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ABSTRACT

ABSTRACT

Myoglobin, the major oxygen binding and transporting heme protein of the heart can act as a nitric
oxide (NO) scavenger, compartmentalizing the physiological and pathophysiological effects of
produced NO. The inducible isoform of nitric oxide synthase (iINOS) is only expressed during
pathophysiological conditions in the myocardium including diseases such as ischemia-reperfusion,
septicaemia and heart failure. End-targets and signaling pathways of iINOS-derived NO in the
modulation of cardiac function are not fully understood.

To perform a global gel-free phosphoproteome analysis in a model of NO-induced heart failure,
isolated perfused hearts of transgenic mice with cardiac specific INOS overexpression on a
myoglobin deficient background (iNOS*/myo”) were co-perfused either with the NOS substrate
L-arginine (200uM) or with saline buffer. After | minute L-arginine exposure the contractile force
was decreased by 30% to a new steady state, at which point hearts were freeze clamped.

For mass spectrometry based quantitative analysis, stable isotope dimethyl labeling of digested
peptides was applied which introduced a 4Da mass difference per labelled primary amino group of
peptide N-terminus and lysine residues. To reduce sample complexity peptides were fractionated
on a strong cation exchange column, followed by phosphopeptide enrichment on titanium dioxide
particles. Fractions were further separated and analyzed by nano flow reverse phase liquid
chromatography online coupled with a tandem mass spectrometer (nanoRP-LC-MS/MS). In order
to obtain reliable results, two biological and two technical replicates were measured of each
membrane and cytosolic fraction (n=8).

Elaborated technology enabled the identification of 826 phosphorylation sites (246 novel)
corresponding to 772 peptides which relate to 475 proteins. Phosphorylation site distribution was
81.2% serine, 18.2% threonine and 0.6% tyrosine. In this model of iINOS-induced heart failure 50
phosphorylation sites were downregulated (31 novel) and 69 were upregulated (16 novel) in
proteins involved in calcium homeostasis (e.g. L-type calcium channel, phospholamban, ryanodine
receptor, sarcalumenin), cardiac contractility (e.g. myosin-6, myosin binding protein C), energetics
(e.g. pyruvate dehydrogenase, ATP citrate lyase) mitochondrial respiration (e.g. NADH
dehydrogenase | alpha subcomplex subunit 7, ATP synthase subunit alpha) and transcription (e.g.
histone deacetylase 4, isoform 2 of glucocorticoid receptor). Additionally, kinases and phosphatases
(e.g. protein kinase C alpha, MAP kinase kinase 4, protein phosphatase 2A B56 delta subunit) were
also regulated upon iNOS derived NO release.

In summary, this study provides the first global account of the cardiac phosphoproteome in NO-
induced heart failure. Many novel phosphorylation sites were discovered which can be linked to
depressed contractility, cardiac energetics and remodeling and are likely to have important novel
regulatory functions.



ABSTRAKT

ABSTRAKT (IN GERMAN)

Myoglobin ist das wichtigste sauerstoffbindende Hamoprotein des Herzens. Es fungiert als NO-
Scavanger und sorgt fir eine raumliche Begrenzung der physiologischen und pathophysiologischen
Effekte des im Herzen gebildeten NO. Die induzierte Isoform der Stickstoffmonoxidsynthase
(iINOS) wird nur unter pathophysiologischen Bedingungen im Myokard exprimiert, wie z.B. bei
Ischamie-Reperfusion, Sepsis und bei einer Herzinsuffizienz. Die Zielproteine und Signalwege von
NO und deren Rolle bei der Regulation der Herzfunktion sind bislang noch nicht vollstandig
aufgeklart.

In dieser Arbeit wurde eine gelfreie Phosphoproteomanalyse etabliert und damit ein NO-
induziertes Herzinsuffizienzmodell der Maus analysiert. Zu diesem Zweck wurden transgene Mause
mit herzspezifischer iINOS Uberexpression bei gleichzeitigem Mangel von Myoglobin (iNOS*/
myo”’-) verwendet. Die Herzen dieser Tiere wurden isoliert und mit einem salinen Medium
perfundiert, welches das NOS-Substrat L-Arginin (200uM) enthielt. Nach Arginin Zugabe nahm die
Kontraktionskraft des Herzens um 30% ab und erreichte bereits nach einer Minute stabile
hamodynamische Werte. Danach wurden die Herzen schockgefroren und anschlieBend eine stabile
Isotopen Dimethyl-Markierung der verdauten Peptide durchgefuhrt, welche eine 4 Da grofle
Massendifferenz pro markierter primarer Aminogruppe der Peptid N-Termini und der Lysinreste
bewirkt. Diese Massendifferenz war dann die Grundlage fiir eine quantitative Analyse des
Phosphoproteoms mittels Massenspektrometrie. Hierzu wurden die Peptide zunachst uber eine
starke Kationenaustauschersaule fraktioniert und anschlieBend erfolgte die Anreicherung der
Phosphopeptide liber Titaniumdioxidpartikel. Danach wurden die Einzelfraktionen durch nanofluf3
Umkehrphasen Flussigkeitschromatographie getrennt und mit Hilfe eines daran gekoppelten
Tandem Massenspektrometers analysiert (nanoRP-LC-MS/MS). Insgesamt wurden zwei biologische
und zwei technische Replikate gemessen, wobei jeweils die Membran- und die cytosolische
Fraktion analysiert wurde (n=8).

Mit Hilfe der neu etablierten und validierten analytischen Methoden war es moglich 826
Phosphorylierungsstellen (246 neue Stellen) zu identifizieren, welche sich auf 772 Peptide bzw. auf
475 Proteine verteilen. Die Verteilung der Phosphorylierungstellen im Einzelnen war: 81.2% Serin,
18.2 Threonin und 0.6% Tyrosin.

Bei dem iNOS induzierten Herzinsuffizienzmodell wurden 50 Phosphorylierungsstellen gefunden,
die herunterreguliert (3|1 neue) bzw. 69 die hochreguliert waren (16 neue). Hierbei fanden sich
wesentliche Proteine der Kalzium-Homoostase (z. B. L-Typ Kalziumkanal, Phospholamban,
Ryanodinrezeptor, Sarcalumenin), kardialen Kontraktilitat (z.B. Myosin-6, Myosin bindendes Protein
C), Energetik (z.B. Pyruvatdehydrogenase, ATP Citrat-Lyase), mitchondrialer Atmung (z.B. NADH
Dehydrogenase | alpha Unterkomplex Untereinheit 7, ATP Synthase Untereinheit alpha) und der
Transkription (z.B. Histon Deacetylase 4, Isoform 2 des Glucocorticoid Rezeptors).
Interessanterweise wurde auch der Phosphorylierungsgrad verschiedener Kinasen und
Phosphatasen (z.B. Proteinkinase C alpha, MAP Kinase Kinase 4, Protein Phosphatase 2A B56 delta
Untereinheit) durch NO direkt beeinflusst.

Zusammengefasst lasst sich feststellen, dass es sich bei dieser Studie um die erste Erfassung des
globalen kardialen Phosphoproteoms in einem NO-induzierten Herzinsuffizienzmodell handelt. Die
Vielzahl der neu entdeckten Phosphorylierungsstellen machen eine wichtige regulatorische
Funktion bei der NO-induzierten Herzinsuffizienz wahrscheinlich. Jedoch muss die Funktionalitat
dieser neuen Phosphorylierungsstellen in weiterfihrenden Studien geklart werden.
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MS/MS
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matrix-assisted laser desorption/ionization
microtubule associated protein 4

mitogen activated protein kinase

myoglobin

ferrous myoglobin

ferric myoglobin

ferryl myoglobin

oxygenated myoglobin

mitogen activated protein kinase kinase kinase 3
acetic acid

methanol

acetonitrile

metmyogobin

doubly-protonated peptide ion

myosin heavy chain

myosin-6

minute

millisecond

nanoliter

integrated peak area

peak height

myosin light chain kinase

myosin regulatory light chain 2-B, smooth muscle isoform
mass spectrometry

tandem mass spectrometry

mitochondrial nitric oxide synthase

myosin regulatory light chain 2, atrial isoform
myoglobin

myosin binding protein-c

mass per charge

molecular nitrogen
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NADPH

NaF

NaH4CN
NaH;PO4
nanoRP-LC-MS/MS

NCX
Ndrg2
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nNOS
NO
NO-
NOs-
NOx
NOS
Nr3cl
NUCSKS
O

Oy
p34cdc2
pCr
PDH
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PDKI
PFK2
PGMI
phos. site
Pi

Pi4kb
PIP3

PLB
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nicotinamide-adenine dinucleotide (reduced)
nicotinamide-adenine dinucleotide phosphate (reduced)
sodium fluoride

cyanoborohydride

sodium dihydrogen phosphate

nano flow reverse phase chromatography online coupled with a
tandem mass spectrometer

sodium/calcium exchanger

protein NDRG?2, isoform |

NADH dehydrogenase | alpha subcomplex subunit 7
neuronal nitric oxide synthase

nitric oxide

nitroxyl

nitrate

mono nitrogen oxides

nitric oxide synthase

glucocorticoid receptor isoform 2

nuclear ubiquitous casein and cyclin-dependent kinases substrate
molecular oxygen

superoxide

cyclin B kinase

phosphocreatine

pyruvate dehydrogenase

mitochondrial pyruvate dehydrogenase alpha subunit, EI component
phosphoinositiol-dependent protein kinase- |
6-phosphofructo-2-kinase/fructose-2,6-bisphosphate
phosphoglucomutase- |

phosphorylation site

free phosphate

phospatidylinositol 4-kinase beta
phosphainositol-1,4,5-trisphosphate

phospholamban
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PKA protein kinase A or cAMP-dependent protein kinase
PKAlx cAMP-dependent protein kinase |-alpa regulatory subunit
PKC protein kinase C

PKG protein kinase G or cGMP-dependent protein kinase
PPI protein phosphatase |

PP2A protein phosphatase 2A

pPLB phosphorylated phospholamban (at Ser-16)

pS phosphoserine

pT phosphothreonine

ppm parts per million

PTM post-translational modification

PTP mitochondrial permeability transition pore

pY phosphotyrosine

Q ubiquinone

QqTOF quadrupole-quadrupole-TOF

ROS reactive oxygen species

rpm rotation per minute

RS* sulfenyl radical

RS-NO nitrosothiol

RT room temperature

RyR2 ryanodine receptor

s or sec second

SCX strong cation exchange

S.D. standard deviation

Ser serine

SILAC stable isotope labeling with amino acids in cell culture
SEKI dual specificity mitogen-activated protein kinase kinase 4
SERCA2A cardiac isoform of sarco/endoplasmic reticulum Ca?*-ATPase
SNAP * S-nitroso-N-penicillamine

SOD superoxide dismutases

SODI superoxide dismutase [Zu-Cn]
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sarcoplasmic reticulum

Src kinase
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peroxynitrite
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total ion count
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trifluoroacetic acid

threonine

time-of-flight

tyrosine

voltage

voltage-dependent anion channel
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vascular smooth muscle cell

wild type

extracted ion chromatogram of heavy labeled peptide
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| INTRODUCTION

Nitric oxide (NO) is an omnipresent intracellular messenger molecule in all vertebrates,
modulating blood flow, coagulation, neural activity, bone mineralization and many other processes.
(for review see: Rastaldo et al., 2007; D’Atri et al., 2009). Endogenous NO release is also important
for nonspecific host defense by macrophages against bacterial and parasitic infections. Due to its
blood vessel relaxant effect, NO is used to treat persistent pulmonary hypertension in newborns
by inhalation of low concentrations of gaseous NO.

For a century, nitroglycerin and other nitrovasodilatators have been used clinically to decrease
systematic vascular resistance and blood pressure without understanding their mechanism of
action. Murad’s group found that sodium nitroprussid, nitroglycerin, NO and other oxidants were
able to activate guanylate cyclase (GC) (Katsuki et al., 1977; Braughler et al.,, 1979; Murad et al,,
1979) and thereby stimulate intracellular cyclic GMP (cGMP) accumulation (DeRubertis et al,
1976; Arnold et al., 1977). Interestingly, although the vasorelaxant properties of NO was shown
already in 1979 (Gruetter et al.,, 1979), nobody thought that NO, a major air pollutant, could be
synthesized in mammals. The major candidates for in vivo GC activation were considered to be
nitrosothiols at that time.

Fuchgott and Zawadzki showed in 1980 that acetylcholine-induced relaxation of blood vessels was
dependent on the endothelium. The released diffusible factor termed endothelial-derived relaxing
factor (EDRF) was quickly inactivated by oxyhemoglobin and superoxide dismutases (SOD). EDRF
was proposed to be a protective factor by scavenging superoxide. In 1986, Fuchgott proposed and
in 1987 Ignarro identified EDRF as NO by spectrophotometric analysis (Ignarro et al., 1987).

The important discovery of NO as a signaling molecule in the cardiovascular system was awarded
with the Nobel Prize in Physiology and Medicine in 1998 to the three scientists R.L. Furchgott, L.).
Ignarro and F. Murad.

Following the discovery that EDRF is NO the focus of cardiovascular research concentrated on
the analysis of the physiological and pathophysiological roles of endogenous NO and cGMP in the
regulation of systemic blood pressure, organ blood flow, hemostasis and cardiac contractility.
Further studies established role of NO for example in inflammation, tumor progression, apoptosis,

neuronal aging, gastroprotection, renal tissue fibrosis and erectile disfunction (for review see:
Galkina et al., 2009; Sonveaux et al., 2009; Afanas’ev 2009; Rettori et al., 2009 and Sandner et al,,
2009).

1.1 PHYSICAL AND CHEMICAL PROPERTIES OF NO

Nitric oxide is a two atomic free radical gas with odd number of electrons in the molecule. From a
chemical point of view, NO as free radical is quite unreactive. NO does not participate in hydrogen
abstraction reactions, only yields addition reactions with other chemical centers or molecules that
also have unpaired electrons such as heme iron, Oy” and O».The reason of this relative unreactivity
is in the structure of NO, which is an intermediate between molecular oxygen (O2) and nitrogen
(N2).All three gases have low solubility and can readily diffuse through membranes and cytoplasm.
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Molecular oxygen is a biradical with two unpaired electrons in separate orbitals, which shows a
limited kinetic reactivity, and prevents its direct interaction with most biological molecules. On the
other hand oxygen (*OO® binds strongly to metals such iron in hemoglobin or cytochrome-c
oxidase, and reacts quickly with an unpaired electron on other free radicals, leaving the second
unpaired electron free for further reactions. Accordingly, molecular oxygen supports free radical
damage and has a central role in oxidative stress.

R* + °O0* — R-OO°* — ‘*further reactions

Nitrogen gas is one of the most inert molecules, with two electron pairs, three bonds and quite
small distance separating the nuclei. NO® with just one unpaired electron is a hybrid between
*O0°* and NN, thus NO it is generally less reactive than Oz. NO like O3 binds strongly to metals
such iron in hemoglobin or cytochrome-c oxidase moreover reacts with free radicals quickly in a
chain terminating reaction, like sulfenyl (RS®) radical conversion into nitrosothiols:

RS* + °NO — RS-NO

Via such chain terminating reactions NO can convert free radicals into less damaging transient
intermediate products, which can than be repaired by antioxidants like ascorbate, tocopherol or
glutathione resulting the original compound. Therefore nitrosative stress can also see as antioxidant
activity.

1.2 NITRIC OXIDE AS REGULATOR MOLECULE IN THE HEART

Nitric oxide regulates many different functions in the cardiovascular system. lllustrating its
pleiotropic effects, NO controls cardiac contractility and heart rate, limits the deleterious effects of
cardiac remodeling after myocardial infarction, and contributes to the protective effect of ischemic
pre- and postconditioning. NO furthermore modulates oxygen consumption, substrate utilization,
sensitivity to apoptosis, hypertrophy and regenerative potential.

1.2.1 NO SYNTHESIS - THE NOSS

NO is formed by NO synthases (NOS) - a family of proteins which catalyses the five-electron
oxidation of the guanidino nitrogen group of L-arginine to L-citrulline and NO. NOSs require
essential cofactors for their activity like tetrahydrobiopterin (BH4), haem, flavin mononucleotide
(FMN), flavin adenine dinucleotide (FAD) and calmodulin (CAL) (Fig. I.1). Oxidation of L-Arg to L-
citrulline occurs via two successive monooxygenation reactions producing N-hydroxy-L-arginine as
an intermediate. In this reaction for production of each mol of NO 2 mol o f O; and 1.5 mol of
NADPH are consumed as co-substrates.

So far four different NOS isoforms: neuronal (nNOS; type 1), inducible (iNOS, type Il), endothelial
(eNOS, type Ill) and mitochondrial (mtNOS, splice variant & of nNOS) have been described and
named according to the cell type and conditions in which they first have been found. Nowadays it
is well known that different isoforms can be even co-expressed within the same cell type, but
depending on their sub-cellular localization's isoforms target different downstream functions. For
example, nNOS colocalizes with the ryanodine receptor (RyR) in the sarcoplasmatic reticulum
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(SR) in cardiac myocytes and its activation increases cardiac contractility (positive inotrope). In
contrast, eNOS binds to the B3 adrenergic receptor in caveolae in endothelial cells and in cardiac

myocytes, thereby inhibits L-type Ca*? channels, and thus inhibits f—AR-mediated increases in
myocardial contractility (negative inotrope).

NO*
Haem ’ ' Haem
HzNYNﬂz « @ BHy4 -~
NH 4 NADPH,0, FMN FMN
—_— S
- 1
H.N coo- g /
FAD FAD
L-Arginine :
— s
HzN \ro
NH
@ @ HzN C00-
Citrulline

Figure 1.1. NO synthesis by NOSs. Active NOS enzymes are dimerized, thereby coordinating a single zinc (Zn) atom.
NOSs bind the essential cofactors tetrahydrobiopterin (BH4), haem, flavin mononucleotide (FMN) and flavin adenine
dinucleotide (FAD). Upon binding calmodulin (CAL) NOS catalyze the oxidation of L-arginine to citrulline and NO
using thereby Oz and NADPH as cosubstrate (Figure was taken from Vallance et al., 2002).

iNOS is a cytosolic protein, which his normally not expressed in the heart, but its expression is
induced by inflammatory cytokines, endotoxin, hypoxia and oxidative stress after ischemia/
reperfusion. Induced iNOS produce high, sustained levels of NO, which can inhibit mitochondrial
respiration, oxidize myoglobin hence decrease oxygen supply to the mitochondria.

mtNOS is structurally attached to both complex | (NADH ubiquinone reductase) and IV
(cytochrome oxidase) of the mitochondrial respiratory chain in different tissues including heart.
mtNOS released NO regulates mitochondrial respiration by the reversible and O»-competitive
inhibition of cytochrome oxidase. mtNOS is regulated by important physiological effectors, such
mitochondrial inner membrane potential, electron transfer through NADH-dehydrogenase,
environmental oxygen, autonomic regulation, angiotensin, thyroxin and insulin (Navarro et al, 2008).
Interestingly, mtNOS is a key mediator of oxidative damage in ischemia/reperfusion (Ignarro, 2007).

Calmodulin binding enhances the rate of electron transfer through the reductase domain to the
oxygenase domain and thereby is important for NOS enzyme activity. In iNOS, calmodulin is bound
tightly to the enzyme, whereas in eNOS, nNOS and mtNOS calmodulin binding and therefore
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enzyme activity is calcium dependent. eNOS and nNOS are also called constitutive NOS (cNOS)
because they are constitutively expressed. However, cNOS shows also important changes in their
activity caused by post-translational modifications (PTM) and by protein-protein interactions. For
example eNOS activity can be stimulated by oxidative phosphorylation at Ser-617, Ser-635 and
Ser-1179 and inhibited by interaction with caveolin-1 or with Thr 497 phosphorylation (Fleming et
al., 1999; Fulton et al., 1999).

Furthermore, hyperthermia increases the activity of NO synthases (eNOS is activated by heat-
shock protein 90 (HSP90)), resulting in increased NO release and blood flow, thereby decreasing
the initial activating factor, the temperature. Furthermore, NO blocks the major source of heat
production, by inhibiting cytochrome oxidase c, the last enzyme of the respiratory electron
transport chain in the mitochondria. Thus, NO may be an important part of the feedback loop to
prevent excessive heating and heat damage of tissues during exercise or fever.

