Allowance was made for possible PTMs such as the
emoval of initial Met, acetylation of the new N-terminus, and vari-
ble phosphorylation sites (residues Ser, Thr and Tyr), using a 10
nd 20 ppm tolerance for precursor and fragment ions, respectively.
he assigned ions were manually validated to ensure the quality of
ssignments. For fragment ions containing possible phosphoryla-
ion sites, the mass of fragment ions were manually examined for
0 Da mass shifts to confirm or exclude the existence of phosphory-

ation. All reported masses are the most abundant masses. The MS
ignal intensity values were used to calculate the relative ratios for
ll the observed protein/fragment ions based on a method devel-
ped by Kelleher and co-workers [54] with modifications [2,21,22].
he top five most abundant isotopomer peak heights were inte-
rated to calculate the relative abundance of the intact protein and
ragmentation ions.

. Results

.1. Immunoaffinity purification and offline separation of NHP
Tn

An immunoaffinity purification approach described above was
erformed to enrich the cTn from the crude myofilament pro-
ein extract. Due to tight bindings among cTn complex proteins,
he other two cTn components, cTnT and cTnC were eluted along
ith cTnI during affinity purification although only anti-troponin

 monoclonal antibody was used. Typically, the SDS gel displayed
hree major bands at approximately MW 37, 27 and 18 kDa rep-
esenting the three subunits of cTn protein complex, cTnT, cTnI
nd cTnC, respectively (Fig. 1), underscoring the high specificity
f the immunoaffinity purification. The three-step reverse phase
radient elution method sufficiently separated the cTn complex
nto three components, cTnT, cTnI and cTnC, eluted in an order
y time. The elution order demonstrated that cTnT was  the most

ydrophilic protein among those three proteins, whereas cTnC was
he most hydrophobic one, consistent with previously reported
esults [55].
 Spectrometry 305 (2011) 95– 102 97

3.2. High-resolution high accuracy MS measurement of NHP cTnI

High-resolution FTMS spectrum of purified cTnI revealed three
major ion populations with the most abundant molecular masses
of 23858.98, 23938.94 and 24018.91 Da, which were evenly sep-
arated with a mass discrepancy of 79.96 Da (Fig. 2). The left peak
with a molecular mass of 23858.98 Da was assigned to the reported
sequence of Rhesus monkey cTnI type 3 isoform 1 which has a
calculated molecular mass of 23858.83 Da (� = 6.3 ppm) with the
removal of initial Met  and additional acetylation to the N-terminus.
The molecular masses, 23938.94 and 24018.91 Da, were assigned
as mono-phosphorylated (Calc’d: 23938.77, � = 7.1 ppm) and bis-
phosphorylated cTnI (Calc’d: 24018.76, � = 6.2 ppm), respectively
(Fig. 2), demonstrating the highly accurate molecular weight mea-
surements by FT-ICR MS.  No discernible tris-phosphorylation of
cTnI was observed, which is estimated to be less than 0.1%
of the total cTnI populations in all forms. Only minor pro-
teolytic degradation products were observed because of the
stringent control of the heart harvesting and purification procedure
that minimizes the influence of in vitro proteolytic degrada-
tion.

3.3. Mapping phosphorylation sites in NHP cTnI

A single charge state of mono- or bis-phosphorylated precur-
sor ions was isolated individually for ECD. Fig. 3 illustrates the
effectiveness of this isolation process, which could almost be con-
sidered as “gas-phase purification” of phosphorylated protein ions.
Sequentially, the mono- and bis-phosphorylated precursor ions
were fragmented by ECD for the localization of phosphorylation
sites (Fig. 4). 69 c ions and 70 z• ions were observed in three
combined ECD spectra of mono-phosphorylated cTnI (Fig. 4A) and
57 c ions and 70 z• ions were observed in three combined ECD
of bis-phosphorylated cTnI (Fig. 4B). A complete coverage of cTnI
sequence was achieved by ECD of mono- and bis-phosphorylated
cTnI with 13 and 8 c/z• complementary ions, respectively (Fig. 4). All
the fragment ions were validated manually to ensure the accuracy
in the assignment of phosphorylation sites. In the isolated mono-
phosphorylated cTnI ECD spectrum, no phosphorylated product
ions were detected for c19, c20, c21 and c22 (Fig. 5A1, B1, C1 and
D1) as well as other smaller c ions including c9–c18. In contrast,
mono-phosphorylated c23 was observed (Fig. 5E1). This unam-
biguously identified Ser23 as the first phosphorylation site. No
un-phosphorylated c23 was  detected (estimated to be <1.5% of
the mono-phosphorylated c23 ions), suggesting full phosphory-
lation occupancy of Ser23 and no discernable positional isomer
for mono-phosphorylated cTnI. Only mono-phosphorylation were
observed for c24 and the rest of large c ions (c25–c208) confirmed
the phosphorylation site at Ser23 (Fig. 4A). Meanwhile, in the
ECD spectrum of isolated bis-phosphorylated cTnI, no phospho-
rylated product ions were detected for c19, c20, c21 (Fig. 5A2, B2
and C2) as well as other smaller c ions (c5–c18) (Fig. 4B) which
excluded the possibility of phosphorylation sites present between
Ala1 to Ser22. Clearly, mono-phosphorylation was  detected for
c22 (pc22) from ECD of bis-phosphorylated cTnI (Fig. 5D2) which
identified Ser22 as an additional phosphorylation site. Only bis-
phosphorylation (no un- or mono-phosphorylation) was  detected
for c23 (ppc23), c24 (ppc24) (Fig. 5E2 and F2) and other larger c
ions (c25–c208) (Fig. 4B) suggesting that Ser22 and Ser23 are the
only two sites basally phosphorylated in NHP cTnI. Additionally,
neither mono- nor bis-phosphorylated z• ions including z•

