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Introduction
Cardiac troponin I (cTnI), an inhibitory subunit of the key thin filament troponin-tropomyosin regulatory complex, plays a critical role in Ca2+-mediated regulation of skeletal and cardiac muscle contraction and relaxation. Regulated by five different protein kinases including protein kinase A (PKA) and protein kinase C (PKC), phosphorylation of cTnI is particularly important in modulating cardiac function. cTnI (24 kDa, pI~9.5) has twelve serine, eight threonine, and three tyrosine residues which makes it difficult for unequivocal determination of the specific phosphorylation sites and relative quantification of the resulting positional isomers. In this study, we employed top down electron capture dissociation (ECD) and electron transfer dissociation (ETD) mass spectrometry for characterization and quantitative determination of phosphorylated isomers in human cTnI. 

Methods
Human cTnI, purified from human heart tissue, was analyzed using a hybrid linear ion-trap/FTICR (LTQ FT Ultra) and LTQ mass spectrometers (Thermo Fisher Scientific). Individual charge states of the multiply protonated precursor ions were isolated and further fragmented using ECD, ETD, infrared multiphoton dissociation (IRMPD), and collisionally activated dissociation (CAD). ECD was performed via an electron dispenser operated at 1.1 A with an electron energy of 0.1 to 0.3 eV. ETD used a 100 ms reaction time and 2e5 anions of fluoranthene produced by a negative chemical ionization source attached to the back of the linear trap. All spectra were processed using Xtract (Thermo Fisher Scientific). Fragment mass sequence assignments were made using ProSightPC (Thermo Fisher Scientific) and manually validated. 

Results
The high resolution MS spectra of human cTnI reveal high degree of heterogeneity, corresponding to C-terminal truncations, oxidation, and phosphorylation, albeit a parallel analysis of cTnI by SDS-Gel only showed a single sharp band. The accurate molecular weights measured by FTMS identified four different isoforms of cTnI with removal of methionine plus truncation of ES, FES and KFES residues from N-terminus. Mono- and di-phosphorylations were observed in all isoforms of cTnI. The monophosphorylated isoform III precusor ions were isolated and dissociated by ECD which localized mono-phosphorylation sites to Ser22 and Ser76/Thr77 (out of 23 possible sites) with partial occupancy (45-55%, STD<10%). Ser22 is one of the well-recognized phosphorylation sites by PKA. Phosphorylation of Ser76/Thr77, located in the end of an α-helix, could potentially increase rigidity of the structure and alter the protein function. To our knowledge, this is the first evidence of identifying Ser76/Thr77 as an in vivo phosphorylation site in human cTnI. Previous in vitro phosphorylation of bovine cTnI by PKC suggested Ser78 (in sequence alignment with Ser76 of human cTnI) is one of the sites being phosphorylated. Our preliminary IRMPD and CAD data of the doubly phosphoryalted isoform III precursor ions clearly indicate a double phosphorylation site in the first 31 amino acids residues. In addition, top-down ETD (MS3) of both singly and doubly phosphorylated b31 ions generated from CAD indicated that Ser23 is occupied only in the doubly phosphorylated isoform. Top down MS of cTnI provides unparallel opportunity for characterization and quantification of phosphorylated isomeric protein forms thus allowing exploring interdependencies between phosphorylation sites by different kinases and their relevance to physiological function.