One should not forget about the importance of the bioavailability of NOS substrates, such as O»,
L-arginine and NADPH. Regarding nNOS and iNOS, O; can be a synthesis limiting substrate
because of the high Km values being 130 and 350 UM O, respectively. Furthermore, inhibition of
arginase and arginase Il, enzymes, which degrade and remove the NOS substrate L-arginine,
increases NNOS and mtNOS activity resulting in an inhibition of contractility (Steppan et al., 2006).

A further source of NO can be the vascular endocrine nitrite reservoir, which can be converted
into nitric oxide under ischemic conditions (Gladwin et al., 2006). This reaction can be catalyzed by
hemoglobin and myoglobin, which change their NO scavenging properties under normoxia to NO-
producing nitrite reductase activity under hypoxic/ischemic conditions.

NOﬁ'NO

Mb[Fe?*] Mb[Fe3*]
Hb[Fe*] Hb[Fe*]

Therefore myoglobin may act as an oxygen sensor in the heart, which forms NO to relax vessels,
increase blood flow and improve myocardial oxygenation upon falling pO2 (Rassaf et al., 2007).

1.2.2 NO DEPENDENT SIGNALING PATHWAYS

The effects of NO depends on its concentration and localization within the cell, therefore, NO
deriving from different NOS isoforms have contradictory physiological role. For example, low NO
concentrations induce small amounts of c¢GMP and inhibits phosphodiesterase 3, thereby
preventing cAMP hydrolysis. The downstream activation of protein kinase A (PKA) opens the
sarcolemmal voltage-operated and sarcoplasmic ryanodine receptor Ca?* channels by
phosphorylation (Fig. |.2), and leads to increased myocardial contractility (positive inotrope).

At higher NO concentrations there is activation of the cGMP-dependent protein kinase (PKG) and
its downstream signaling (Ogut et al., 2008; Bryan et al., 2009; Walter and Gambaryan, 2009) which
leads to vasodilatation and decreased myocardial contractility (negative inotrope). Furthermore,
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the NO-cGMP-PKG signaling pathway can induce inhibition of platelet aggregation, antiremodeling,
anti-inflammatory and anti-apoptotic tissue protective effects (Fig. |.3).

ATP ADP

Kinase
-M
ﬁwosphatase

P.

Figure 1.2: Activated protein kinase can transfer phosphoryl group from ATP to various proteins thereby leading to
protein phosphorylation of serine, threonine or tyrosine residues located in a particular kinase sequence motif, while
removal of phosphate groups is catalyzed by protein phosphatases. NO activates various kinases and phosphatases like
PKA, PKG and myosin light chain kinase phosphatase thereby leading to phosphorylation/dephosphorylation of their
downstream targets.

On the other hand, if superoxide is present NO can form peroxynitrite (ONOO"), a more
powerful oxidant, what reacts with electron-rich groups, such as sulfhydryls, iron-sulfur centers,
zinc-thiolates and active site sulfhydryl in tyrosine phosphatases. It can also react with transition
metals centers, and thus modifies proteins containing a heme prosthetic group, such as hemoglobin,
myoglobin and cytochrome c. Furthermore, it can oxidize cysteine residues, form nitrotyrosine,
nitrotryptophan and nitrated lipids leading to tissue injury effects.

. - -
- O — g
Cys & Tyr \

residues

Lipid peroxidation
Protein oxidation/nitration
Enzyme inactivation
MMP activation
DNA-strand break, apoptosis
PARP activation, necrosis

Binds metals in .
~heme proteins

Tissue protection

Vasodilatation
Inhibiton of platelet
aggregation
Antiremodeling effect
Anti-apoptotic effect
Anti-inflammatory effect

Figure 1.3: Dual mechanisms of nitric oxide (NO) action leading to tissue injury effects over peroxynitrite (ONOO")
formation or to tissue protective effects mediated by soluble guanylyl cyclase (sGC), cyclic guanosine monophosphate
(cGMP) and protein kinase G (PKG). Oz superoxide, GTP: guanosine-5'-triphosphate (Figure was modified from
Evgenov et al., 2006).
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There are efficient means minimizing NO accumulation in the body. NO is rapidly removed by its
fast diffusion through tissues into red blood cells (Butler et al., 1998; Joshi et al., 2002) where due
to its reaction with oxyhemoglobin it will be rapidly converted to nitrate. This limits biological half-
life of NO in vivo to less than a second.

1.2.3 HEART FAILURE AND NO

Human heart failure is characterized by myocardial dysfunction causing insufficient blood supply to
meet the body’s demands. Typically the disease is triggered by hypertension, ischemic changes,
atherosclerosis, valvular insufficiency, viral myocarditis or even mutations of genes encoding
sarcomeric proteins. On the molecular level, development of human heart failure involves for
example the activation of the neurohormones, neurotransmitters and the local renin-angiotensin
system, downregulation of the B-adrenergic signal transduction cascade, induction of growth
factors and proinflammatory cytokines. This leads to downstream activation of cell surface
receptors and protein kinases including calcium/calmodulin-dependent kinase Il (CaMKIl), Akt,

glycogen synthase kinase 3 (GSK3p), mitogen-activated protein kinases (MAPKs) and cyclic GMP-
dependent protein kinase (PKG) (Mudd et al, 2008). These pathways are involved in
pathophysiological responses resulting in a failing heart with an increased muscle-wall mass, a sign
of cardiac hypertrophy. This occurs together with either wall thickening and preserved contraction
(hypertrophic cardiomyopathy, HCM) or chamber enlargement and weakened contraction (dilated
cardiomyopathy, DCM). The resulting changes can lead to severe fatigue, breathlessness and
ultimately, death. Chronic heart failure is estimated to affect about |-2% of the population in
Europe and the US, with 550.000 new diagnosed cases annually alone in the US.

There is mounting evidence that an acute inflammatory response accompanies the decrement in
left ventricular systolic function associated with heart failure and cardiogenic shock and that this
response may affect survival outcomes. Therefore, much attendance was given to myocardial iNOS
expression induced by proinflammatory cytokines during heart failure and cardiogenic shock. So
far, INOS derived levels of NO are known to inhibit the mitochondrial respiratory chain (Kelm et
al., 1997), induce apoptosis in cardiac myocytes (Taimor et al., 2001), cause catecholamine resistant
vasodilatation and reduced myocardial inotropy, resulting in hypotension and a fall in cardiac output
(Kojda et al., 1996). In the failing heart superoxide production is also increased, leading to an
exponential amount of peroxinitrite formation, which is directly toxic to the cells via modification
of proteins and DNA. In addition, NO produced by iNOS is mainly responsible for the
cardiodepression in septic shock (Rastaldo et al., 2007).

Recently, animal studies and clinical trials have been made to investigate if the inhibition of NOS by
L-NMMA (NG-monomethyl-L-arginine,) might have clinical utility in septic shock treatment. Early
studies were encouraging but the large randomized TRIUMPH trial had to be terminated because
of a lack of efficacy, even increased mortality (Bailey et al., 2007). This failure may have been due to
the little selectivity of tested iINOS inhibitor compound L-NMMA, which may have blocked other
NOS isoforms essential for cardiac function.Therefore further studies have to prove the efficacy of
iNOS inhibition using more selective molecules.
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Dilated and ischemic cardiomyopathies were also characterized by a 50% reduced myocardial
myoglobin content (O’Brien et al, 1992) and have been associated by compromised energy supply.

1.2.4 HEART FAILURE MODEL (INOS*/MYO~/~) MICE

Myoglobin (Mb) and hemoglobin (Hb) belong to an ancient superfamily of haem-associated globin
proteins. A tetrapyrrole ring structure of the haem group provides four nitrogen ligands to the
central iron atom which is essential for the protein function. If this iron is in the ferrous (Fe2*)
redox state, it can reversibly bind gaseous ligands such oxygen. Therefore, Hb was described as
oxygen transporting, whereas Mb as oxygen storing hemoprotein, to augment oxygen diffusion in
the cytoplasm of high oxygen consuming and mitochondria rich muscles like the heart.
Interestingly, animal models with dilated and ischemic cardiomyopathies were characterized with
decreased myocardial Mb content (O’Brian et al., 1995), but myoglobin levels patient’s blood were
failed as biomarker for detection of myocardial infarction.

To study the role of myoglobin in cardiac function, myoglobin knock out mice were generated in
our institute by deleting the functionally essential heme binding site encoding exon 2 region of the
myoglobin gene (Godecke et al., 1999). Surprisingly, the Myo”~ mice were viable, fertile and didn’t
show any obvious sign of functional limitations. This unchanged viability could be attributed to the
activation of multiple compensatory mechanisms, like elevated hemoglobin (molecular relative to
myoglobin), capillary density, coronary flow and coronary reserve. Taken together, these changes
reduced the diffusion path length for O between capillary and mitochondria, to steepen the pO>
gradient to the mitochondria. These results suggested an important role of myoglobin in oxygen
transport processes.

As a consequence of limited oxygen bioavailability, myoglobin free hearts switch from fatty acid to
O»-sparing glucose utilization, by downregulation of key enzymes of the B-oxidation pathway
(Flogel et al., 2004). Interestingly, similar changes in cardiac substrate selection were already
described in patients with ischemic cardiomyopathy, heart failure, hypertrophy and dilated
cardiomyopathy (Sambandam et al., 2002).

A further study explored the role of myoglobin in cardiac NO homeostasis by using isolated hearts
of Myo’” and WT mice to measure the conversion of oxygenated myoglobin (MbO3) to
metmyogobin (metMb) by reaction with NO (Flogel et al., 2001). Infusion of NO solutions or
bradykinin (to induce endogenous NO production) resulted in dose dependent metMb formation
in WT hearts. Additionally, NO or bradykinin coperfusion in Myo’" mice resulted in a more
pronounced vasodilatation and cardiodepressant reaction, which suggested that myoglobin
effectively degrades NO to NOs- thereby reducing the cytosolic NO concentration.

MbO, + NO — metMb + NOs3"

or

Mb(Fe?*) + NO — Mb(Fe’*) + NOy
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A century ago, Kobert has already shown that Mb and Hb can react with peroxides, by oxidizing
the ferrous (Mb(Fe?*)) protein generating a ferryl (Mb(Fe**)) state and in the case of the ferric (Mb
(Fe3*)) protein, a protein based cation radical (Mb**; Kelso-King et al. 1967) as follows:

Mb(Fe?*) + HiO2, — Mb(Fe*") = O + HO
Mb(Fe?*) + Mb(Fe*") = O + H* — 2 Mb(Fe3*) + OH-
Mb(Fe3*) + H2O2 — Mb**(Fed+) = O + H,0

However, this enzymatic activity was believed to have no relevance in vivo.Although, during the last
20 years it has become apparent that the redox chemistry of Mb and Hb has a real biological
importance, typically under pathological conditions following ischaemia/reperfusion injury. But it
still remained unclear whether these redox reactions result in a breakdown or even in an
increased radical formation by the strong oxidizing ferryl derivative of Mb.

To clarify the role of Mb during oxidative stress wild type and Myo”- mice were perfused with
H20O: or endogenously generated superoxide (O2®) (Flogel et al., 2004). Here, cardiac contractility
of Myo”’ hearts showed a greater depression compared with WT controls. Moreover, after
ischemia/reperfusion a delayed recovery and an enhanced release of reactive oxygen species (ROS)
was observed in Myo”- mice.All in all, myoglobin seems to be an important factor in redox signaling
to protect the heart from oxidative damage.

Transgenic mice overexpressing iINOS under the cardiospecific &X-myosin heavy chain promoter
(INOS™) were generated in our institute (Heger et al., 2002). These mice were viable and appeared
normal, although the hearts showed an about 260 to 400 fold increased iINOS activity in vitro. The
index of in vivo NOS activity, the NOy levels were increased 40-fold in the heart and 2.5-fold in the
blood over the normal WT control. Interestingly, ventricular mass/body ratio did not differ and
heart rate, cardiac output and mean arterial pressure were decreased just by 10%. Furthermore,
cardiac hemodynamics, ATP and phosphocreatine levels were unaltered.As a consequence of higher
iNOS activity, cardiac L-arginie (NOS substrate) levels were 6.7-fold reduced, whereas L-citrulline
(NOS product) was 20-fold elevated compared with the WT. This suggested a possible limiting
substrate availability. All in all, that results seemed to demonstrate that the heart in the presence of
myoglobin can tolerate high levels of iINOS activity without leading to severe cardiac dysfunction.

To study the in vivo effects of myoglobin under nitrosative stress, a double transgenic cardiac
specific iINOS-overexpression and concomitant myoglobin-deficiency mice was generated in our
institute (Godecke et al., 2003). Interestingly, crossing the iINOS* mice (no phenotype) with myo™
mice (no phenotype) gave a pathological phenotype. As a consequence of the enormously
increased iINOS mediated nitrosative stress, signs of heart failure with cardiac hypertrophy,
ventricular dilatation and intestinal fibrosis were observed. Furthermore, functional cardiac
depression, like reduced contractility, cardiac output, ejection fraction and cardiac energetics were
found.
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Phosphorylation sites and the downstream targets of NO-induced cell biological processes leading
to the described pathophysiological phenotype have not been explored previously.

There is now considerable evidence that novel functions of myoglobin include: scavenging of nitric
oxide, superoxide and reactive oxygen species thereby contributing to NO compartmentalization
and constituting an important barrier against NO-induced heart failure by nitrosative stress.

1.3 MASS SPECTROMETRY IN PROTEOMICS

Since the present study utilized mass spectrometry (MS) to measure the NO-induced changes in
the phosphorylation of cardiac proteins, due to its high throughput, speed, accuracy and potential
to identify site specifically novel and known phosphorylation sites, a short introduction of MS
based techniques shall be given here. During the last ten years, mass spectrometry developed into
a powerful tool for analyzing complex biological samples and generating large data sets. (Aebersold
and Mann, 2003; Kocher and Superti-Furga, 2007 and Chen et al., 2009).

1.3.1 PRINCIPLE

Mass spectrometric measurements are carried out in the gas phase on ionized analytes. Each mass
spectrometer consists of an ion source, a mass analyzer and a detector (Fig.|.4), which ionize the
analytes, measures the mass to charge ratio (m/z) of the ionized analytes and registers the number
of ions at each m/z value, respectively.

lon source Mass analyser Detector

Figure 1.4: Principle of mass spectrometers used in proteome research.

1.3.2 ION SOURCES

Two ‘soft’ ionization techniques are commonly used for ionizing nonvolatile biological
macromolecules intact (Fig. 1.5): electrospray ionization (ESI) (Fenn et al., 1989) involves
high voltage to charge the liquid containing the analyte, which forces the liquid to form an aerosol
mist of charged droplets (Fig. 1.5.A). There are two models to explain the mechanism of this
process: the ion evaporation model (IEM) (Iribarne et al., 1976) and the charged residue model
(CRM) (Dole et al., 1968).The IEM suggests that if the droplet reaches a certain radius (107¢ c¢m)
by solvent evaporation, electrical field strength at the surface of the droplet becomes large enough
to the field desorption of solvated ions. According to the CRM theory, droplets undergo
evaporation and fission cycles leading to progeny droplets that contain on average one analyte ion.
Thereafter, the solvent evaporates, resulting in multiply charged molecular ions that move to the
mass spectrometer (MS) for detection. ESI can be easily coupled with front-end fractionation
methods like high pressure liquid chromatography (HPLC) thus it is the most widely used
ionization technique in proteomic studies. John Fenn was honored with part of the 2002 Nobel
prize in chemistry for his development of ESI for the ionization of proteins.
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Figure 1.5:A) lonization and sample introduction process in electrospray ionization (ESI) and B) in matrix-assisted laser
desorption/ionization (MALDI).

The other ‘soft’ ionization technique is MALDI, or matrix-assisted laser desorption/
ionization, which uses a matrix (often a weak organic acid) to fix proteins or peptides on a
special plate (Fig. 1.5.B). Deposited spots are pulsed with a laser which heats the mixture resulting
in fast expansion and ionization of the analyte which is transfered thereby into the gas phase.
Unlike ESI, MALDI can not be easily coupled to HPLC, eluting drops have to be first mixed with a
matrix and spotted to a MALDI plate. Koichi Tanaka showed for the first time how proteins can be
ionized by MALDI without its disruption (Tanaka et al., 1988) and this was honored with part of
the 2002 Nobel prize in chemistry.

1.3.3 MASS ANALYZER

There are several mass analyzer techniques on the market: time-of-flight (TOF) instruments
(Fig. 1.6.A) are the simplest and least expensive mass analyzer, in which ions are accelerated to a
uniform kinetic energy and are introduced to a field-free tube.The velocity of the ions depends on
its m/z value, it is proportional to the reciprocal square root of m/z. Thus, the ion traveling time to
the detector (time-of-flight) can be used to determine m/z ratio. In the tandem mode (TOF/TOF
instrument, Fig. 1.6.B), ions of one m/z are selected by the first TOF section, fragmented in the
collision cell and fragments are separated by the second TOF section. TOF is a fast but a less
sensitive mass analyzer than ion trap instruments which cover a very wide m/z range.

Quadrupole mass analyzers use four parallel rods with fixed direct current and alternating
radio-frequency potentials which permit stable trajectory only for ions of a particular desired m/z.
Triple quadrupole (Fig. 1.6.C) or quadrupole-quadrupole-TOF (QqTOF) (Fig. 1.6.D) instruments
are well suited for MS/MS experiments because efficient ion selection by the quadrupole,
fragmentation in the collision cell and fragment ion detection by quadrupole or TOF (better mass
accuracy) is available.

lon trap mass analyzers (Fig. 1.6.E) isolate ions within a three-dimensional or rectangular storage
cell surrounded by electrodes of opposite polarity. Here, radio-frequency and direct-current
potentials are varied to eject ions with different m/z from the storage cell to the detector, allowing
mass detection as well as ion selection and fragmentation to be carried out by the same cell.
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l. INTRODUCTION

Sensitivity of detection can be enhanced by longer filling time periods. lon fragmentation in an ion
trap is very efficient, but ion trapping is suboptimal for low mass ions (under 200 m/z).

TOF

A Pulsed laser D S L2
E__ I||é<\lm:7 mestmare (1 J I I
Sampilie plate TOF | IIIIII | I ]- -’-‘

B Reflector E
] ) Pulsed laser
Time-of-flight lon trap

time-of-flight (TOF-TOF) . ] "E‘\”lllll IJ- ‘G’
i i AW ANY
WENY]

—

conducting
C F ., magnet |
L] .
Triple quadrupole I J- - - - : Fourier transform I J-
or linear ion trap I e ion cyclotron
H % resonance mass
YW Y| oo YW
L] (FT-MS)

Figure 1.6: Different instrumental configurations with their typical ion source.

Fourier-transform ion cyclotron resonance mass spectrometry (FT-MS) moves
ions in circles within a static and strong magnetic field. lon masses are determined by detecting
their cyclotron frequencies within the image current, this ion cycling frequency is irreversibly
proportional to m/z ratio. FT-MS technique provides a very high mass resolution, but lover
sensitivity as that of ion trap instruments. Combination of FT-MS with the linear ion trap for
efficient isolation, fragmentation and fragment detection in the FT-MS section is shown at Fig. |.6.F.

Orbitrap is a new, high-resolution, high mass accuracy and high sensitivity mass analyzer, which
electrostatically maintains ions in an orbit around a central electrode (Fig. 1.7). Orbitrap has also
high dynamic range detection capabilities, and thus can be considered to be presently the most
sensitive and versatile MS available.

APlion source Linear ion trap C-trap

Differential pumping

Orbitrap

Differential pumping

Figure 1.7: Schematic view of an LTQ Orbitrap XL mass spectrometer.
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Because of its advantages, in the present work LTQ (linear ion trap) and LTQ Orbitrap XL (linear
ion trap with an orbitrap) mass spectrometers were used in combination with nano flow reverse
phase liquid chromatography (nano-RP-LC) and electrospray ionization.

1.3.4 ANALYSIS OF PROTEIN PHOSPHORYLATION USING MASS SPECTROMETRY

During the last ten years, mass spectrometry based phosphoproteome analysis improved from
identifying several phosphorylation sites from 2D-PAGE separated proteins (Alms et al.,, 1999) up
to analyzing more than then thousand phosphorylation sites using gel free multi dimensional
fractionation including HPLC followed by peptide identification on a high sensitivity mass
spectrometer in one study (Hilger et al.,2009).