4–z•
178

ions were observed which confirmed the absence of phophoryla-
fact that Ser22 was phosphorylated only in bis-phosphorylated
cTnI form whereas Ser23 was  phosphorylated in both mono- and
bis-phosphorylated cTnI forms clearly indicated a phosphorylation
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Fig. 2. ESI/FTMS analysis of intact cTnI purified from Rhesus monkey hearts. pcTnI and ppcTnI stand for mono- and bis-phosphorylated cTnI, respectively. �MW stands for
t ct of phosphoric acid. +HOAc, noncovalent adduct of acetic acid (HOAc). Circles represent
t ing to the assigned molecular weights. Dashed arrow indicates the expected position of
t st abundant molecular weight; Expt’l, experimental most abundant molecular weight.
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he  molecular weight difference. +K, potassium adduct. +H3PO4, non-covalent addu
he  theoretical isotopic abundance distribution of the isotopomer peaks correspond
ris-phosphorylated cTnI (pppcTnI) which is not observed here. Calc’d, calculated mo

rder between these two phosphorylation sites with Ser23 phos-
horylates prior to Ser22.

. Discussion

.1. Characterization of endogenous PTMs

This study was aimed to comprehensively characterize the
ndogenous NHP cTnI including the labile phosphorylation present
n vivo. Therefore the entire sample preparation procedure was  con-
rolled stringently to preserve the endogenous modifications. First,
he hearts were harvested immediately following the sacrifice of
he animal. The heart tissues were dipped into the liquid nitrogen
nd stored at −80 ◦C prior to protein purification. Second, the tissue
omogenization/extraction and protein purification was held at

ow temperature (4 ◦C) with the inclusion of protease and phospho-
ase inhibitors to minimize the potential modifications occurring in
itro. Third, the samples were acidified with 1% TFA before load-
ng on reverse phase trap for desalting since enzyme activities

re known to be reduced significantly in acidic conditions [56].
ourth, the MS  analysis was performed right after separation and
esalting procedure. Both SDS-PAGE and MS  analyses confirmed
hat the purification process was controlled very well since only

Fig. 3. Isolation of a single charge state (M28+) of Rhesus monkey cTnI phos-
phorylated ions. A, a mixture of un-, mono- and bis-phosphorylated cTnI; B,
mono-phosphorylated cTnI; C, bis-phosphorylated cTnI.
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Fig. 4. MS/MS  product maps from three ECD spectra of mono- (A) and bis-phosphorylated (B) cTnI, respectively. Fragment assignments were made to the DNA-predicted
s -term
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equence of Rhesus monkey cTnI, type3 (NCBI XP 001085820.1) with the removal of N
ragment ion observed; double dots, only bis-phosphorylated fragment ions observ

inor cTn degradation products were found. To verify the repeata-
ility and reproducibility of our experiments, we have analyzed a
otal of three biological replicates each with 3–5 technical replica-
ions. The modification levels in Rhesus monkey NHP cTnI including
hosphorylation were comparable in three biological replicates
nd highly reproducible and repeatable. In addition, to address
he concern whether the specific antibody epitope could have an
ffect on the selection of phosphorylation sites or abundance, we
ave used two different cTnI antibodies with distinct cTnI epi-
ope regions (N-terminal residues 1–23 versus C-terminal residues
90–196 of cTnI), which yielded consistent results for Rhesus mon-
ey NHP cTnI phosphorylation without any selective enrichment of
ertain types of phosphorylated species of cTnI (data not shown).
herefore, the method we established here is reliable for probing
he protein modification state in the endogenous proteins present
n vivo.