A few example from the field of phosphoproteome analysis:

One of the best proteomics research groups, the Mann group at the MPI in Munich, published the
first global quantitative phosphoproteome on epidermal growth factor (EGF) stimulated Hela cells
(Olsen et al, 2006). They managed to detect 6600 phosphorylation sites on 2244 proteins by LTQ-
FT high mass accuracy mass spectrometer and quantified them at five different time points to
study phosphorylation dynamics. Another novel study of this group found in dissected melanoma
by analysis of 2 mg of lysate with titanosphere chromatography and 8 mg with strong cation
exchange together 5600 phosphorylation sites on 2250 proteins (Zanivan et al., 2008).

On the other hand, only 78 phosphorylation sites in 103 unique phosphopeptides from 78 proteins
were found in bacterium Bacillus subtilis by the same group (Macek et al., 2007).

Very recently, analysis of the cytosolic protein fractions of the bloodstream form of trypanosoma
brucei, the causative agent of African sleeping sickness, resulted in the identification of 491
phosphoproteins based on the identification of 852 unique phosphopeptides and 1204
phosphorylation sites (Nett et al., 2009).

Thus, the result of any phosphoproteome analysis strongly depends on analyzed species, cell type,
treatment, amount of starting material and methods of analysis like fractionation, phosphopeptide
enrichment and used MS fragmentation method.

Studies on the cardiac phosphoproteome usually identified phosphorylation sites of purified
proteins or organelles only, mostly from mitochondria (Palmisano et al., 2007; Lu et al., 2008;
Aponte et al., 2009). For example, phosphoproteome analysis of isoflurane-protected heart
mitochondria using 2D-PAGE resulted in identification of 26 potential phosphorylation sites from
which only one phosphorylation site was unknown (Feng et al., 2008).

Taken together, the global cardiac phosphoproteome is still quite unknown. Up to date, only two
global phosphoproteomic studies were published with relatively limited results: 2-D gel
electrophoresis in combination with 32P autoradiography enabled the identification of nine
phosphoproteins to study cardiac B-adrenergic signaling (Chu et al., 2004). Applying gel free
methods resulted only in identification of 47 human cardiac phosphopeptides (Ruse et al., 2004).
This non-quantiative study used immobilized metal affinity chromatography (IMAC) for
phosphopeptide enrichment and worked without biological and technical replicates (n=1).

28



1.3.5 OVERVIEW OF MS BASED QUANTIFICATION STRATEGIES

NTRODUCTION

As already introduced, compared to the 2D-PAGE based techniques gel-free separation methods

enable the downstream identification of a higher number of protein and phosphorylation sites. On

the other hand, the following MS based peptide identification is not quantitative, therefore

comparison of different biological samples is not possible. To overcome this problem, different

strategies were developed for relative or absolute protein/peptide quantification (Aebersold &
Mann, 2003; Bantscheff et al., 2007).Table 5.1 shows a summary of this methods.

Metabolic labeling introduces a stable isotope signature into proteins at the earliest possible
point of time by using '’N (Oda et al., 1992) or '3C¢-arginine and '3C¢-lysine (SILAC; Ong et al.,
2002) enriched cell culture medium.

Table 5.1: Comparison of different mass spectrometry based quantification methods.

Metabolic labeling Postmetabolic labeling Label free
15N -labeling |SILAC Enzymatic |[ICAT iTRAQ Stable AQUA
180 isotope
dimethyl
labeling
Labe- [95% >N in 13C¢-arginine, [H2'80 after  [protein balancing d0 and d2 heavy isotope
ling Jmedium 3Ng¢-lysine in [protease reactive group, [group and  [formalde-hyde [labeled peptides
chemi- cell culture  [mediated mass-encoded [reporter and sodium as internal
cals medium or  [cleavage linker and group, cyanoboro- standards
food affinity tag isobaric hydride
Labe- |'°N in all amino [Lys,Arg C-terminal Cys N-term, Lys |N-term,Lys |
led acids oxygen atoms
roup
Effi- Complete, but |Excess of 90%|Slow, Need to be Need to be [Complete, fast |-
ciency [theoretically Jachieved by [incomplete for |optimized optimized
calculated and [6-8 passages [acidic
expected ratios [in labeled peptides, back
differ medium or  |exchange of
after the 3. ['8O to 'O
mouse gene-
ration
Labels |Cells, fruit fly, [Cells, mice, [Peptides Peptides Proteins, Peptides -
|rat, etc. etc. peptides
Spa- |Not fixed Fixed Fixed, 4Da 8 Da pro Cys [No spacing, |Not fixed, 4 Dal-
cing equal mass  |pro labeling
H-L
Disad- |Retention time |[Metabolic Limiting the  [Labels only Limited Minimal Applicable only
vanta- |spacing in conversion of [choice of peptides with [choice of retention time [if preprocessing
ges HPLC Arg to Pro  |protease, only [Cys residue  |mass spacing in steps can be
Glu-C and spectro- HPLC carried out
Trypsin meter highly
reproducible
Mul- |2 up to 5 2 2 up to 8 up to 4 2
iplex
|Costs +++ +++++ ++ 44+ ++++ + 4+
Publis-]Oda et al, 1992 |Ong et al,, Heller etal,, |Gygietal, Ross etal, [Hsu et al., 2003|Gerber et al,,
hed | 2002 2003 1999 2004 2003
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Recently, a mice completely labeled with a diet containing either the natural or the '*C¢-substituted
version of lysine was introduced as SILAC-mouse (Kruger et al., 2008). Protein identification is
based on fragmentation spectra of at least one of the co-eluting “heavy” and “light” labeled
peptides and relative quantitation is performed by comparing the intensities or the peak area of
the heavy and light labeled peptides.

Advantage of SILAC compared with '*N-labeling is, that the number of incorporated label in SILAC
is not dependent on the peptide sequence, therefore enabling easier data analysis. The main
advantage of metabolic labeling strategies is that differentially treated samples can be combined
already at the level of intact cells or isolated tissues, excluding all other sources of quantification
errors.

Postmetabolic labeling of proteins or peptides is performed by chemical or enzymatic
derivatization in vitro. '80 incorporation by trypsin or Glu-C introduces a mass shift of 4 Da during
or after protein digestion, allowing for relative quantification (Heller et al., 2003). One drawback of
the method is the back-exchange of '80 to 'O with a concomitant loss of the isotope label at
extreme pH values. Furthermore, acidic peptides are resistant against '80O incorporation leading to
different labeling ratios in different peptides, further complicating data analysis.

Isotope coded affinity-tag (ICAT) specifically derivatizes cysteine residues with a reagent
containing zero or eight deuterium atoms as well as a biotin group for affinity purification of the
labeled peptides (Gygi et al., 1999). As cysteine is a rare amino acid, ICAT reduces sample
complexity of the peptide mixture to cysteine containing peptides. Thus, ICAT is not suitable for
quantifying proteins with no or only few cysteine residues. It is therefore of limited use for the
analysis of post translational modifications and splice isoforms. Labeling the peptide N-terminus
and the epsilon-amino group of lysine residues via the N-hydroxysuccinimide (NHS) chemistry or
other active esters and acid anhydrides has been used in various labeling procedures. The most
often used isotope tags is iTRAQ , which can be used for relative and absolute quantification (Ross
et al, 2004). In this technique the isotopomers of heavy and light labeled peptides can be
distinguished only upon peptide fragmentation by the mass spectrometer allowing for quantitation
due to different tags (m/z=113-121). Thus, mass spectrometers with low mass cut off are
disadvantageous for detection.

Label free quantitation using isotope-labeled synthetic standard peptides added in known
quantity to the digested protein mixture is able to perform absolute quantification of proteins
(AQUA; Gerber et al., 2003). This method focuses usually on a few particular proteins of interest,
unlike in metabolic and postmetabolic labeling where relative quantification is performed for a
huge number of peptides present in the mixture. A more specific method called multiple reaction
monitoring (MRM; Kirkpatrick et al.,, 2005) combines retention time, peptide mass and masses of
one or more specific fragment ion, eliminating interference of isobaric peptides and extends
quantification range to 4-5 orders of magnitude. However, sample manipulation prior adding
synthetic standards may mask true protein expression levels in a cell.

Stable isotope dimethyl labeling (Hsu et al, 2003) of lysine residues and peptide N-
terminus via Schiff base formation by normal (DO) or deuterized (D2)-formaldehyde and
subsequent reduction by cyanoborohydride is a fast, specific reaction, which labels all peptides. It is
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l. INTRODUCTION

also comparatively cost effective and therefore altogether an optimal choice for a
phosphoproteome study. Furthermore, labeling leads to better peptide identification scores due to
enhanced a(l) and y(n-1) fragment ion intensity. A drawback of the method is that physiochemical
differences of deuterium and hydrogen results in small, but significant differences in retention time
after reverse phase HPLC separation of heavy and light labeled peptide pairs. Therefore, in contrast
to other methods where one MS spectrum can be enough to relatively quantify heavy and light
labeled peptides, stable isotope dimethyl labeling requires integration of peak area (based on
minimum 5 MS spectra) of eluting peptides for accurate quantitation.

Due to its advantages, being fast, specific and cost effective, the complete labeling of all possible
peptides by stable isotope dimethyl labeling is an optimal choice to perform a quantitative
phosphoproteome study.
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2. AIM OF THE STUDY

2 AIM OF THE STUDY

The aim of the study was to investigate the global cardiac phosphoproteome and evaluate the NO-
induced changes as related to cardiac contractile force. This study was made possible by the
availability of an interesting NO-induced heart failure model in mice generated in our institute. In
this model the inducible nitric oxide synthase was overexpressed on a myoglobin (NO scavenger)
lacking background (iNOS*/myo”) in which large amounts of NO result in heart hypertrophy,
reduced contractility, cardiac output, ejection fraction and cardiac energetics.

NO is known to activate kinases and phosphatases leading to changed protein activity due to
protein phosphorylation and dephosphorylation. The NO-induced cardiac signaling is not fully
understood and many of the NO-induced phosphorylation sites are most likely unknown. In
addition, mass spectrometry based phosphoproteome analysis has grown to be a powerful tool
during the last few years.

To be able to measure changes in the global cardiac phosphoproteome, various state of the art
proteomic methods were introduced and individually validated. They include:

|) stable isotope dimethyl labeling of peptide N-terminus and lysine residues which introduces a 4
Da mass difference per labeled primary amino group to be able to perform quantitative mass
spectrometry based measurements

2) sample fractionation on a strong cation exchange column using micro flow HPLC to reduce
sample complexity

3) Pphosphopeptide enrichment to remove non-phosphorylated peptides which would preclude
phosphopeptide identification due to its better ionization and its excess amount

4) nano flow reverse phase chromatography (nano-RP-LC) to further separate peptides and
concentrate them to a specific point of time to elute into the online coupled mass
spectrometer which improve sensitivity of measurements

5) diverse fragmentation methods for tandem mass spectrometry based phosphopeptide
identification and quantification, to optimize speed, sensitivity, number of identified peptides and
data quality for quantitative measurements

6) integration of bioinformatic tools for automatic extraction of quantitative data from original
in .raw format measured mass spectrometry files

In summary, the improvement of methodology should enable to obtain a first insight into the
cardiac global phosphoproteome as influenced by endogenously formed nitric oxide.
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3 MATERIALS AND METHODS

3.1 USED MATERIALS

3.1.1 CHEMICALS AND MATERIALS

Chemicals and Materials

Chemicals and Materials

Acrylamide-bis 30 %

Serva

Immobiline DrySrtip pH 4-7, 18 cm

Amersham Biosciences

Immobiline DryStrip pH 3-11, 18 cm

I Amersham Biosciences

PlusOne DryStrip Cover Fluid

Pharmacia Biotech AB, Uppsala, Sweden

Formic acid Merck
Acetic acid Merck
o-Phosphoric acid Merck
Ammonia solution Merck
Chloroform Merck

Methanol

Riedel-de Haen

Isopropanol

Riedel-de Haen

[Acetonitrile

Riedel-de Haen

Heptafluorobutyric acid Promega
Sequencing grade modified trypsin Promega
Formaldehyde-d2 98% Isotec

BCA Protein Assay Kit Pierce
Endoproteinase Glu-C sequencing grade Roche
Complete mini protease inhibitor cocktail tablets Roche
PhosStop Roche
Phosphatase inhibitor cocktail set Il Calbiochem
Protran nitrocellulose transfer membrane 'Whatman

Western lightning chemiluminescence reagent plus

Perkin Elmer

BioMax XAR film Kodak
Rapigest SF Waters
ZipTip U CI8 Millipore
TopTip C18 Glygen Corp.
TopTip Titandioxid Glygen Corp.
TopTip Polysulfoethyl A Glygen Corp.
TopTip WAX Glygen Corp.
SPEC PT C18 Varian

SPEC CI8AR 3ML (15 mg, 30 mg) Varian

PicoTip EMITTER

NewObjective

C18 PepMap100, 3 um 100A

Dionex

Polysulfoethyl-Asp 5 um 300A

Dionex

Nucleodur Gravity C18 3 um

Macherey-Nagel

Partisphere SCX 5 um Whatman
Fused silica capillary (10, 20, 25, 75, 100, 200 um ID, .
360 um OD) Polymicro
Double distilled water (max. 18.2mOhmcm) Millipore

Table 3.1 List of used chemicals and materials
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3. MATERIALS AND METHODS

All other chemicals were purchased from Fluka. All materials were used highest purity available.

3.1.2 MS STANDARDS

Calibrating agents Peptide sequence [M'::I:!Isotoplc mass Manufacturer
Caffeine solution - 195.09 Sigma
MRFA MRFA 52426 Research Plus, Inc.,
Manasquan, NJ
1022.01, 1122.00,
1221.99, 1321.99, Lancaster Synthesis, Inc
Ultramark 1621 ! 1421.98.1521.97, ool NHY P ines
1621.96, 1721.95, ’
1821.95, 1921.94

Table 3.2 Agents for ESI-MS

mass calibration

Peptides Peptide sequence Monoisotopic mass Manufacturer
[MH+]

IAngiotensin | DRVYIHPFHL 1296.68 Sigma Aldrich

/Angiotensin || DRVYIHPF 1046.54 Sigma Aldrich

Neurotensin pELYENKPRRPYIL 1673.92 Sigma Aldrich

Substance P RPKPQQFFGLM 1348.63 Sigma Aldrich

Bradikinin RPPGFSPFR 1060.57 Sigma Aldrich

Bradikinin Fragment -5 RPPGF 573.31 Sigma Aldrich

Synthetical phosphopeptide GTYSPPSAQEYCNPR  |1652.67 BIT’.IFZ, University of

(pS) Disseldorf

Table 3.3 List of used standard peptides

Proteins Molecular mass Manufacturer

3-Casein, bovine 25,107 Da Sigma Aldrich

Table 3.4 Used standard protein

3.1.3 ANIMALS

Mice were bred at the Tierversuchsanlage of the Heinrich-Heine-Universitat, fed with a standard
chow diet and received tap water ad libitum. Animal experiments were performed in accordance
with the national guidelines on animal care and approved by the Bezirksregierung Dusseldorf.

3.1.4 PRIMARY AND SECONDARY ANTIBODIES

Antibody Manufacturer
Anti-iINOS

/Anti-Myoglobin
IAnti-Phosphotyrosine-RC20:HRPO

/Anti-Phospholamban

Transduction Lab., Lexington, KY
Dunn Labortechnik GmbH, Asbach
BD Biosciences, San Jose, CA
Calbiochem, Darmstadt
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3. MATERIALS AND METHODS

IAnti-Phospholamban, Phospho-Specific (Ser!'®)

Calbiochem, Darmstadt

Anti-VASP

Alexis Corp., Lausen, Schweiz

IAnti-VASP, Phospho-Specific (Ser?3)

Alexis Corp., Lausen, Schweiz

Peroxidase-conjugated AffiniPure Goat Anti-Mouse
IgG (H+L) (minimal cross-reaction to Human,
Bovine, Horse Rabbit and Swine Serum Proteins)

Jackson Immunoresearch Lab. Inc.,Wes Grove, PA

Peroxidase-conjugated AffiniPure Goat Anti-Rabbit
IgG (H+L) (minimal cross-reaction to Human,
Bovine, Horse Rabbit and Swine Serum Proteins)

Jackson Immunoresearch Lab. Inc.,Wes Grove, PA

Table 3.5 List of primary and secondary antibodies

3.1.5 LABORATORY INSTRUMENTS

Instrument Manufacturer

Milli Q Plus Millipore Corporation, Billerica, MA
Sorvall Ultracentrifuge OTD55B DuPont, Wilmington, DE

Precidor Infors AG, Basel

Potter S B.Braun Melsungen AG, Melsungen

Ultra Turrax T 18 basic

IKA Works do Brasil Ltaquara, R]

Spectra Count BS10001

Packard Inst. Comp. Inc.,Warrenwille, IL

Centrifuge 5418

Eppendorf AG, Hamburg

Thermomixer Comfort

Eppendorf AG, Hamburg

pH Meter, pH 526

Wissenschaftlich — Technische Werkstatten,
'Weilheim

InLab423 pH combination electrode

Mettler Toledo International Inc., Columbus, OH

REAX 2000

Heidolph Instruments GmbH, Schwabach

IPGphor

IAmersham Pharmacia Biotech, San Francisco, CA

Ettan DALT Il System

IAmersham Pharmacia Biotech, San Francisco, CA

Triphoon 8600

Amersham Pharmacia Biotech, San Francisco, CA

Powerlook Il Scanner

Amersham Pharmacia Biotech, San Francisco, CA

Julabo 20BVC

Julabo Labortechnik GmBH, Seelbach

Mini-PROTEAN 3 Cell

Bio-Rad, Hercules, CA

Fastblot B33

Whatman Biometra, Gottingen

Power Pack P25 'Whatman Biometra, Gottingen
Multitemp Il Thermostatic Circulator LKB Producta AB, Bromma, Sweden
CURIX 60 AGFA

KL-2 Swip Edmund Biihler GmbH, Tiibingen
Lyovac GT 2 Leybold-Heraeus GmbH, K“oln

SpeedVac Concentrator

Bachofer GmbH, Weilheim/Teck

A-905 Autosampler

Amersham Pharmacia Biotech, San Francisco, CA

Ettan microLC

IAmersham Pharmacia Biotech, San Francisco, CA

Model P-2000

Sutter Instrument Co., Novaro, CA

FinniganLTQ

[Thermo Scientific, San Jose, CA

LTQ Orbitrap XL

'Thermo Scientific, San Jose, CA

Ultimate 3000

Dionex Corporation, Sunnyvale, CA

Table 3.6 List of instruments
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Instrument

Manufacturer

Pump DGP-3600MB

Dionex Corporation, Sunnyvale, CA

Solvent Rack SRD-3600

Dionex Corporation, Sunnyvale, CA

Flow Manager FLM-3100B, NANO

Dionex Corporation, Sunnyvale, CA

'Well Plate Sampler WPS-3000TB

Dionex Corporation, Sunnyvale, CA

VWD-3100

Dionex Corporation, Sunnyvale, CA

UZ-View flow cell VWD 3 nL

Dionex Corporation, Sunnyvale, CA

UZ-View flow cell VWD 180 nL

Dionex Corporation, Sunnyvale, CA

Automated off-line 2D-LC

Dionex Corporation, Sunnyvale, CA

Table 3.7 Parts of the Ultimate 3000 nanoHPLC System with fraction collection

3.1.6 SOFTWARE

Software

Manufacturer

Chart 4

IAD Instruments Pty Ltd, Castle Hill, Australia

PlateReader

Packard Inst. Comp. Inc.,Warrenwille, IL

I-Smart Packard Inst. Comp. Inc.,Warrenwille, IL
Software Manufacturer

Unicorn 5.01 IAmersham Pharmacia Biotech, San Francisco, CA
Chromeleon Dionex Corporation, Sunnyvale, CA

LTQ 2.4 [Thermo Scientific, San Jose, CA

XCalibur 2.07 [Thermo Scientific, San Jose, CA

Bioworks 3.3 'Thermo Scientific, San Jose, CA

DTASupercharge (version 1.19)

www.msquant.sourceforge.net

MASCOT (version 2.2)

Martix Sci. Ltd, London, UK

MSQuant (version for N-term modifications kindly
provided by Dr. Lennart Martens)

www.msquant.sourceforge.net

Table 3.8 Used software
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3.2 LANGENDORFF-PERFUSION OF ISOLATED MOUSE HEARTS

7 Cannulated Aorta Chemicals Concentration
y. 4 KCl 463 mmolll
N Pulmonary Artery MgSO4 I.I mmol/l
; = NaHCO; 24.9 mmoll/l
Aortic Valve N e NaCl 116 mmol/l
o~ Pulmonary Vein KH2PO4 [.18 mmol/l
B Glucose 8.32 mmolll
N f, Pyruvate 2.0 mmol/l

EDTA 0.5 mmol/l

‘} /LeftVentrIcIe Add Millipore water to 2 | and mix

R Equilibrated with carbogen (95% O2/5%
. ﬂh:" CO3) for |5 min, pH 7.4

-' Add CaCl, [2.52 mmol/l

Filtrate (20pm filter)

Right Atr'um\‘
Right Ventricle

Figure 3.1. Cannulated aorta Table 3.9. Modified Krebs-Henseleit buffer (KHB)

Mice were anesthetized by IP injection of urethane (1.5 g/kg body weight) and heparinized with
500 U IP. Hearts were rapidly excised and placed in ice-cold KHB (see table 3.9) for preparation of
the aortic arch. Heart perfusion was done at constant coronary pressure (95 mm Hg) with KHB
(37°C) equilibrated with carbogen (95% O» / 5% CO3y) in non-recirculating mode. Perfusion
pressure and coronary flow were recorded with the Chart 4 (AD Instruments) software. After
stabilization of the coronary flow cardiac pacing (500 bpm) was initiated and continued
throughout. Fifteen minutes after the beginning of cardiac pacing and perfusion with KHB the
coronary perfusion was switched to constant flow at the flow rate at which the hearts were
stabilized. Afterwards 20 mmol/l L-arginine (L-arg) was coperfused (dilution 1:100) into the KHB
buffer with a final concentration of 200 umol/l (corresponds to in vivo L-arg concentration). After
one min of L-arg coperfusion the heart was snap frozen with a clamp precooled in liquid nitrogen
and the sample was stored at -80°C.

3.3 BIOANALYTICAL METHODS
3.3.1 PROTEIN ASSAY USING BICINCHONINIC ACID (BCA)

The BCA protein assay was performed using the microplate protocol according to the
manufacturers instructions. The samples were measured with a Spectra Count BS1000| Microplate
Reader (Packard Inst. Comp. Inc., Warrenwille, IL) at 540 nm and data were analyzed using I-Smart
Software.
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3. MATERIALS AND METHODS

3.3.2 TwoO DIMENSIONAL GEL ELECTROPHORESIS (2-D PAGE)

3.3.2.1 Isoelectrical focusing (1. Dimension)

Heart samples were lysed in 5 ml phosphatase inhibitor cocktail containing lysis buffer using an ice
cooled Sartorius glass homogenizer and centrifuged for 10 minutes at 12500 g. The supernatant
was aliquoted and stored at -20°C.

Chemicals /Amount
Urea 9.5M
CHAPS 2%

Tris 40 mM
NaF 10 mM
Na,VO3 2 mM
NaxH,P,07 10 mM
B-glycerophosphate 60 mM
DTT 1%

Table 3.10 Lysis buffer composition for isoelectric focusing

Protein concentrations were determined using the Bradford protein assay. Equal amounts of
sample (300 pg/gel) were taken and proteins were precipitated by chloroform-methanol extraction
to remove salts. Sediments were resolved in 420 pl sample buffer. After centrifugation (10 min,
14000 g) the sample was loaded into a 18 cm-Stip-Holder, an IPG strip was placed on top (without
air bubbles) and covered with DryStrip Cover Fluid (mineral oil) to prevent desiccation during
focusing.

Chemicals Amount
Urea 8M

CHAPS 1%
Bromphenol blue a few grains
Pharmalyte (according to pH of used stips) [0.5%

DTT 0.33%

Table 3.11 Sample buffer composition

First dimensional isoelectric focusing was performed on a IPGPhor (Amersham Pharmacia Biotech)
instrument. The protocol shown in table 3.12 was applied with 50pA/strip electric current.

After focusing the strips were incubated under reducing (1% DTT, |5 min, RT, 100rpm, 7.5 ml/strip)
and alkylating conditions (2.5% IAA, |5 min, RT, 100rpm, 7.5ml/strip) in an SDS containing
equilibration buffer (see table 3.13). For the second dimensional separation strips were placed onto
a gradient SDS-PAGE and hold in place by covering with agarose sealing solution.
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pH range Step Volt (V) Time (h:min) 'Volthours (kVh)
Rehydration
Step & Hold 500 1:00 0.5
Gradient | 1000 8:00 6.0
o147 Gradient Il 8000 3:00 13.5
Step & Hold 8000 2:00 16.7
Step & Hold 500 5:00 2.5

3.3.2.2 Gradient SDS-PAGE (2. Dimension)

Table 3.12 Steps of first dimensional isoelectric focusing

Chemicals Amount
4xRB 16,75 ml
Urea 6 M
Glycerol (87%) 33.3%
SDS 2%

Table 3.13 Composition of equilibration buffer

Chemicals

Amount

Tris

I5M

Addjust pH to 8.8 using HCI

Table 3.14 Composition of 4x resolving buffer (4xRB)

Chemiicals Amount
IxEB 250 g

Low gelling agarose 25¢g
Bromphenolblue a few grains

Table 3.15 Agarose sealing solution

Chemicals Amount
Tris 25 mM
Glycine 192 mM
SDS 0.1%

IAdd 2 | double distilled water

Table 3.16 10x electrophoresis buffer (10xEB)

Gradient gels were prepared from 4% and 16% acrylamide containing separating gel solutions using

a mixing chamber.Table 3.17 shows the composition of the gel solutions.

Samples for |D electrophoresis were desalted and delipidated by methanol-chloroform extraction,
resolved in |x sample buffer with DTT and reduced at 37°C for 30 minutes.
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Chemical 4% gel 16% gel
Acrylamide / Bis (30%) [,3ml 5,3 ml
Tris-HCI 1,5M (pH 8.8) 2,5 ml 2,5 ml

Water 6,1 ml -

Glycerol (86%) - 2,1 ml (18,3%)
SDS (10%) 100 wl 100 ul

APS (10%) 100 wl 100 ul
TEMED 5 ul 5 ul

Table 3.17 Composition of the 4% and 16% acrylamide containing gel solutions for gradient SDS-PAGE

Chemical Amount

Tris-HCI 0.5M (pH 6.8) 2.5 ml

SDS (10%) 4.0 ml

Glycerol (86%) 2.3 ml

Water 1.2 ml

Bromphenol blue @ few grains

DTT 7.7 mg/0.5ml| added freshly

Table 3.18: 2x sample buffer composition for 1D electrophoresis

3.3.3 PROQ DIAMOND PHOSPHOPROTEIN STAIN

The gel separated phosphoproteins were stained using ProQ Diamond according to the
manufacturers instruction (fast protocol). Removing the interfering salts and lipids via methanol/
chloroform extraction prior to gel electrophoresis was an important step to achieve optimal
staining results. Phosphoproteins were detected with a Typhoon 8600 scanner (Amersham
Pharmacia Biotech) by applying the following parameters: 200 pm pixel, fluorescence, 532 nm
excitation source, 560 nm high pass emissions filter, 480V PMT.

3.3.4 MS COMPATIBLE SILVER STAIN

MS compatible silver stain (sensitivity up to 0.1 ng) was performed as described by Shevchenko et
al. (1996). Gels were developed for one minute and digitized using an Amersham Pharmacia Biotech
Powerlook Il Scanner.

3.3.5 CoLLOIDAL COOMASSIE STAIN

SDS-PAGE separated proteins were visualized using colloidal Coomassie stain according to Kang et
al. (2002). This stain shows an enhanced sensitivity (up to | ng) compared to the common
Coomassie protocol (up to 50 ng) with lower background staining and reaches a signal intensity up
to 80% after two hours.Table 3.19 shows the components of the staining and destaining solutions.

40



3. MATERIALS AND METHODS

Chemicals Staining solution Destaining solution

amount [%] amount [%]
CBB-G250 0,4 g 2% - -
Aluminiumsulfat-18-Hydrat (100 g 5% - -
Ethanol (96%) 200 ml 10% 200 ml 10%
o-Phosphoric acid 40 ml 2% 40 ml 2%
Water Up to 2000 ml Up to 2000 ml

Table 3.19 Composition of staining and destaining solution of the colloidal Coomassie stain

3.3.6 WESTERN BLOT

Semi dry western blot using anti-phosphotyrosine-RC20 antibody was carried out according to
Maile et al. (2002). Phospholamban detection was performed as described by Mayer et al. (2000).
Since phospholamban is a membrane protein it was important to reduce the sample with DTT at
37°C for 30 minutes and not at 98°C for 10 minutes to avoid its precipitation. Detection of
myoglobin and iINOS was performed according to the standard semi dry blot protocol.

Chemicals Amount Concentration
Glycine 5,86 g 39 mM

Tris (pH 8.5) 11,62 ¢ 48 mM

SDS 0,75 g 375%

Methanol 400 ml 20%

Water Fill up to 2000 ml

Table 3.20 Components of the standard semi dry western blot transfer buffer

Briefly, according to the standard protocol gels with the separated samples were washed in semi
dry blot transfer buffer for 10 minutes and blotted with 2 mA/cm?, 10°C, 2h to a nitrocellulose
membrane. The membrane was washed in semi dry blot wash buffer for 10 minutes and blocked
with wash buffer containing 5% milk powder at 37°C for 30 minutes.

Chemicals Amount Concentration
Tris (pH 8.3) 6,065 g 25 mM

NaCl 17,532 ¢ 150 mM
Tween-20 4ml 2%

Water Fill up to 2000 ml

Table 3.21 Components of the standard semi dry western blot wash buffer

Incubation with the primary antibodies was done over night (1:2000, 4°C, 200 rpm). Afterwards the
membrane was washed three times and incubated with a horseradish peroxidase (HRPO)
conjugated secondary antibody (1:10000, 4h, 20°C, 200 rpm). After three washing steps blots were
developed with Western Lightning Chemiluminescence Reagent Plus (Perkin Elmer) and BioMax
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XAR Film (Kodak).The film exposure time was varied to optimize signal intensity. For development
a CURIX 60 (AGFA) instrument was used.

3.3.7 IN GEL DIGESTION WITH TRYPSIN

In gel digestion of protein spots from 2-D gels was performed according to the modified protocol
of the EMBL Bioanalytical Research Group. Following the normal EMBL protocol the colloidal
Coomassie stained spots could not be destained. Using the destain solution of the colloidal
Coomassie staining protocol (Table 3.19) solved this problem.

3.3.8 PREPARATION OF HEART SAMPLES FOR COMPARATIVE PHOSPHOPROTEOME
ANALYSIS USING STABLE ISOTOPE DIMETHYL LABELING

3.3.8.1 Protein extraction and fractionation for in solution digest
Hearts were homogenized with an ice cooled Sartorius glass homogenizer in 5 ml homogenization
buffer (Table 3.22) and centrifuged for 15 minutes at 7500 g and 4 °C to remove cell derbies and
nuclei. The supernatant was further centrifuged for 2 hours at 4 °C, 100.000 g to separate cytosolic

(supernatant) and membrane fraction (pellet). Supernatant was aliquoted and stored at -80 °C until
further use.

Chemicals Amount
Tris HCI pH 8.0 20 mM
EDTA pH 8.0 2 mM

NaCl 150 mM

NaF 10 mM
NaxH,P,O7 10 mM
Na2VO; 2 mM
B-glycerophosphate 60 mM
Phosphatase inhibitor cocktail Il (Calbiochem) (100 x diluted
Add freshly PMSF (500 mM stock in DMSO) |5 mM

Table 3.22 Components of the homogenization buffer

Nuclear and membrane pellets were resolved in a mass spectrometry compatible anionic
detergent |% Rapigest SF (Waters) containing homogenization buffer, centrifuged for |5 minutes at
7500 g and 4 °C, aliquoted and stored at -80 °C until further use.

3.3.8.2 Internal standard - a reference for relative quantitative analysis

Before reduction, alkylation and digestion 10 pg beta casein was added as internal standard to all
samples to control the entire work flow. Furthermore, homogenization buffer, protein
concentration and sample volume of sample pairs was adjusted to the same values to achieve
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comparability. In addition the sample pairs were always handled in parallel in the same way. During
the entire process low bind tips and tubes were used to minimize sample loss.

3.3.8.3 Reduction and alkylation of cysteine residues

To reduce sample complexity it is necessary to reduce and alkylate the cysteine residues, which
might form disulfide bridges or become modified by glutathiolation and oxidation. The reduction
was performed using |,4-dithiothreitol (10 mM DTT, 37°C, |h) followed by alkylation with
iodoacetamide (50 mM IAA, 25°C, 2h, dark). lodoacetamide was quenched with L-cysteine (50
mM, 25°C, 2h, dark).

3.3.8.4 Methanol-chloroform precipitation of proteins

To concentrate the sample, remove salts, detergents and lipids, methanol-chloroform precipitation,
a quantitative protein precipitation method was performed according to Wessel et al. (1984).
Briefly, to each 0. ml of sample solution 0.4 ml of methanol was added and mixed well by
vortexing. Next 0.1 ml of chloroform was added and mixed vigourously. Afterwards 0.1 ml of water
was added, mixed well and centrifuged at 16000 g for 10 min.The upper phase was removed and
0.3 ml of methanol was added.The sample was mixed well and centrifuged for 10 minutes at 16000
g. After discarding the supernatant the pellet was dried under the fume hood. The desalted and
delipidated pellet was resolved in digestion buffer for in solution digest.

3.3.8.5 Ethanol precipitation

To each 0.2 ml protein sample 1.8 ml ethanol was added and mixed well by vortexing. The sample
was incubated at -40°C for 4 h and centrifuged for 10 minutes at 20.000 g (4°C). The supernatant
was removed and the pellet was dried under the fume hood. Finally, the pellet was resolved in
digestion buffer for in solution digest.

3.3.8.6 Protein digestion

The pH of the alkylated sample was adjusted to 7.8 using 500 mM ammonium bicarbonate.
Additionally, the trypsin cofactor calcium (5 mM CaCly) was added. The digestion with trypsin was
performed at an enzyme to protein ratio of 1:20 (over night, 37°C, 600 rpm). Proteolysis was
stopped by adjusting the pH to 2-3 with formic acid (FA). Digestion was controlled on a coomassie
stained SDS-PAGE using 5 pg digested sample.

3.3.8.7 Stable isotope dimethyl labeling

Stable isotope dimethyl labeling of digested peptide samples was performed according to Hsu et
al. (2003) with minor modifications. Briefly, digested and desalted peptide samples were resolved in
100 mM NaCH3COOH (pH 5.4) to a final peptide concentration of 0.5 mg/ml. After peptide
solubilization the pH was measured again and adjusted if necessary. Freshly prepared 4% dO-
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formaldehyde (HCHO) or d2-formaldehyde (DCDO) and 600 mM sodium cyanoborohydride
(NaH4CN) was added (5pl per 100 pl) and mixed well. The labeling reaction was performed in a
Thermomixer comfort (30°C, 600 rpm, I h) and quenched by adding a solution of 7% NH4+OH (5pl
per 100 pl).The labeling procedure had to be performed under the safe hood because of the high
toxicity of formaldehyde and cyanoborohydride. Furthermore, it was necessary to prevent the
presence of acids because the reaction of cyanoborohydride and acids forms the highly toxic cyan.

3.3.8.8 Sample clean up using solid phase extraction

The LC-MS procedure interfering substances were removed using solid phase extraction (SPE) of
digested peptides. After adjusting the pH to 2-3 the sample was loaded to a preconditioned CI8
microcolumn. To prevent sample loss the column size was varied according to the sample amount.
The CI8 column was preconditioned using methanol and washed three times with wash buffer.
Afterwards the sample was loaded onto the column and the flow through was reloaded two
additional times to prevent sample loss. Salts, detergents and other chemicals were washed away
using wash buffer five times. Peptides were eluted by applying stepwise increasing acetonitrile in
the elution buffer which decreased the hydrophobic interactions between the column material and
the sample. The collected eluate was dried in a speed vacuum concentrator and stored at -80°C
until further use.

Solution Buffer composition

Column preconditioning MeOH followed by washing
Loading buffer 0.1% TFA, 0,012% HFBA (pH 2-3)
'Wash buffer 0.1% TFA, 0,012% HFBA

Elution buffer | 0.1% FA,20% MeCN

Elution buffer Il 0.1% FA, 40% MeCN

Elution buffer IlI 0.1% FA, 60% MeCN

Table 3.23 Buffer compositions for peptide solid phase extraction

3.3.8.9 Phosphopeptide enrichment using titanium dioxide micro particles filled
TopTip

Enrichment of phosphopeptides was carried out according to Larsen et al. (2005) with minor
modifications. Briefly, the previously digested, labeled, desalted and in loading buffer resolved
peptide mixture was loaded onto the TiO2 micro particles filled TopTip. Gentle centrifugal force
was applied to press the solutions through the filled tip. To enhance sample binding the collected
flow through was loaded again two additional times. The column was washed three times using
wash buffer | and six times with wash buffer Il to remove non phosphorylated peptides from the
column. Bound peptides were eluted using elution buffer with increasing pH.The pH of the eluted
peptide solution was immediately adjusted to 2-3 with 100% formic acid.
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Name Buffer composition

Loading buffer 20 mg/ml DHB, 30% MeCN, 2% FA
'Wash buffer | 20 mg/ml DHB, 30% MeCN, 2% FA
'Wash buffer Il 80% MeCN, 4% FA

Elution buffer | 250 mM NH4HCO;3, pH 9

Elution buffer Il Elution buffer Il: 500mM NH+OH, pH 10
Elution buffer IlI 5mM NH4+OH, pH 10.5

Table 3.24 Buffer compositions for phosphopeptide enrichment on TiO»

3.3.8.10 Phosphopeptide enrichment using calcium phosphate precipitation

Phosphopeptide enrichment using calcium phosphate precipitation was perfomed according to
Zhang et al. (2007) with minor modifications. The digested, labeled and desalted peptide sample
was resolved in 50 mM ammonium bicarbonate (NH4HCO3) and 0,5 M Na;HPO4 was added at a
ratio of |:26. The sample was mixed vigorously and the pH was adjusted to 10.5 using 5 mM
NH4OH. 2M CaCl; was added at a ratio of 1:26 and mixed well. The sample was centrifuged
(20.000g, 10 min, RT) and washed with 80 mM CaCl,. Finally, the sample was centrifuged again and
the pellet was resolved in 5% FA and desalted on a CI8 column.

3.3.8.11 Sample fractionation using SCX filled TopTip
Translating the MudPit protocol of Washburn et al. (2001) to manual fractionation using SCX
chromatography material filled TopTip offers the opportunity to handle higher sample amounts and
easily reduce sample complexity by salt step fractionation.

3.3.8.12 Sample fractionation using ACE mixed bed filled TopTip
Following the idea of Motoyama et al. (2007) to enhance chromatography separation of enriched
phosphopeptide fractions, anion and cation mixed-bed ion exchange chromatography was
performed. Chromatography material of two WAX and one Polyaspartamid A TopTip column was
removed, mixed and filled back into one of the empty TopTips. Afterwards the newly prepared ACE
TopTip was used for fractionation of stable isotope labeled and desalted complex peptide
mixtures. Fractionation was performed the same way as mentioned for the SCX filled TopTip.

3.3.9 NANOLC-ESI-MS ANALYSIS

3.3.9.1 Preparation of a reverse phase nanoHPLC column with ESI tip interface

The polyimide coating of a 50 cm long fused silica capillary (75 pm ID x 360 pm OD) was burned
away in the middle of the capillary at a length of 3 cm.The surface was cleaned using an ethanol
wetted dust free wipe and the capillary with the prepared window in the polyimide coating was
placed into a Model P-2000 (Sutter Instrument Co., Novaro, CA) laser pulling instrument. The
fused silica capillary was pulled according to the steps described in table 3.25.
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Heat Fil Vel Del Pul
Step | 290 - 25 128
Step 2 280 - 20 128
Step 3 260 - 20 128
Step 4 250 - 20 128

Table 3.25 Pulling steps of the fused silica capillary

Thereby two 25 cm long fused silica capillaries were generated with | pm ID pulled tips, which is a
prerequisite for a good ESI ionization and functions as a frit also. The pulled capillaries were loaded
in a high pressure bomb with C18 PepMap|00 3 pm particle (taken out from a | mm ID x |15 cm

Micro C18 PepMapl100 3 pm 100A Dionex column) suspended in 30% isopropanol (iPrOH) and
70% methanol (MeOH) mixture. Packing was continued until the fused silica capillary was filled up
to 20 cm with the particles. The prepared column was dried under high pressure nitrogen flow and
stored at room temperature in a dust free and dry environment.