.2. Phosphorylation of NHP cTnI

Here our data unambiguously identified Ser22 and Ser23 as the
nly phosphorylation sites present in NHP cTnI with a sequen-
ial (or ordered) phosphorylation. Phosphorylation of Ser22/23

s mediated by PKA and can be cross-phosphorylated by PKC
�/�/� isozymes) [38–46]. The phosphorylation of Ser22/23 reduces
a2+-sensitivity of myofilaments and enhances relaxation during

ncreases in after load, which is thought to aid in the relaxation of
inal Met  and acetylation at the new terminus. Single dot, only mono-phosphorylated
entified phosphorylation sites were highlighted in circles.

heart [38,46]. Other phosphorylation sites on cTnI such as Ser43,
Ser44 and Thr143 have been shown in other studies and are also
substrates of PKC [38,43–46].  The phosphorylation sites on Ser43,
Ser44 and Thr143 were identified in vitro under high phosphory-
lation conditions [43–46].  In contrast, the cTnI analyzed here were
obtained from healthy, unstressed Rhesus monkey NHP hearts in
vivo so that their phosphorylation state could be different from
in vitro or in diseased hearts. The potential low levels of other
PKC phosphorylation species (<0.1%) could also explain why these
phosphorylation sites were not observed or they may  be beyond
the limits of our method to detect these sites. We  believe further
development of FT-ICR instruments (hopefully in the near future)
and methods will improve sensitivity and detection limits allow-
ing better detection of protein phosphorylations present at very
low abundance.

The phosphorylated sites identified in vivo in this study
(Ser22/23) are consistent with those we reported previously from
other species including mouse, swine, and human [19,21,22].
Intriguingly, the phosphorylation order of amino acid residues in
the sequence of NHP cTnI is different from the ones in other mam-
malian species that we  reported previously [19,21]. Ser23 was
phosphorylated prior to Ser22 in Rhesus monkey NHP cTnI whereas

phosphorylation of Ser23 occurred after Ser22 in human cTnI. In
mouse cTnI, no clear order was  revealed since about 60% of mono-
phosphorylated cTnI species phosphorylates at Ser22 and 40% at
Ser23. A comparison of phosphorylation order in monkey ver-
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Fig. 5. Key ECD fragment ions for mapping phosphorylation sites of Rhesus monkey cTnI. A–F, representative MS/MS spectra of c19–c24 ions from ECD of mono- (1) and
bis-phosphorylated (2) cTnI, respectively. The positively identified isotopomer peak profi
acid  sequences were listed on the top of each panel (A–F). Circles represent the theoreti
assigned molecular weights. Calc’d, calculated most abundant molecular weight; Expt’l, e

Fig. 6. Comparison of phosphorylation order between Ser22 and Ser23 sites of Rhe-
sus  monkey versus mouse and human cTnI. (A) Identified phosphorylation site(s)
in  mono-phosphorylated cTnI (pcTnI), and (B) identified phosphorylation sites in
bis-phosphorylated cTnI (ppcTnI).
les of c ions were expanded in each spectrum accordingly. The abbreviated amino
cal isotopic abundance distribution of the isotopomer peaks corresponding to the
xperimental most abundant molecular weight.

sus mouse and human cTnI is illustrated in Fig. 6. Nevertheless,
the potential role of ordered phosphorylation in cTnI is yet to be
explored.

5. Conclusion

Here we  have employed high-resolution high accuracy FT-ICR
MS  with ECD for a comprehensive characterization of endoge-
nous cTnI immunoaffinity purified from the left ventricular NHP
(Rhesus monkey) heart tissue. The entire sample preparation pro-
cedure was  stringently controlled to preserve the modifications
present in vivo and minimize the artifactual in vitro modifi-
cations. Our top-down ECD data unambiguously mapped two
basal phosphorylation sites (Ser22 and Ser23) and determined
the ordered (or sequential) phosphorylation between these two
sites. In contrast to conventional energetic dissociation methods,
no neutral loss of phosphate groups were observed in the ECD
spectra of isolated individual charge state of intact proteins which
strongly supports the nonergodic mechanism of ECD. Thus, we
have demonstrated that top-down ECD MS  is a powerful method

for mapping phosphorylation sites to a single amino acid residue
as well as determining the order of multiple phosphorylation
sites in large proteins with a potential high impact in biomedical
research.
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