3.3.9.2 Glass fiber sol gel frit

To minimize precolumn dead volume, to place the column in the column oven (not as an ESI
interface) and to control peptide separation using UV detection (214 nm) there is a need to
prepare nanoHPLC columns with a pressure stable frit. A glass fiber sol gel frit matches this
requirements and was prepared according to the protocol described by Maiolica et al. (2005).
Briefly, a glass microfibre filter (GC/C Whatman) was wetted with a 2 pl mixture of 100 pl Kasil
(gift of PQ Europe) and 50 pl 25% formamide solution. The glass fiber frit was prepared by pushing
the capillary on the wetted glass microfiber filter and heated overnight at 85°C. The filter
containing capillary was washed with MeOH and packed as described above. Precolumns were
filled up to 2 cm, separating columns up to 20 cm bed volume with the corresponding material.

3.3.9.3 nanoEttan HPLC setup for reverse phase chromatography

The pEttan HPLC system (Amersham Pharmacia Biotech) was modified to produce a nano flow
rate of 200 nl/min using suitable fused silica capillaries, a flow splitter and a nano valve. The sample
was loaded in microliter pick up mode with an A-905 autosampler and injected to a C18 PepMap
precolumn. The sample bound to the precolumn was online desalted by extensive washing with
buffer A for 20 minutes with a flow rate of 20 pl/min.

Buffer Buffer composition
Buffer A 2.5% MeCOOH, 0.012% HFBA
Buffer B 84% MeCN, 2.5% MeCOOH, 0.012% HFBA

Table 3.26 Buffers used in reverse phase chromatography with Ettan nanoLC.
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Figure 3.3.MeCN gradient used to separate in gel digested peptides on a RP column

After this period the precolumn was automatically switched in line with the separating column and
a 80 minutes long acetonitrile (MeCN) gradient (see figure 3. 3) with a nano flow rate of 200 nl/
min to separate the peptides on the reverse phase column was started. The column was coupled
to an ESI-MS/MS tandem mass spectrometer (LTQ, Thermo Scientific) for online identification of
the eluting peptides.

3.3.9.4 Ultimate 3000 HPLC setup for off line 2D chromatography

The Ultimate 3000 HPLC (see figure 3.4) with fraction collection offers the possibility to perform
off-line 2D chromatography. Compared with ID chromatography and lab in a tip fractionations, 2D
chromatography provides a better reduction of sample complexity, which is essential for relative
quantification using LC-MS.

ESI-MS
2.4 kv
2D-I“LC-ESI-MS UV Detector [y ~ |LTQ Mass
with fraction collection 214 nm = | Spectrometer

AA & RAB

Loading pump

Flow splitter Micro pump
7 plimin 111000 230 plimin

230 plfmin| |230 ni/min

10 SCXcolumn

RP column

Figure 3.4 Ultimate 3000 set up for off line 2D chromatography
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Solvent Flow rate Buffer Composition

Loading pump buffer A 7 pl/min 0.1% TFA

Loading pump buffer B 50 pl/min 5 mM NaHPO4 (pH 2.7)

Loading pump buffer C 50 pl/min 500 mM NaCl, 15% MeCN, 5 mM NaH,PO4 (pH 2.7)
Micro pump buffer A 230 nl/min 0.1% FA

Micro pump buffer B 230 nl/min 84% MeCN, 0.1% FA

Table 3.27 Buffer composition and flow rate for off-line 2D Chromatography

The Ultimate 3000 system software program Chromeleon was programmed to perform the
following washing, separation and fractionation steps as shown in Fig. 3.5-3.1|. Before starting the
experiment, loading pump buffers were prepared freshly and the system was washed overnight to
remove remaining TFA.The presence of TFA would preclude sample binding to the Polysulfoethyl-
Aspartamid SCX column (300um ID, I5 cm). Initially, a standard run with a peptide mixture of eight
trypsin digested proteins was performed to test system performance. Afterwards, the labeled,
phosphopeptide enriched and desalted heart peptide mixture was dissolved in 5 mM NaHPO4
(pH 2.7) and injected onto the preparative SCX column by switching the autosampler valve from
load into inject position (Fig. 3.5).

ESI-MS

2D-uLC-ESI-MS e | P— -

= i|
with fraction collection 214 nm Spectrometer | (3 | il

Loading pump

Flow splitter Micro pump
7 plfmin 11000

230 plfmin{ {230 nl/min
1 s = 1

2 I 10 SCXcolumn 2 | 10
3 9

10_1 I RP column

230 pl/min

RP pre

column

4 ’\. 8 2\ 8
5 — 5
6 7 6 7
1 e
2

Inject

3

Sample Load and fractionation 4

Buffer B (SmM NaH,PO,, pH 2.7)
Buffer C (5mM NaH,PO,, 15% ACN, 0,5 M NaCl, pH 2.7)

Figure 3.5 Ultimate3000 set up for first dimensional off-line SCX separation and fraction collection (blue marked capillaries indicate

solvent flow).
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An optimized binary salt gradient (Fig. 3.6) was applied to elute peptides from the column. Using
the Ultimate 3000 fraction collection option, the eluate was collected into small glass vials (100 pl
volume) with a frequency of one minute per vial. The collected eluate was dried in a SpeedVac
concentrator and stored at -80 °C until further use. Before second dimension separation was
started, 40% acetonitrile was added to the loading pump buffer A and B, mixed and the system was
washed for one hour to remove salt and prevent microbial growth. Next, the left valve was
switched into position |_2.
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Fig 3.6 Optimized binary salt gradient for SCX fractionation
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Figure 3.7.Acetonitrile gradient used for system check with peptide standard

Before starting second dimensional separation on the reverse phase column, capillaries were
washed over night with 0.1% TFA solution. To test HPLC and MS performance | pmol synthetic
peptide mixture was injected onto the reverse phase precolumn (7 pl/min) and eluted by a binary
acetonitrile gradient (see Fig. 3.6) with a flow rate of 200 nl/min. The HPLC was online coupled to
the LTQ mass spectrometer by a coated PicoTip emitter (FS360-20-10-D-20, Coating: |P-4P, Tip:
10+] pm, New Objective) providing a nanoLC-ESI-MS/MS interface.
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ESI-MS
2.4 kv -
2D'I-ILC'ES|'MS UV Detector I LTQ Mass
with fraction collection 214 nm Spectrometar
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Figure 3.8 Sample load from vial into the sample loop (blue marked capillaries indicate solvent flow).

4 Vial

Sample Load to Loop
(0,1% TFA 0,012% HFBA)

After successfully testing the system performance, sample fractions (resolved in 0.1% TFA) from
the first dimensional SCX separation were injected one by one following the order of increasing
salt concentrations. Peptides were online desalted by washing with 0.1% TFA for 40 minutes at a
flow rate of 7 pl/min.

ESI-MS
24 kV 3
2D'|JLC'ES]'MS UV Detector | LTQ Mass ! |
with fraction collection 214 nm Spectromelsf
Loading pump Flow splitter Micro pump
I
7 plimin /1000 230 plimin

230 pliimin} §230 nlimin

1 1

5 I 10 SCX column 2 10
/ L
3 9 3 \ 9
I | RP
10—1 RP column cnll.?:n 10_1
' ' / ¢

4 Vial

Sample Load to RP Precolumn
(0,1% TFA 0,012% HFBA)

Figure 3.9 Sample load from sample loop onto the reverse phase (RP) precolumn (blue marked capillaries indicate
solvent flow).
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Finally, the precolumn was switched in line with the separating column and peptides were eluted by
an increasing acetonitrile gradient (see Fig.3 9).

100
80
60
40 -
20 -

0 50 100 150 200 250

Figure 3.10 Binary acetonitrile gradient for online desalting and peptide separation.

ESI-MS
2 D-uLC-ESI-MS UV Detector zf N LTQ Mass 1 -
with fraction collection 214 nm Spectrometer fuls
Loading pump Flow splitter Micro pump
7 plimin 171000 230 pl/min

230 plimin) 1230 nifmin

10—1 l RP column

Waste

RP gradient 4
Buffer A (0,1% FA)
Buffer B (0,09% FA, 84% ACN)

Vial

Figure 3.11 Ultimate 3000 switches to perform reverse phase separation (second dimension) of on-line desalted
sample. Blue marked capillaries indicate solvent flow.

3.3.10 MS DATA PROCESSING

3.3.10.1 Calibration and tuning of the mass spectometer

The LTQ mass spectrometer was calibrated using the standard ESI calibration solution for normal
mass range (caffeine, MRFA, Ultramark) from 50 to 2000 m/z as suggested by the manufacturer.
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Capillary voltage and tube lens parameters were optimized manually to achieve the highest TIC
signal intensity for the [MH?*] ion signal of Angiotensin | under mimic of standard LC-MS
conditions (30% buffer B, 200 nl/min flow rate). Additionally, LTQ lens parameters were tuned
automatically for the [MH?*] ion signal of angiotensin | (648.86 m/z) in enhanced MS scan mode to
maximize signal intensity and signal to noise ratio. Data dependent MS/MS acquisition was
performed using parameters described in table 3.28.

MS Parameter Value
Spray voltage 2.4 kV
Capillary temperature 100 °C
Capillary voltage 38V
Tube lens 245V
Microscans |

Table 3.28 Optimized parameters of the LTQ ion source.

3.3.10.2 LTQ setup to analyze phosphorylated peptides

Multistage activation experiments were performed using enhanced MS full scan rate for higher
mass accuracy and better charge state screening in a scan range of 400 — 2000 m/z. The mass
spectrometer was operated in positive polarity and signals were measured in the centroid data
mode. MS/MS data dependent scans were performed with wideband activation on the first, second
and third highest MS peak with a minimum signal threshold of 1000, 500 and 250 counts,
respectively. To increase numbers of discovered peptides dynamic exclusion was enabled using the
following parameters:

Dynamic exclusion parameters Value
Repeat count 2
Repeat duration 180 s
Exclusion list size 500
Exclusion duration 60 s
Exclusion mass width by mass low and high |[I.5

Table 3.29 LTQ parameters for dynamic exclusion.

MS/MS parameter Value
Activation type CID
Default charge state 2+
Isolation width 2 m/z
Normalized collision energy 30.0
Exclusion mass width by mass low and high (1.5 m/z

Table 3.30: LTQ parameters for MS/MS activation using collision induced dissociation (CID).
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LTQ parameters for MS/MS activation are described in table 3.30. Charge state screening with
charge state rejection for |+, 4+ and higher charged ions was enabled. If neutral loss of 32.66, 48.9
or 97.97 within top 10 MS/MS peaks occurred, further peak fragmentation was performed
automatically (pseudo MS3). Resulting spectra of this multistage activation experiments contain
both neutral loss (MS/MS/MS on the neutral loss peak) and phosphorylated peptide fragment (MS/
MS). Thus, information is more suitable for phosphopeptide identification and phosphorylation site
determination in comparison to the single spectra. By application of the described set up, one MS
measurement cycle with one enhanced full MS scan followed by three MS/MS multistage activation
experiments on the first three most intense ions took only |.8s. Therefore the method enables to
record eleven full MS scan during a usual peak elution profile with a peak width of 20s.

3.3.10.3 LTQ Orbitrap

The LTQ Orbitrap high mass resolution mass spectrometer was calibrated and tuned as described
for the LTQ. To increase phosphopeptide identification, peptides were fragmented by Higher
Energy Collision Dissociation (HCD) or by multistage activation using Collision Induced
Dissociation (CID). Using Higher Energy Collision Dissociation (HCD) full MS scans were
performed with a mass resolution of 15000 in a scan range of 400-1700. Additionally, MS/MS scan
were measured with a mass resolution of 7500. The mass spectrometer was operated in positive
polarity and data were measured in the profile mode. MS/MS data dependent scans were
performed with wideband activation on the first, second and third highest MS peak with a
minimum signal threshold of 500. Charge state screening with charge state rejection for unassigned
and |+ ions was enabled. HCD activation parameters are listed in table 3.3 1.

Parameter Value

FT MS resolution 15000

MS MS resolution 7500
Activation type HCD
Minimum signal required 500
Isolation width 3.00
Normalised collision energy 65.0
Default charge state 2

Activation Q 0.140
Activation time 30.000 ms
Nuber of scan events 4

Neutral loss mass list 97.97
Neutral loss in top 3

Most intense if no parent mass found Not enabled
Charge state screening Enabled
Charge state rejection for unassigned and |+  [Enabled
Neutral loss candidates processed by Decreasing intensity

Table 3.31 LTQ Orbitrap parameters for MS/MS activation using Higher Energy Collision Dissociation (HCD).

53



3. MATERIALS AND METHODS

In multistage activation mode MS full scans were performed with a mass resolution of 60000 in a
scan range of 400-1700. The mass spectrometer was used in positive polarity mode and profile
data type was measured. MS/MS data dependent scans were performed with wideband activation
on the first, second, third and fourth highest MS peak with a minimum signal threshold of 500.
Charge state screening with charge state rejection for unassigned and |+ ions was enabled.

If neutral loss of 24.49, 32.66, 48.99 or 97.97 within top 10 MS/MS peaks occurred, further peak
fragmentation was performed automatically (pseudo MS3). CID measurement parameters are listed
in table 3.32.

Parameter Value

FT MS resolution 60000

MS scan range 400-1700
Activation type CID
Minimum signal required 500
Isolation width 2.00
Normalised collision energy 35.0

Default charge state 2

Activation Q 0.250
Activation time 30.000 ms
Nuber of scan events 5

Multistage activation Enabled
Neutral loss mass list 24.49, 32.66,48.99,97.97
Neutral loss in top 10

Most intense if no parent mass found Not enabled
IAdd/substract mass Not enabled
FT master scan preview mode Enabled
Charge state screening Enabled
Monoisotopic precursor selection Enabled
Non-peptide monoisotopic recognition Not enabled
Charge state rejection for unassigned and |+ Enabled
Correlation Disabled

Table 3.32 LTQ Orbitrap parameters for MS/MS multistage activation using Collision Induced Dissociation (CID).

To increase the number of discovered peptides dynamic exclusion was enabled in both
measurement modes using the following parameters:

Dynamic exclusion Value
Repeat count I

Repeat duration 30 sec
Exclusion list size 500
Exclusion duration 60 sec
Exclusion mass width relative to Mass, £5 ppm
Expiration Disabled

Table 3.33 LTQ Orbitrap parameters for dynamic exclusion.
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3.3.11 DATABASE SEARCHING

Raw data from the LTQ instrument were processed using the program DTASuperCharge (version
[.19, SourceForge) and converted into Mascot generic format (mgf) files according to the
protocol. Peak reduction of MS/MS peaks was performed using the software default settings.

Database searching was performed with the mgf files using the Mascot database search program
(version 2.2). The searched database was the International Protein Index IPI_mouse_20080129
(5878816 sequences; 2026657434 residues). The database searches were performed with the fixed
modifications carbamidomethyl (Cys) and dimethylation (Lys and peptide N-term) and variable
modifications oxidation (Met), phosphorylation (Ser, Thr; Tyr) and dimethylation:2H (Lys and peptide
N-term). Enzyme specificity was selected to trypsin/P with a maximum of two allowed missed
cleavage sites. For the data obtained using the LTQ Orbitrap XL instrument a mass accuracy of +5
ppm was used for the parent ion, and +0.5 Da was used for the fragment ions. For data obtained
with the LTQ instrument a mass accuracy of £0.5 Da was used for the parent ion,and +0.5 Da was
used for the fragment ions. The charge state was set to +2 and +3 for LTQ data and additionally +4
was allowed for data measured with the LTQ Orbitrap. One '3C isotope per peptide was allowed.

The minimum peptide identification score in MASCOT was set to 49 and the significance threshold
expect value had to be <0.05. Using these criteria the false positive discovery rate varied below |
% based on target decoy database search.

Phosphorylation site determination was further evaluated using the PTM localization probability
score function of MSQuant, which was described by Olsen et al (2006).

All identified phosphorylated peptides were manually evaluated according to the following criteria:
peptide fragmentation spectra had to include a minimum of three y ions, had to show some y ions
with neutral losses of -97.9769 Da (loss of H3PO4) to ensure phosphorylation (79.969331 Da, -
HPO3) over sulfation (79.956815 Da, -SO3). Additionally, the MASCOT identification score of the
top peptide match had to be >15% higher than the next possible match.

Annotated spectra from each identified peptide have been included in the supplemental data.
Spectra were taken from the MSQuant program (www.sourceforge.net) including Y- and B-ion
masses that have been assigned to the peptide.

3.3.12 RELATIVE QUANTITATION USING QUALBROWSER

Integrated peak areas of identified peptide peaks were calculated manually using the QualBrowser
software (part of the XCalibur 2.07 software). Peak masses + 0.5 Da (for LTQ data) or £ 5 ppm
(for LTQ Orbitrap data) were extracted from the MS base peak chromatograms and integrated
using the Genesis peak detection mode. Only peaks eluting at the time of peptide identification +
0.5 minutes were accepted. To calculate the relative differences in peptide amounts the peak areas
of heavy and light peptides were divided by each other.The obtained ratios had to be multiplied by

H/D=(99.99%+2%)/(0.01%+98%)=1.0406

to correct for the isotopic ratios of the natural sources (0.01% D / 99.99% H) and of the
formaldehyde labeling solution (98% D / 2% H).
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3.3.13MSQUANT SETTINGS FOR AUTOMATED QUANTITATION OF PHOSPHOPEPTIDES

Automated relative quantitation of stable isotope dimethyl labeled peptides was performed using
MSQuant version 1.4.3 allowing for the identification of differential N-terminal modifications.
MASCOT 2.2 results were saved as .xml files displayed in peptide summary report using Internet
explorer 5.0 and parsed with the original .raw file in MSQuant. For each identified peptide pair,
MSQuant calculated the two extracted ion chromatogram (XIC) values, and the assignments used

for quantitation were visually displayed and validated. Used MSQuant parameters are listed in table
3.34.

Parameter Value

Misc Options

Mass window for XIC LTQ 1.0
Mass for mass window LTQ -1000
Mass window function LTQ Constant mass

Quantitations modes
StabDimLab for MASCOT 2.2  [+28.03130 Da or +32.056407 Da

for K and peptide N-term

3.34 MSQuant parameters for relative quantification of LTQ data. All other parameters were used as given in the
default settings.

The regulated peptides (XICh/XICL >1.3 or <0.7) were manually validated using QualBrowser. This
evaluation step is very important in the case of LTQ measured low mass accuracy MS data to
disqualify the false positive peptide hits deriving from peptide base peak overlapping. MSQuant
results were exported to tab delimited text file and merged using a MATLAB based home made
program. Localization and function of the resulted proteins was determined by online analysis of
the official gene symbol list of the resulted proteins using the Database for Annotation,
Visualization and Integrated Discovery (DAVID) 2008 (Dennis et al., 2003).
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4 RESULTS

4.1 PRELIMINARY EXPERIMENTS

4.1.1 TESTS TO CLARIFY THE INITIAL CONDITIONS OF THE DIFFERENTIAL
PHOSPHOPROTEOME ANALYSIS USING PHARMACOLOGICAL INHIBITION /
ACTIVATION OF NO FORMATION

4.1.1.1 1D-PAGE based experiments

To investigate the effect of rapidly released nitric oxide (NO) on changes in the phosphorylation
status of proteins involved in NO signaling, hearts of wild type (WT) and myoglobin deficient
(Myo™) mice were treated with the NO donor SNAP or the NOS inhibitor ETU in a Langendorff
apparatus. NO induced phosphorylation was detected with phosphorylation site specific antibodies
and with phosphoprotein stain (Fig. 4.1).

| Myo(-/-) | WT | Mo (/)

A) C)  pedusion [EUI snAP |
| ETU | SNAP | ETU | SNAP | Time fmin] 15 | 113 |

I 1 11 3] 8§ 1 ]3]

pY-RC20

Figure 4.1.A) Myo”- and WT hearts show an enhanced tyrosine phosphorylation (pY) after one minute of +/-S-nitroso-
N-penicillamine (SNAP, NO donor, 100 uM) treatment in comparison to 2-ethyl-2-thiopseudourea (ETU, NOS
inhibitor, 100 pM) treated hearts. Tyrosine phosphorylation decreases after prolonged SNAP activation (three
minutes). pY-RC20 antibody was used for specific pY detection. B) Western blot analysis shows that SNAP treatment
enhanced phosphorylation of phospholamban at Ser-16 (pPLB) already after one minute in myoglobin deficient hearts,
while wild type hears needed three minutes treatment to obtain the same effect. C) ProQ Diamond staining shows an
enhanced total phosphoprotein (pSTY) level in myo” hearts after SNAP activation.

Staining with a specific anti-phosphotyrosine antibody pY-RC20 showed enhanced phosphorylation
(Fig 4.1.A) already after one minute of SNAP perfusion for both WT and myo’ hearts.
Interestingly, this enhanced signal intensity decreases again almost back to the original level after
three minutes of SNAP activation.

In contrast to tyrosine phosphorylation kinetics, ProQ Diamond, which globally stains
phosphoproteins (binds to phosphorylated serine, threonine and tyrosine, pSTY), shows an
enhanced phosphorylation level after SNAP activation for both point of time (Fig. 4.1.C).
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Phosphorylation of phospholamban (PLB), a well known target of the NO/cGMP/PKG pathway was
also analyzed. PLB is a small, plasma membrane-associated phosphoprotein found in the
sarcoendoplasmatic-reticulum (SER) of cardiac, smooth and slow-twitch muscle. PLB regulates
cardiac contractility and inhibits Ca?* re-uptake by SER Ca?* ATPase (SERCA2a). Upon
phosphorylation, PLB dissociates from SERCA?2a and subsequently increases Ca?* reuptake into the
SER. Immunoblot analysis of hearts shows that addition of the NO donor SNAP resulted in an
enhanced phospholamban phosphorylation at the NO/cGMP/PKG target site serine-16 when
compared to inhibition of NOS by ETU (Fig. 4.1.B). WT hearts showed this signal transduction
effect after 3 minutes, while in myoglobin lacking hearts phosphorylation of phospholamban
occurred already after one minute of SNAP perfusion. Faster kinetics of NO signaling in myoglobin
lacking hearts is likely due to the NO scavenger activity of myoglobin in WT hearts.

4.1.1.2 2D-PAGE based experiments

To identify which phosphoproteins are modified due to the SNAP treatment, two dimensional gel
electrophoresis (2D-PAGE) was performed. Since the position of protein spots in 2D-PAGE is
determined by protein charge (Ist dimension - horizontal) and size (2nd dimension - vertical),
alterations in protein phosphorylation can be detected by a spot shift in the horizontal and vertical
position. The introduction of a strongly negatively charged phosphate group on serine, threonine or
tyrosine residues shifts the protein spot position by about 0.3 pH units to the acidic site.
Furthermore, the molecular mass is increased by 80 Da with each additional phosphate group.
Therefore, each additional phosphate group shifts protein spot positions slightly to the left and up
while each lost phosphorylation does the opposite.

First, 2D-PAGE separation technique was optimized: before loading, samples were desalted by
protein precipitation which reduced streaking. In addition, gradient gels (4-16%) were carefully
prepared one by one manually with a mixing chamber (instead of using the Ettan DALT Il System,
Amersham Pharmacia Biotech) to obtain improved gel polymerization and better spot resolution
in the vertical range. Sensitive and mass spectrometry compatible silver (Shevchenko, 1996) and
Coomassie (Kang, 2003) staining methods were also tested. In contrast to silver, Coomassie stain
gave quantitative, and easy reproducible results with comparable spot intensities in each gel.
Hence, this staining was used in the following experiments.

Extracted heart proteins were first separated on a 16 cm x16 cm gel from pH 3-11 in the
horizontal and from 10 to 200 Da molecular mass in the vertical direction. These gels showed that
most of the protein spots were located in the acidic range of the gel. Consequently, this range was
chosen for the further analysis where spot alterations could more likely be observed.

To enhance spot resolution in the horizontal direction, zoom strips ranging from pH 4 to pH 7
were applied for the first dimensional separation. The resulting zoom 2D gels showed that
cytochrome ¢ oxidase subunit Vb (COX5B) became dephosphorylated upon NO donor SNAP
perfusion (I min) in myoglobin deficient hearts (Fig. 4.2).
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sign of dephosphorylation in zoom-2D-PAGE

Figure 4.2: Detail of zoom-2D-PAGE separated proteins of myo” hearts treated with the NO donor SNAP or the
NOS inhibitor ETU. The shift in spot position (3 and 4) represents Cytochrome c oxidase subunit Vb (COX5B)
dephosphorylation upon pharmacological NO activation. (Spot |, 2: ATP synthase, H+ transporting, mitochondrial FO
complex, subunit D; spot 3, 4: COX5B; spot 5, 6: fatty acid binding protein, muscle and heart)

4.1.2 COMPARATIVE PHOSPHOPROTEOME ANALYSIS OF WILD TYPE VERSUS INOS*/
MYO~/- HEARTS

To identify phosphoproteins of the NO signaling cascade on a proteomic scale, a physiologically
more relevant heart failure model with a cardiac specific overexpression of iINOS on a myoglobin
deficient background (iNOS*/myo™-, published by Godecke et al., 2003) was used. These mice show
an about 300 fold increased cardiac NO production. In addition, the lack of myoglobin leads to an
elevated cardiac NO level, as proved by increased tissue levels of nitrate.

As a consequence, the mice develop heart failure together with cardiac hypertrophy and left
ventricular dilatation. When perfused in a Langendorff setup, coperfusion of the NOS substrate L-
arginine (L-arg) results in strongly increased NO production by iNOS, which leads to vessel
relaxation (coronary perfusion pressure decreases from 104.26 + 5.89 mmHg to 65.73 + 8.56
mmHg by -37% (n=6) (Fig. 4.3.A)) and to a drop in cardiac contractile force (LVDP) by 29.11 * y%
(n=6).

2D gel electrophoresis followed by ProQ Diamond phosphoprotein staining shows an enhanced
protein phosphorylation level of this double transgenic mouse mutant as compared to the WT (Fig.
4.3.B), which indicates that protein phosphorylation plays an important role in the transduction of
NO signaling.
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A)
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Fig. 4.3: Coronary perfusion pressure (A) and cardiac phosphoproteins (B) of wild type (WT) and iNOS*/myo”- double
transgenic (DT) mice after one minute L-arg (NOS substrate) coperfusion. DT hearts respond with stronger
vasodilatation and show much higher protein phosphorylation levels. A) Perfusion pressure during | minute L-arg
coperfusion in Langendorff-perfused WT and double transgenic hearts. WT hearts are unaffected, while perfusion
pressure drops fast (-37% (n=6)) in DT hearts during | minute L-arg treatment. B) iNOS*/myo”- hearts show enhanced
protein phosphorylation after | min L-arg perfusion in comparison to the wild type.

4.1.3 PERFUSION PROTOCOL FOR FURTHER EXPERIMENTS

Based on the preliminary results of the previous section, the following experimental setup for a
differential phosphoproteome analysis was chosen: in order to achieve always the same protein
expression level as a basis for comparative phosphoproteome analysis, the cardiac
phosphoproteome of mice with cardiac specific overexpression of iINOS in a myoglobin deficient
background (iINOS*/myo) perfused with or without L-arginine will be compared (Fig. 4.4). Hence,
in one case the long initial saline perfusion step leads to a substrate limited iINOS activity (nearly
inactive), while in the other case L-arginine serves as NOS substrate and high concentrations of
NO are rapidly synthesized.

To minimize secondary effects of INOS derived NO release, L-arginine coperfusion will be applied
only for one minute (Fig. 4.4). This treatment time was chosen, since already after one minute
functional parameters (coronary resistance, contractile force) archived a new steady state (Fig
4.3.A) in addition the signal was transduced to the protein phosphorylation level (Fig. 4.3.B). In
addition, pharmacological experiments showed that phospholamban phosphorylation (a well
known target of the NO/cGMP/PKG signaling cascade) was already increased after one minute
perfusion with the NO donor SNAP (Fig. 4.1.B).
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A) 0.9% NaCl B)
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Figure 4.4.A) Final protocol for Langendorff-perfusion to study NOS induced phosphoproteome. In both cases, iINOS*/
myo” hearts were perfused. Enhanced NO generation originates from additional L-arg (NOS substrate) perfusion for
one minute. B) Perfusion pressure of 0.9% NaCl (constant perfusion pressure and contractile force, green) or L-
arginine (drop in perfusion pressure and contractile force, orange) coperfused mouse hearts.

4.1.4 SWITCHING FROM GEL BASED TO GEL FREE ANALYSIS

To identify NO induced changes in the cardiac phosphoproteome, classical gel based methods were
used during the preliminary studies. These techniques have several disadvantages, like inadequate
resolution, sensitivity and inconvenient handling.

The increasing number of available phosphorylation site specific antibodies offers the possibility of
immunoblot based analysis. But this method is still rather time consuming, expensive and only
applicable to already known phosphorylation sites.

In order to enhance specificity, sensitivity and overcome limitations of |D and 2D-PAGE based
methods, modern and highly efficient methods for LC-MS phosphoproteomic analysis were
established and implemented.

4.2 OPTIMIZATION OF METHODS REQUIRED FOR GEL FREE RELATIVE
QUANTIFICATION OF PHOSPHOPEPTIDES

In the following, numerous methods were tested and optimized to enable gel free relative

quantification of phosphorylated peptides. Methods of choice (Fig. 4.5) were stable isotope

dimethyl labeling, phosphopeptide enrichment, strong cation exchange chromatography and nano

flow reverse phase HPLC separation online coupled with an electrospray to a tandem mass
spectrometer (nano-RP-HPLC-ESI-MS/MS).
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Figure 4.5. Flow chart of methods for gel free relative quantification of protein phosphorylation. Stable isotope
dimethyl labeling with heavy (d2)- and light (d0)-formaldehyde gives a mass difference of 4.02310 Da per labeled
primary amino group (N-terminal peptides and lysine) which allows for relative quantification of labeled peptide pairs
using LTQ mass spectrometry (MS). Application of phosphopeptide enrichment, strong cation exchange (SCX) and
reverse phase (RP) chromatography reduce sample complexity and improve sensitivity of MS analysis.

4.2.1 STABLE ISOTOPE DIMETHYL LABELING OF PRIMARY AMINO GROUPS

Hsu et al. (2003) introduced a stable isotope labeling strategy for quantitative proteomics which
labels the N-terminus and epsilon amino group of lysine (Lys or K) through reductive amination.
Labeling with heavy (d2) and light (d0) formaldehyde introduces a mass difference of 28 or 32 mass
units for each derivatized site relative to its original counterpart. Consequently, each derivatized
isotopic pair differs by 4 mass units enabling relative quantification using MS (Fig. 4.5).

The reaction is simple, fast, cost efficient and complete without any detectable byproduct. In
addition, a; and yn.| ion intensities were reported to be enhanced in MS/MS spectra of labeled
peptides. | could observe enhanced yn| ion intensities, while according to the low mass cut of
property of LTQ mass spectrometer a; ions are not measurable in the used CID fragmentation
mode (Fig. 4.6).

Good correlation between the experimental and theoretical peptide ratio with small standard
deviation were also reported and could be reproduced in our laboratory (Fig. 4.8).

By these advantages, stable isotope dimethyl labeling method combined with multidimensional
liquid chromatography provides an optimal alternative to 2D-PAGE based quantitative proteomics.
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Figure 4.6: MS/MS spectra of light (upper panel) and heavy (lower panel) dimethyl isotope labeled trypsin digested
casein phosphopeptide (sequence: *VPQLEIVPNpPSAEER, * shows dimethyl labeling of N-terminal amino acid) analyzed
by the SEQUEST algorithm. N-terminal ‘b’ ion masses show the typical 4 mass unit difference between heavy and light
labeled peptides derived from mass differences between deuterated and normal formaldehyde reagent. Masses of C-

terminal ‘y’ ions are the same in both MS/MS spectra. Typically enhanced Yn-I (here: yi3*') ion fragment intensities of
dimethyl labeled peptides are also observable.

4.2.1.1 Optimization of reaction conditions

Following the published protocol, the labeling efficiency of standard peptides derived from the
phosphoprotein casein was tested. Usage of the SEQUEST algorithm enabled an automated
peptide and protein identification, by setting the following parameters: K +28 Da, N-term +28 Da
for the first search and K +32 Da, N-term +32 Da for the second search. Hits were combined in
order to see how many heavy, light and not labeled peptides were identified. In this way, close to
100% labeling efficiency was obtained for both N-terminal and lysine amino acids.

Applying the same labeling conditions to a trypsin digested protein mixture extracted from a wild
type mouse heart, about 98% N-terminal labeling, but only around 49% lysine labeling was found.
Increasing the pH from 5.4 to 5.8 led to an almost complete labeling of the peptide N-termini,
while none of the lysine residues were labeled. Doubling the reaction time to one hour decreasing
the pH to 5.5 and increasing the temperature from 25 to 30°C resulted in an excellent labeling
efficiency for both lysine and N-terminal primary amino groups without any detectable non-
derivatized counterpart. These conditions were used for stable isotope dimethyl labeling of tryptic
peptides throughout the subsequently performed experiments.
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4.2.1.2 Calibration for relative quantification

RESULTS
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Figure 4.7. Excellent correlation between experimental and theoretical peptide ratio measured with nano-RP-LC-ESI-
MS/MS. Peptide ratios were calculated using the integrated peak area of heavy and light peptides.As can be seen from
the elution profiles, peptide pairs elute at almost the same time which is a prerequisite for reliable relative
quantification. Red color shows d0-dimethyl labeled peptide elution profile (light), green color shows d2-dimethyl
labeled peptide elution profile (heavy).
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Heavy vs. light labeled digested casein peptides were mixed at ratios I:1, 1:1.2, I:1.5, 1:2, I:3, I:5
[:10 and 1:20 (Fig. 4.7). The samples were measured three times using an Ettan nano flow HPLC
(Amersham Biosystems) with a self-made reverse phase column (ID 75 pm) coupled online to an
LTQ tandem mass spectrometer to check if the measured peptide ratios correlate well with the
theoretical ones. Figure 4.8 shows a good correlation and small standard deviations of standard
peptides indicating a good analytical setup for relative quantitation.

20 1

Average measured value d2/d0

0 5 10 15 20
Theoretical value d2/d0

Figure 4.8: Good correlation between theoretical and measured peptide ratios after mixing heavy and light dimethyl
labeled casein peptides in different ratios from I:| to 1:20 with each other.

4.2.2 PHOSPHOPEPTIDE ENRICHMENT

Phosphorylation is among the most widespread post-translational modifications in nature. About
30% of the proteins are phosphorylated in a given mammalian cell at some point during their
expression but phosphorylation is often substoichiometric. Therefore phosphopeptides derived
from phosphorylated proteins have to be enriched as a prerequisite for their characterization by
modern mass spectrometric methods. Three different phosphopeptide enrichment methods were
tested: (1) immobilized metal affinity chromatography (IMAC), (2) phosphopeptide enrichment on
titanium dioxide (TiOz) and (3) calcium phosphate (Ca3(PO4)2) precipitation.

4.2.2.1 Immobilized metal affinity chromatography (IMAC)

The IMAC phosphopeptide enrichment kit (Pierce) used according to the manufacturers
instructions showed an inefficient removal of non phosphorylated peptides (Fig. 4.9).
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Figure 4.9: IMAC phosphopeptide enrichment kit (Pierce) removes only about 40% of non phosphorylated peptides
from peptide mixture derived from a tryptic digest of casein. Due to the huge excess of the remaining non-
phosphorylated peptides which suppress phosphopeptide signal intensity only one out of the four phosphorylated
casein peptides was detected. (Analyzed with nanoRP-LC-ESI-MS/MS.) A part of non detected remaining
phosphorylated and non-phosphorylated peptides stayed sticked on the IMAC column material.

Similar to peptide-IMAC, Phosphoprotein-IMAC (Chelating Sepharose Fast Flow, Amersham
Biosciences) enrichment using heart homogenate of WT mice resulted in not sufficient
enrichment. Furthermore, some phosphorylated proteins were unreproducibly lost during sample
binding and washing steps which was controlled via SDS-PAGE and ProQ Diamond
phosphoprotein stain.This methods were therefore not suitable for a quantitative analysis.

4.2.2.2 Titanium dioxide

Phosphopeptide enrichment using titanium dioxide filled tips was reported by Larsen et al. (2005).
Here, 2,5-dihydroxy-bezoic acid (DHB) was applied in the binding buffer to improve selectivity by
competition for binding sites on TiO2 between non-phosphorylated peptides and DHB molecules,
whereas phosphorylated peptide binding is unaffected. Applying this method with original TiO,
filled TopTips resulted also in inefficient enrichment rates (detected phosphopeptide ratio was less
than 1%). By exchanging the TiO: tip filling material to Titansphere (GL Sciences) which has a
smaller particle size and possibly different surface properties resulted in a very good enrichment
rate with only about 5% of non-phosphorylated detected peptides. The phosphorylated peptides
identified by this method are listed in Table 4.1 - 4.8.

4.2.2.3 Calcium phosphate precipitation
Calcium phosphate precipitation was reported by Zhang et al. in 2007. The method was tested
using the published protocol, which leads to a very good enrichment efficiency (Fig. 4.10) by
removing all non phosphorylated peptides from a standard synthetic peptide and phosphopeptide
mixture (list of used peptides is described in Table 3.3). Applied to dimethyl labeled cardiac
phosphopeptides, about 60% purity could be obtained. The identified phosphorylated peptides are
listed in Table 4.1 - 4.5.
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Figure 4.10. Efficiency of calcium phosphate precipitation. The upper spectrum shows peaks of standard synthetic
peptide mixture. The lower spectrum shows the sample after phosphopeptide enrichment. The remaining high
abundant peak belongs to a synthetic phosphopeptide (GTYSPpSAQEYCNPR, 1652.67 Da) while all other non-
phosphorylated peptides are not detectable.

4.2.3 SCX FRACTIONATION

4.2.3.1 Multidimensional protein identification technology (MudPIT)

MudPIT was introduced in 2001 by the Yates group (Washburn et al., 2001) allowing for gel free
LC-MS based complex proteome studies. This method permits the identification of up to 2000
proteins from one sample using a home made three phase nano HPLC column (Fig. 4.11).
Furthermore, the identification of hydrophobic transmembrane proteins, which usually precipitate
in the IP strip during the focusing step of the 2D-PAGE technique is also possible.

1,8 kV! ESI

HPLC Reverse Strong Reverse
Phase Cation Phase
RP eXchange RP
Phase

scX
1. Buffer B Gradient 2. Buffer C Steps 3. Buffer B Gradient
Figure 4.1 I:Workflow of the MudPIT nano flow 2D HPLC method. Separation efficiency is enhanced by two different
particle surfaces within one column. First, the sample binds to the first reverse phase which enables desalting. In the
second step, this sample is eluted to the strong cation exchange (SCX) material. Next, peptides are eluted step by step

using buffer with increasing salt concentrations. After each salt step peptides are finally separated by an acetonitrile
(MeCN) gradient and measured online in a tandem mass spectrometer.

To benefit from these advantages, MudPIT was established and used for the identification of the
cardiac phosphoproteome. The number of identified peptides was increased about two times in
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comparison to the already established one dimensional reverse phase separation method although
just half of the sample amount was analyzed (Fig. 4.12). Phosphopeptides were enriched from the
tryptic digest of the cardiac phosphoproteome using the immobilized metal affinity
chromatography (IMAC) phosphopeptide enrichment kit (Pierce).
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Figure 4.12: Comparison of number of phosphoproteins and total proteins identified by MS after separation by nano
flow reverse phase one dimensional (1D) chromatography or MudPIT chromatography. Cardiac proteins were digested
with trypsin in solution and phosphopeptides were enriched using IMAC.

Further optimization of the MudPIT separation technology would be possible by increasing the
number of salt steps, fine tuning of salt step concentrations to get about equal number of eluting
peptides in each fraction and by increasing the elution time of the second dimensional separation.
These steps were not performed, since the self made three phase nano flow columns ending in a
pulled tip seemed to be quite susceptible to small impurities which often lead to blockade and
decreasing flow rates during separation.

4.2.3.2 Manual SCX fractionation using TopTip
To achieve better reproducibility, SCX material filled TopTip was introduced, which is a more
robust setup for peptide fractionation. In addition, switching from the online fractionation
technique MudPIT to offline SCX fractionation using TopTips allowed for a higher sample loading
capacity.

This method was used to fractionate trypsin digested, stable isotope dimethyl labeled and titanium
dioxide enriched cardiac phosphopeptide samples. The fractions were divided and analyzed with
LTQ or LTQ Orbitrap XL mass spectrometers. Detected phosphorylated peptides are listed in
Table 4.1 - 4.7.
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4.2.3.3 Offline SCX fractionation using micro flow HPLC

By purchasing Ultimate 3000 (Dionex), a new nano and micro flow HPLC with autosampler and
fraction collector, off line SCX fractionation under micro flow conditions became available (Fig.
3.4). Compared with the earlier used SCX fractionation methods, MudPIT and TopTip, HPLC
fractionation offered peptide elution by salt gradient instead of salt steps, which improved
separation efficiency. Further advantages of micro flow HPLC over nano flow MudPIT separation
are the higher loading capacity (250 pg in nano flow HPLC, 100 pg in MudPIT) and the more
robust technology with a better reproducibility. Robustness was also improved by inserting an
online filter with a pore size of 0.5 pm between the autosampler and columns to prevent column
blockade by possible sample impurity. Compared to the online MudPIT method, offline separation
allowed the application of acetonitrile as a component of the elution buffer; to enhance peak
sharpness and thereby, separation efficiency.

Buffers containing different sodium dihydrogen phosphate (NaH:PO4) and acetonitrile (MeCN)
concentrations were tested to optimize sample binding. 5 MM NaH;PO4 and an increasing MeCN
concentration gave the best sample binding and peak resolution. Peptide elution profiles were also
optimized by applying different salt gradients.
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Figure 4.13: UV (214 nm) chromatograms reveal good reproducibility of SCX fractionation. Different colors show
peptide elution profiles derived from repeated separation of a dimethyl labeled membrane fraction.

To handle larger sample amounts, aliquots from the same sample were fractionated under identical
conditions and good reproducibility of the peptide elution profiles could be obtained (Fig. 4.13).
Corresponding fractions were combined, phosphopeptides were enriched using titanium dioxide
or calcium phosphate precipitation and analyzed using nanoLC-ESI-MS/MS.
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4.2.4 NANO FLOW REVERSE PHASE CHROMATOGRAPHY

Nano flow reverse phase chromatography was used to desalt, concentrate and further separate
prepared peptide samples before mass spectrometric analysis. HPLC was online coupled with a
tandem MS using an electrospray ionization (ESI) interface which generates a very fine liquid
aerosol through electrostatic charging from the eluting sample.

4.2.4.1 Ettan nano LC

An Ettan microLC system coupled with an A-905 autosampler was operated in nanoflow and used
to perform MudPIT or ID reverse phase chromatography. Thereby, a Pepmap pre-column was
coupled to a home made separation column, prepared from a pulled fused silica capillary packed
with 3 pm Pepmap RP particles (75 pm I.D.x |5 cm).To minimize post column peak broadening by
dead volumes, the separation column was coupled to the HPLC and to the ESI voltage by a T-piece
(Upchurch) directly before the MS. This set up gave quite good HPLC performance with about 30
to 60 seconds peak width. A disadvantage of these pulled columns is that ESI spray stability
sometimes degraded upon column tip aging. This problem could be fixed by applying a new column.

4.2.4.2 Ultimate 3000

In comparison to the Ettan nano LC the Ultimate 3000 offers several advantages like actively
controlled flow rate, different possible buffer conditions for sample loading/washing and elution by
using two different quaternary gradient pumps, a temperable column oven and UV detection at 214
nm, enabling easier trouble shooting and faster method development.

Optimization of nano flow reverse phase chromatography was performed in cooperation with
Prof. Dr. Sickmann (ISAS, Dortmund). Briefly, commercially available Pepmap pre-column and
separation column (Dionex) were exchanged with home made columns. As pre-column a 2 cm
long, as separation column a |5 cm long (I.D. 75pm; O.D. 360pm) packed fritted fused silica (kind
gift of Prof. Sickmann) were used. In order to minimize peak broadening, the dead volume between
the pre-column and the separation column and after separation column was minimized using
special valve (Tube PEEK Gray 1/16 x .015, Upchurch Scientific) and fused silica connections (Teflon
tubing 250pum 1.D., Dionex). Since samples were loaded in 0.1% TFA and eluted in 0.1% FA
containing buffer, the dead volume could be controlled by the signal differences caused by
differences in the UV sign of 0.1% TFA and 0.1% FA.This test called CARLA (current assay for real
time liquid baseline analysis) was used every time after placing a new column or pre-column into
the system. Using this set up the peak width could be reduced from about 60 to 20 seconds (Fig.
4.14) which enormously enhanced the separation power of the chromatographic system and
thereby the sensitivity of peptide identification by mass spectrometry.
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A
before

B)
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Figure 4.14: A) CARLA test. UV signal at 214 nm shows sharper changes between 0.1% FA and 0.1% TFA indicating
minimized dead volume. B) UV peptide elution profile of 100 fmol digested casein shows sharper and higher peaks due
to optimized HPLC performance enabling more sensitive MS detection.

Using the optimized setup, SCX fractions derived originally from one sample were separated and
measured on the system. Figure 4.15 shows huge sample complexity as indicated by the UV signal
of the reverse phase nanoHPLC separated SCX fractions derived from two dimethyl labeled heart
samples. After this 2" dimensional separation step, still more than one peptide elutes from the RP
column at a specific point of time which can than be resolved by MS in the 3¢ dimension.
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Figure 4.15 UV elution profile of different SCX fractions shows high sample complexity. First chromatogram (black)
shows RP elution profile of the first SCX fraction, second chromatogram (blue) shows the RP elution profile of the
second SCX fraction and so on.

4.3 QUANTITATIVE ANALYSIS OF INOS DERIVED NO INDUCED CHANGES
IN THE HEART PHOSPHOPROTEOME

The combination of stable isotope dimethyl labeling of primary amino groups with gel free peptide
separation methods like phosphopeptide enrichment, fractionation on a strong cation exchange
column and nano flow reverse phase liquid chromatography coupled with a tandem mass
spectrometer, provided an excellent analytical platform to identify and relatively quantify
differences in protein phosphorylation. In the following, the elaborated methods were applied to
analyze changes in the heart phosphoproteome in a iNOS induced heart failure model.

4.3.1 REPEATED ANALYSIS FOR STATISTICAL VALIDATION - EXPERIMENTAL SETUP

In order to obtain reliable results, two biological (four months (+ 2 weeks) old adult male iINOS*/
myo’" double transgenic mice pairs) and two technical replicates were measured of each
membrane and cytosolic fraction (n=8) using enhanced mass resolution mode of a LTQ mass
spectrometer (Fig 4.16).

Additionally, during the method evaluation phase a cytosolic fraction of a third mouse pair was
measured using a LTQ Orbitrap XL high mass accuracy mass spectrometer in Bremen (kind offer
of Thermo Scientific).
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Figure 4.16: Overview of repeated experiments to analyze NO-induced changes in the cardiac phosphoproteome.
Cytosolic: cytosolic fraction, Membrane: membrane fraction, SCX: fractionation using strong cation exchange column,
TiO2: phosphopeptide enrichment on titanium dioxide particles, LTQ: nanoRP-LC-MS/MS measurements on Ultimate
3000 nanoHPLC online coupled with an LTQ, LTQ Orbitrap: nanoRP-LC-MS/MS measurements on Agilent 1100
nanoHPLC online coupled with an LTQ Orbitrap at Thermo Fischer Scientific, Bremen.

Proteins were identified by using MASCOT (version 2.2) software and peptide quantification was
performed with a novel version of MSQuant modified to handle dimethyl labeled peptide pairs.
Peptides showing a heavy/light peak area ratio (XICW/XICL) of >1.3 or <0.7, thus a changed
phosphorylation status were manually validated using QualBrowser software of XCalibur (version
2.2). This time consuming process is necessary to filter out false positive results derived from
overlapping MS peaks of peptides eluting at the same time with a similar mass to charge value. Data
of technically and biologically repeated experiments were summarized by a MATLAB script
(written by Jan Heye BuB) and XICH/XICL values representing means + S.D were counted (Table
4.1).
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Table 4.1. Relative quantification and statistical values of repeated experiments on the example of two identified
phosphopeptide. Since peaks were chosen for MS/MS identification based on their actual intensity, peptides were
usually found in a few but not in every experiment. Missing values indicate that peptide identification did not occur.
(XICL: integrated peak area of light (not treated with L-arg) peptide, XICh: integrated peak area of heavy (treated with
L-arg) peptide, XICH/XICL values representing means + S.D, PTM score: indicating post translational modification
counted by MSQuant, Mascot score: indicating validity of peptide identification, PTM max: highest PTM score, Mascot
max: Mascot score measured in experiment with highest PTM score, Phos. site: position of phosphorylated amino acid
within the protein sequence, cyt. | and cyt. 2: cytosolic fraction of mice 1&2, cyt 3 and cyt. 4: cytosolic fraction of mice
3&4, membr. | and membr. 2: membrane fraction of mice 1&2, membr. 3 and membr. 4: membrane fraction of mice
3&4).

Protein
Symbol PTM Mascot Phos. log:
Peptide max max site N/K XICh/XICL (XICuH/
Ndrg2 Isoform 2 of Protein NDRG2
TApSLTSAApPSIDGSR 186.87 107] 318,324 known|1.0548 +/- 0.11223 0.076966
Cyt. | Cyt. 2 |Membr. |1 |Membr. 2| Cyt. 3 Cyt. 4 |Membr. 3| Membr. 4
XIC, 24118409| 9763103 1605377 902233 198397038] 112916630| 2550345 1196886
XIC; 27842454| 8688657 1820844 902004 194496932 | 109505258 2775482 1462185
XIC3/XIC, I.1544]| 0.88995 1.1342 0.99975 0.98034 0.96979 1.0883 1.2217
Psite 332 332 324 338 324 332 332 324
PTM Score 95.32 132.5 133.88 86.08 186.87 92.94 68.35 84.15
Mascot Score 59 79 59 82 107 79 94 80
File E:\2008\200{ E:\2008\20] E:\2008\200{ E:\2008\2004 E:\2008\200| E:\2008\200{ E:\2008\200| E:\2008\2008
Symbol Ndre2  [Ndrg2 |Ndre2  [Ndrg2  [Ndre2 Ndre2  |Ndrg2 Ndrg2
Srl |Isoform | of Sarcalumenin precursor
TQDIEAEApPSEER 138.18 59 442 known| 1.5893 +/- 0.24706 0.66835
Cyt. | Cyt. 2 |Membr. ||Membr. 2| Cyt. 3 Cyt. 4 |Membr. 3| Membr. 4
XIC, 2349567 188669 145215 310787
XICs3 3777947 249248 219902 594744
XIC3/XIC, 1.6079 1.3211 1.5143 1.9137
Psite 442 442 442 442
PTM Score 128.91 46.43 118.33 138.18
Mascot Score 60 64 54 59
File E:\2008\200{ E:\2008\20] E:\2008\200{ E:\2008\200{
Symbol Srl [sri Srl [sri |

4.3.2 COMPARISON OF PROTEIN EXPRESSION PROFILES OF INOS*/MYO~/- MICE

As can be seen in Fig. 4.17 non-phosphorylated peptides appeared in a ratio of one to one
indicating the same protein expression level in both saline and L-arginine coperfused iNOS*/myo™
hearts as well as accurate sample preparation.
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Figure 4.17:The protein expression pattern in arginine treated (blue) and untreated (orange) hearts is the same (ratio
is 1). XIC peptide elution profile shows that heavy and light peptides elute at the same time which is an important
criteria for relative quantification. (XIC: extracted ion chromatogram, FTMS: Fourier transformed mass spectrum).

Statistical analysis confirmed this finding: Fig. 4.18 shows that 300 non-phosphorylated heavy and
light peptide ratios result in a mean log, value of 0.009 (heavy/light peptide ratio is 1:1). Hence,
differences in phosphopeptide ratios are due to changes in phosphorylation levels induced by in situ
iNOS activation.

log, (XIC/XIC) .,

x=0.009
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Figure 4.18: Mean log, value of 300 non-phosphorylated heavy and light peptide ratios is 0.009 (heavy/light peptide
ratio is I:1) with a standard deviation of 0.233.Therefore changes in phosphopeptide ratios indicate differences in the
phosphorylation level induced by in situ INOS derived NO production. (XICh: extracted ion chromatogram of heavy;
XICy: extracted ion chromatogram of light peptides)

4.3.3 IDENTIFIED CARDIAC PHOSPHOPROTEOME USING LTQ

Using LTQ, collision induced dissociation (CID) and CID with multistage activation were applied
for peptide fragmentation. Compared with multistage activation, CID gives a high number of MS/MS
spectra because of faster data acquisition. On the other hand, phosphorylated peptides loose a
phosphate group during fragmentation in an ion trap. Therefore, a prominent ion corresponding to
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a dephosphorylated peptide (neutral loss fragment, loss of 98 Da) is present in the MS/MS
spectrum (Fig. 4.6, peak at 799 m/z). This inadequate fragmentation leads to a poor spectrum
quality which results in lower identification scores. This means, that such a badly fragmented
phosphopeptide spectrum often does not contain enough information to identify the amino acid
sequence, or assignment of the phosphorylated residue is not possible.

This problem is solved by CID with multistage activation which works as a kind of pseudo MS/MS/
MS experiment, where neutral loss peaks of a phosphopeptide get fragmented additionally.
Therefore, the resulting spectrum contains peptide fragment information derived from the original
peptide (MS/MS) and fragments from the neutral loss peak (MS/MS/MS) as a merged spectrum
(pseudo MS/MS/MS) (Fig. 4.19). Thus, these structural information rich spectra enable easier
phosphopeptide and phosphorylation site detection, due to peaks of neutral loss peptide fragments
(-98 Da), which serve as an indicator for peptide phosphorylation. In the tests CID with multistage
activation gave the best results, therefore this activation mode was used in the following.
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Figure 4.19: Multistage activation MS/MS spectra of a dimethyl labeled phosphopeptide AIpPSGDLTAEEELDK of voltage
gated calcium channel (Cavl.2) &-lc subunit (Cacnalc) with a novel phosphorylation site at pSer—1670. Peptide
fragments with a neutral loss of -98Da are typical for Ser and Thr phosphorylated peptide, increase the probability of
phosphorylation site (PTM) and peptide identification (MASCOT) scores.

In order to maximize the number of identified phosphorylated peptides a relative large amount of
sample, 7 mg and 3 mg protein was used for the analysis of the cytosolic and the membrane
fraction, respectively. Since the identification rate of phosphorylated peptides was just about 1% of
all peptides in the beginning, phosphopeptide enrichment had to be optimized. Additionally, strong
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cation exchange fractionation and nano flow reverse phase HPLC was improved as described
before.

As a result of these improvements 784 phosphorylation sites in 737 phosphorylated peptides
could be identified and quantified, as listed in table 4.5-4.8. These peptides belong to 448
phosphorylated proteins. Phosphorylation site distribution was 80.5% Serine, 18.9% threonine and
0.6% tyrosine. Furthermore, most of the analyzed SCX fractionated and phosphopeptide enriched
samples were found to contain 90-100% clean fraction of phosphorylated peptides which is a clear
improvement compared to the earlier results.

Statistical analysis of 300 non-phosphorylated peptide ratios resulted in a mean log, value of heavy
and light peptide ratios (log2(XICH/XICL)) of 0.009 whereas the standard deviation is 0.233. To
differentiate between regulated and not regulated phosphopeptides, a cutoff score about two times
of the standard deviation, 0.5 and -0.5 was defined. By applying these criteria 5| enhanced
phosphorylated and 44 decreased phosphorylated peptides were identified (Fig. 4.20).

CID,?
log, ﬁr ¢

o1 enhancead phospnorylatead

<

Figure 4.20: Identified and relatively quantified phosphopeptides measured by LTQ. X axis shows number of
phosphorylated peptides,Y axis shows mean of loga(XICH/XICL) values. If log, ratio of peptide areas is 0, heavy (+L-
arginine) and light (-L-arginine) labeled peptides have the same intensity and phosphorylation level. (XICy: integrated
peak area of light (did not treated with L-arg) peptide, XICh: integrated peak area of heavy (with L-arg treated)
peptide)

Identified proteins were located in all possible cellular compartments, indicating that the method is
applicable for the analysis of both hydrophilic (cytosolic) and hydrophobic (integral to membrane)
proteins (Fig.4.21).
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Figure 4.21. Subcellular distribution of the identified phosphoproteins. Determined using the identified gene symbol list
fed into DAVID bioinformatic resources 2008 online tool available at http://david.abcc.ncifcrf.gov/ (Dennis et al., 2003
and Huang et al., 2009).

4.3.3.1 Differentially regulated phosphoproteins upon enhanced NO formation

4.3.3.1. DEPHOSPHORYLATED CARDIAC PHOSPHOPEPTIDES

In table 4.2 peptides are listed which become dephosphorylated upon iINOS-induced heart failure.
Regulated proteins are ordered according to their function or localization. If the identified
phosphorylation site is already known from the mouse, human or other species was checked on
www.phosphosite.org. Already published phosphorylation sites are signed as known, the others as
novel (Phosphosite database from March 2009).

Table 4.2: List of dephosphorylated peptides upon iNOS derived NO release (I min), measured by LTQ. Blue color
shows that other phosphorylated peptides were also identified from the same protein (not regulated), green color
shows, that protein was found both enhanced and decreased phosphorylated at different sites. (XICy: integrated peak
area of light (not treated with L-arg) peptide; XICh: integrated peak area of heavy (treated with L-arg) peptide; PTM
score: indicating post translational modification counted by MSQuant; Mascot score: indicating validity of peptide
identification). XICH/XICy values represent means * S.D.

Protein
Gene Masc log:
Symbol |Peptide PTM | ot [Phos! N/K XICH/XICL oXIen/
. Site
max XICL
Cardiac contractile proteins
Myosin-6
Myhé EQpYEEEMoxEAK 43 | 55 | 1349 | novel 0.64067 -0.64235
YEESQpSELESSQK 648 | 64 | 1467 | novel 0.6491 +/- 0.18729 -0.62349
TLEDQANEpPYR 7326 | 52 | 1261 | novel | 0.6925! +/- 0.076357 | -0.53009
Mv17 Myosin regulatory light chain 2, atrial isoform
Y GSSNVFpSMoxFEQAQIQEFK | 835 | 45 | 27 | novel | 0.59645 +/- 0.056703 | -0.74553
Mvic2b Myosin regulatory light chain 2-B, smooth muscle isoform
y ATSNVFAMFDQpSQIQEFK [ 738 ] 94 | 19 | novel | 0.6814+/-0.192 | -0.55342
Mvyo9b Isoform | of Myosin-IXb
Y AQDKPESPpSGSTQIQR [ 3004 60 | 1266 | novel | 0.67517 | -0.56669
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Sarcomeric proteins

Nexilin
Nexn |TVpSQESLTPGK 1485 | 53 [ 296 | novel | 0.6261 +/-0.022136 | -0.67554
SMoxVLDDDpSPEIYK 123 | 52 | 288 [known| 0.66884 +/-0.18194 | -0.58027
Myot Myotilin
SSpSRAEANDQDAIQEK [87.23] 69 | 231 | novel | 0.70022 +/- 0.058362 | -0.51411
T¢n Isoform | of Titin
TApSPHFTVSK [5583[ 41 [ 814 | novel | 0.50877 [ -0.9749
Smpx Small muscular protein
RKEpSTPETEEGAPTTSEEK [ 1153 45 [ 46 | novel [ 0.67715+/-0.17698 [ -0.56244
Actin binding proteins
Fhod3 Isoform 4 of FH|/FH2 domain-containing protein 3
DAAPESSALHTTSSPpTSQGR | 759 | 48 | 429 | novel | 0.57102 | -0.80837
Spnb2 Isoform | of Spectrin beta chain, brain |
GDQVSQNGLPAEQGPSPR [93.14] 54 [2137 [known| 0.62004 +/- 0.041147 | -0.68956
Microtubule plus-end tracking
Clio| Isoform | of CAP-Gly domain-containing linker protein |
P [QLpSSSSGNTDAQAEEDER [56.99 ] 89 [ 1255 ] novel | 0.65438 [ -0.6118I
Membrane-cytoskeleton linker
Ank3 Brain-specific ankyrin-G
EFDSDpSLR [ 1241 59 [ 959 [known| 0.6365 [ -0.65175
Calmodulin binding proteins
Add3 Adducin 3
TEEVLpSPDGSPSKSPSK [ 1566 ] 57 | 681 |known| 0.56911 +/-0.088358 [ -0.81322
Calcium homeostasis
Sri Isoform | of Sarcalumenin precursor
TQDIEAEAPSEERQQER [31.65] 41 | 442 |known]| 0.23231 [ -2.1059
Cacnb2 Isoform 4 of Voltage-dependent L-type calcium channel subunit beta-2
QETFDpSETQESR [79.36 | 63 | 470 | novel | 0.6520 | -0.61703
Metabolism
Acyp2 Acylphosphatase
NTpSKGTVTGQVQGPEEK [ 799 | 40 | 56 | novel | 0.70204 +/- 0.047739 | -0.51038
Atp5al ATP synthase subunit alpha, mitochondrial
TGTAEMoxpSSILEER [39.89| 48 [ 52 | novel | 0.6560 [ -0.60822
Kinases/Phosphatases
Map3k3 Mitogen-activated protein kinase kinase kinase 3
SADpSENALTVQER [76.35] 78 | 340 |known| 0.62044 +/- 0.014554 | -0.68864
Ltbp2 latent transforming growth factor beta binding protein 2
GELDPVLEDNpSVETR [9124] 95 [ 511 | novel | 0.69784 [ -0.51904
Protein phosphatase 2A B56 delta subunit
Ppp2r3d DOCGENPTDEAQPQPQSQSPS | 11531 61 | 34 | novel 0.62724 -0.67292
tensin |
Tnsl |QGSPpTPALPEKR 7.99 | 47 | 1537 | novel | 0.57452 +/- 0.076165 | -0.79958
QGSPpTPALPEK 136.3| 58 [ 1537 | novel | 0.63586 +/-0.13333 | -0.65322
Cholesterol/HDL binding
Apoalbp Apolipoprotein A-l-binding protein
RGpSETMAGAAVK [ 701 | 53 | 43 | novel | 0.070635 +/- 0.020244 | -3.8235
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oxysterol binding protein

Osbp MoxLAESDDSGDEESVpSQTDK [ 83 [ 73 [ 198 | novel | 0.66386 [ -0.59106
Stress proteins
Hsp90ab Heat shock protein HSP 90-beta
PI EKEIpSDDEAEEEK GEK 36.54 | 45 | 226 |known| 0.64086 +/- 0.04904 | -0.64192
ElpSDDEAEEEK GEK 205.7] 96 | 226 [known| 0.67897 +/- 0.0011805 | -0.55859
Hsobl Isoform A of Heat shock protein beta- |
P QLpSSGVSEIR [1363] 65 [ 86 [known| 0.68723 +/-0.13222 [ -0.54113
Vascular development
Qk Isoform 6 of Protein quaking
DANIKpSPTAQAAPR [77.33] 40 [ 211 | novel | 0.60512 [ -0.7247
Transcriptional regulation
Nascent polypeptide-associated complex subunit alpha, muscle-specific form
Naca |ADSCVSPNpTVSQPLKR 1622 | 68 | 580 | novel | 0.50505 +/- 0.15562 [ -0.98549
GAPVPSTGAPPpSPK 2268 | 84 | 765 [ novel | 0.69034 +/- 0.0063836 | -0.5346I
Pbxip | Pre-B-cell leukemia transcription factor-interacting protein |
P! [ CSS,SDDDTDVDVEGLR [4533] 58 [ 144 |known| 0.40256 [ -1.3127
LIM domain only 7
Lmo?7
LAPpSPSEEPR [132.1'] 60 | 822 | novel | 0.70503 +/- 0.026764 | -0.50424
Translation regulation
LOCI1000 |similar to Eukaryotic translation initiation factor 4 gamma 3
47194 [GpSSKDLLDNQSQEEQR [ 1027 80 [ 1157 ] novel [ 0.68921 +/- 0.054477 [ -0.53698
Eefld eukaryotic translation elongation factor | delta isoform a
ATAPQTQHVpSPMR [ 1443 52 [ 512 [known| 0.69571 +/-0.028572 [ -0.52345
Splicing factor/mRNA binding
Isoform C| of Heterogeneous nuclear ribonucleoproteins C1/C2
Hnrnpe ESDEKEPEEGEDDRDSANGEDD 1019 | 41 | 300 |known 0.64964 -0.62228
Sfrs6 Putative uncharacterized protein
SHpSPLPAPPSK [ 697 | 49 | 303 |known| 0.69977 +/- 0.093888 | -0.51505
Zranb2 37 kDa protein
EEpSDGEYDEFGR [5587 ] 51 | 130 |known| 0.46409 [ -1.1075
Protein with unknown function
1110058 |UPF0369 protein Céorf57 homolo,
LI9Rik |FDpSLEDSPEER 5159] 50 | 56 | novel | 0.66049 +/-0.11196 | -0.59838
Atxn2l Isoform 2 of Ataxin-2-like protein
QGSGREpSPSLVSR [38.12] 51 | 337 |known]| 0.68776 [ -0.54002
BC00562 | Uncharacterized protein C9orf78 homolog
4 RADpSEpSEEDEQESEEVR [49.18 [ 59 [I5,17]known| 0.69113 [ -0.53298
Gml6l4 hypothetical protein
TGpSLDESLSR [ 999 | 67 | 295 | novel | 0.68706 +/- 0.012313 [ -0.54149
WD repeat-containing protein 20
Wadr20b SNSLPHSAVpSNAASK [ 982 [ 51 [ 439 | novel | 0.49576 [ -1.0123
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4.3.3.1.2 CARDIAC PHOSPHOPEPTIDES WITH INCREASED PHOSHORYLATION

Peptides with an enhanced phosphorylation upon iNOS derived NO release are listed in table 4.3:

Table 4.3: Proteins found with an enhanced phosphorylation ordered according their function, binding partner or
localization. Orange color shows that other phosphorylated peptides were also identified to the same protein (not
regulated), green color shows, that protein was found both enhanced and decreased phosphorylated at different sites.
(XICL: integrated peak area of light (did not treated with L-arg) peptide, XICh: integrated peak area of heavy (with L-
arg treated) peptide, PTM score: indicating post translational modification counted by MSQuant, Mascot score:
indicating validity of peptide identification). XICh/XICL values represent means + S.D.

Protein
Symbol |, btide PTM | Mascot)| Phos- | n/k | xicw/xic, (,'(‘I’é: ,
Cardiac contractile proteins
Mybpc3 Myosin binding protein C, cardiac
TpSLAGAGR [ 8776 | 43 | 281 | known [3.5294 +/-0.015532 | 1.8194
Myosin-6
Myhé |EEQAEPDGpTEDADK 127.39 54 379 novel 1.4428 0.52888
EALIpSQLTR 163.84 56 1301 novel | 1.4705 +/- 0.095962 [ 0.55633
Mvho myosin heavy chain IX
4 GTGDCpSDEEVDGK | 15832 44 | 1942 | known | 1.4707 +/-0.70015 | 0.55651
Sarcomeric proteins
Cmya5 Cardiomyopathy-associated protein 5
ETSPpSPLSPEVEHR 8321 | 49 | 772 | novel | 1.5787 +/-0.63358 | 0.65874
Ldb3 Isoform 3 of LIM domain-binding protein 3
ASSEGAQGSVpSPK [24651 [ 105 | 179 | novel | 1.6023 +/-0.69097 | 0.68019
Actin binding proteins
Capzb Isoform | of F-actin-capping protein subunit beta
ELpSQVLTQR [ 11422 84 | 263 | known | 14413 +/-0.13248 | 0.52734
Limchl 109 kDa protein
ETDDIDpSPKR [ 11244 57 | 169 | novel | 23209 +/-0.3239 | 1.2147
Lepl Plastin-2
GpSVSDEEMoxMoxELR [ 11044 | 48 [ 5 | known | 1.4344 +/-0.089288 | 0.52046
Microtubule building protein
Tubulin beta-2C chain
Tubb2c | GSQQpYRALpTVPELTQQ
MFDAK 44.23 55 281,285 | novel 1.7562 0.81245
Mtap4 Isoform | of Microtubule-associated protein 4
VGpSTENIK [ 10782 40 914 | known | 1.7884 +/-0.73569 | 0.83865
Calcium homeostasis
Calnexin precursor
SDAEEDGVTGpSQDEEDp
SKPKAEEDEILNR 46.32 42 563,569 | known 1.458| 0.5441
Canx  [pSDAEEDGVTGSQDEEDS
KPK 230.41 108 553 | known [ 1.5569 +/-0.33227 | 0.6387
QKpSDAEEDGVTGpSQD
EEDSKPK 129.62 53 553 | known | 1.7877 +/-0.21932 | 0.83813
Hrc histidine rich calcium binding protein
EDENDDEDGDpSGEYR [ 21283 | 65 | 272 | novel | 1.6321 +/-0.42358 | 0.70677
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Cardiac phospholamban

Fin ASpTIEMoxPQQAR [12407] 43 | 17 | known | 1.7733 +/-0.75328 | 0.82646
sri Isoform | of Sarcalumenin precursor
TQDIEAEApSEER [13818] 59 | 442 | known | 1.5893 +/-0.24706 | 0.66835

GAP junction

Gap junction protein

MGQAGpSpTISNSHAQPF

Gjal |DFPDDSQNAK 18.07 4 325,326 | known 1.5375 0.62059
QApPSEQNWANYSAEQN
R 121.12 48 306 | known 2.4926 1.3176

Metabolism

ATP-citrate synthase
Acly 1.6143 +/-
TApSFSESR 109.94 60 455 known 0.0071249 0.69091

NADH dehydrogenase [ubiquinone] | alpha subcomplex subunit 7
Ndufa7 | ALVSGKAAEpSSAMoxAAT
EK 26.16 44 84 novel 1.9365 +/- 0.16481 0.95345

lon/Lipid/protein transport

Multidrug resistance-associated protein |

Abccl
““" [GSpSQLDVNEEVEALIVK | 16936 | 63 | 290 | novel | 1.5959 [ 067435
Stardl0 PCTP-like protein
AGGAGGEGpSDDDTSLT | 43.11 | 51 | 284 | known | 1.4283 [ 051427

RAB3A-interacting protein
Rab3ip |TLVLSSSPTpSPTQEPLAAA
K

131.09 69 218 | known 1.5847 0.66422
Ranbp3 Ran-binding protein 3
TSpSLTHSEEK [ 6466 | 47 | 58 | known | 2.5778 [ 1.3661
Vacuolar protein sorting-associating protein 4B
Vps4b |GNDpSDGEAESDDPEK | 216.43 112 102 [ known [ 1.992 +/-0.16689 | 0.99419
GNDpSDGEAESDDPEKK | 98.83 58 102 | known | 2.3252 +/- 0.10326 1.2174

Kinases/Phosphatases

protein kinase C, alpha

Pricca 101 SPSEDR [59.06 | 54 | 319 | known | 1.9571 [ 096869

Isoform | of SAPS domain family member 3
Saps3 [IQQFDDGGpSDEEDIWEE
K

141.4 73 588 known | 1.4799 +/- 0.11775 0.56555

Transcriptional regulation

Cbx3 Chromobox protein homolog 3

SLpSDSESDDSK [112.19] 66 | 95 | known |2.2129 +/-0.049728 | 1.1459
Csrp3 Cysteine and glycine-rich protein 3
P TEGEpSEKCPR [ 888 | 41 [ 117 | novel | 1.9455 [ 0.96017
Hdacd Isoform | of Histone deacetylase 4
QEPIEpSEEEEAEATR [ 9294 [ 90 | 562 | known | 1.8017 [ 0.84939
Isoform | of E3 ubiquitin-protein ligase HECW2
Hecw2
ANpSDTDLVTSESR [ 4261 | 66 | 48 | known | 1.5755 [ 065577
Isoform | of Hepatoma-derived growth factor-related protein 2
Hdgfrp2
LApSESANDDNEDS [ 7539 [ 41 | 659 | known | 1.7388 [ 0.79807
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Isoform | of HIV Tat-specific factor | homolog

Htatsfl | AEEGGEpSEGDApSEKDA

K 91.94 42 441,446 | novel | 2.6126 +/- 0.36142 1.3855
Irf2bo Isoform | of Interferon regulatory factor 2-binding protein |
P [\ ApSPEPEGETAGK [ 8221 [ 52 | 384 [ novel | 3.0093 [ 15894
LIM domain only 7
Lmo7 [EDSVVAETQLASHpSPEEQ
R 104.54 66 813 known | 1.6973 +/- 0.041912 | 0.76323
Naca Nascent polypeptide-associated complex subunit alpha, muscle-specific form
AIEpTLLVSPAK [16226 | 67 | 1859 | novel | 1.4323+/-0.23833 | 0.51837
Nricl Isoform 2 of Glucocorticoid receptor
SSTPAAGCApPTPTEK [19478 ] 50 | 159 | known | 1.5678 | 0.64871
Translation regulation
Eukaryotic translation initiation factor 4B
Eifdb |SQpSSDTEQPSPTSGGGK | 141.6 97 497 known | 1.8329 +/- 0.22652 0.87415
TGpSESSQTGASATSGR 86.2 53 422 known 2.1408 1.0981
Eifdebp Eukaryotic translation initiation factor 4E-binding protein |
! DLPAIPGVTSPTpSDEPPMo
xQASQSQLPSSPEDK 59.49 53 85 known | 1.4361 +/- 0.082196 0.5222
eukaryotic translation initiation factor 4, gamma | isoform b
Eifagl 2.0081 +/-
AApPSLTEDR 169.28 66 1205 known 0.0072395 1.0058
Translation elongation
60S acidic ribosomal protein PO
RpIpP0 | AEAKEEPSEEpSDEDMoxG
FGLFD 102.05 67 304,307 | known | 1.6173 +/- 0.56015 0.69359
Hypoxia-induced apoptosis
Isoform | of Protein NDRG?2
Ndrg2
SRpTASLpTSAASIDGSR 18.42 44 330,334 | known 1.5943 0.67295
RNA binding
similar to hCG2036763
Rbm20
ETEGTDSPpSPER [ 15277 49 | 1213 | novel |[2.3013 +/-0.021505| 1.2025
Protein with unknown function
C13003 |Isoform | of Uncharacterized protein KIAA0774
8GO2Rik [QLpSEENANLQEYVEK | 10548 [ 50 | 1286 [ novel | 1.7201 [ 07825
Gml6l14 hypothetical protein
TpSPLGGAR [ 4694 | 49 | 833 | novel | 2.2523 [ 11714
Nucksl Nuclear ubiquitous casein and cyclin-dependent kinases substrate
NSQEDpSEDpSEEKDVK [ 12962 | 41 [ 58,61 | known | 2.0907 [ 1.064
Teplii2 T-complex protein | |-like protein 2
QCVSEDQQpPSDSESSR [ 16571 [ 61 | 16 | novel | 1.7568 +/-0.24919 | 0.81296
5730494 | UPF0414 transmembrane protein C200rf30 homolog
NO6Rik |[LApSTDDGYIDLQFK | 675 | 76 | 24 | known | 1.5857 | 0.66508
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4.3.3.2 Identified phosphoproteins which are not regulated by NO

Most of the identified phosphorylation sites did not reach level of significance upon iINOS derived
NO release. These unaffected cardiac phosphopeptides are listed in Table 4.4.

Table 4.4. List of identified phosphopeptides. Relative quantification showed no or small changes upon iINOS derived
NO activation. Orange color shows that protein was also found with significantly enhanced phosphorylation at a
further phosphorylation site, blue with decreased phosphorylation and green shows both enhanced and decreased
phosphorylated proteins. (XICL: integrated peak area of light (did not treated with L-arg) peptide, XICh: integrated
peak area of heavy (with L-arg treated) peptide, PTM score: indicating post translational modification counted by
MSQuant, Mascot score: indicating validity of peptide identification). XICn/XIC\ values represent means * S.D.

Protein
Mas log>
Symbol | o ptide PTM | cot |PPoS| n/k | xicw/xicy oXIen/
max site
max XICy.)
Cardiac contractile proteins
Dnmli Isoform 4 of Dynamin-|-like protein
SKPIPIMPApSPQK [ 753 | 47 | 492 | known | 0.81685 [ -0.29185
Dynein cytoplasmic | intermediate chain 2
SVSpTPSEAGSQDSGDGAV
Dyncli2 GSR 85.14 | 82 95 | known | 0.98892 +/- 0.07049 | -0.016068
EDEEEEDDVApTPKPPVEPEE
EK 131.14] 59 | 174 | novel | 1.1408 +/- 0.055897 | 0.19003
KPASVSPTTPTpSPTEGEAS | 100.63| 81 | 516 [ novel [ 0.90482 +/- 0.14056 -0.1443
Kif13b kinesin family member |3B
APLLSEPASAVPpTSPFR [ 85.78 | 69 | 1653 | novel | 1.0305 [ 0.043314
myosin binding protein C, cardiac
Mybpc3 RDpSKLEAPAEEDVWEILR [ 133.53]| 54 | 315 [ known 0.78339 -0.3522
TpSDSHEDAGTLDFSSLLK [ 112.18] 99 [ 290 | known | 1.0662 +/- 0.048612 | 0.092507
RTSDSHEDAGpPTLDFSSLLK [ 11.26 | 67 | 298 | novel [ 1.0814 +/-0.084463 | 0.11287
Myosin- |
Myhl |pSELQAALEEAEASLEHEEG
K 7.02 | 49 [ 1545 [ novel 0.93293 -0.10015
Mvyhio Myosin, heavy polypeptide 10, non-muscle
Y QLHIEGASLELpSDDDTESK | 92.94 | 66 [ 1987 | known | 1.0483 [ 0.068095
Mvhil Myh| | protein
Y VIENTDGpSEEEMoxDAR | 194.4 | 109 | 1954 | known [ 0.88363 +/-0.16289 | -0.17848
Myosin-6
QAEEAEEQANTNLpSK 223.17] 95 | 1896 | novel | 0.74088 +/- 0.086676 | -0.43268
LELQpSALEEAEASLEHEEGK | 173.79 | 121 | 1552 [ novel | 0.76952 +/-0.13336 [ -0.377%96
ADIAEpSQVNK 234.83] 85 | 1917 | known | 0.81337 +/-0.12838 [ -0.2980I
LAEQELIETpSER 168.54]| 55 | 1712 | known 0.89089 -0.16669
LQpTENGELAR 4199 | 62 | 1284 | novel 0.90351 -0.14639
Myhé |ALQEAHQQALDDLQAEE
DKVNpTLTK 163 | 72 | 1021 [ novel 0.92023 -0.11994
VQLLHSQNpTSLINQK 8.11 | 84 | 1723 [ novel 0.92055 -0.11943
LEDEEEMoxNAELpTAK 6.35 [ 80 [ 939 | novel 0.93826 -0.091939
ANpSEVAQWR 60.35 [ 78 | 1368 | novel 0.95416 -0.067694
pSLSTELFK 175.58 | 62 | 1480 | novel | 0.97324 +/- 0.095001 | -0.039138
LEQQVDDLEGpSLEQEK 20644 | 110 | 1039 | known | 1.1139 +/- 0.06962 0.15559
I5 days pregnant adult female amnion cDNA, RIKEN full-length enriched library, clone:M421002E03
Myh9 |product:myosin heavy chain IX,f... <Preview trun
KGTGDCpSDEEVDGK [168.61 ] 43 | 1942 | known | 0.98729 +/- 0.12887 | -0.018454
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Myosin regulatory light chain 2, ventricular/cardiac muscle isoform

RIEGGpSSNVFSMFEQTQIQ
Myl2 |EFK I1.4 94 14 novel | 0.89008 +/- 0.050413 -0.168
IEGGSpSNVFSMoxFEQTQI
QEFK 187.13 ] 151 I5 known | 0.98687 +/- 0.13761 -0.019065
Myosin regulatory light chain 2, atrial isoform
Myl7 novel,
AAApTKQAQRGpPSSNVFpS 15,22, known,
MoxFEQAQIQEFK [1.13 | 66 27 novel 0.92269 -0.11609
Myol8b myosin XVIIIb
ASpSDEGDLSLK [12751] 83 | 2303 | novel | 0.92743 +/- 0.15067 | -0.10869
Isoform | of Tropomyosin alpha-| chain
TpmI ATDAEADVApPSLNR 208.53| 113 87 known | 0.96195 +/- 0.088106 | -0.055968
LVIIEpSDLER 102.85| 44 174 | known 1.0297 +/- 0.11032 0.042258
AISEELDHALNDMoxpTSI 102.78 | 82 282 | known 1.047 +/- 0.13976 0.066245
Sarcomeric proteins
Cryab Alpha-crystallin B chain
APpSWIDTGLSEMR [102.99] 82 | 59 | known [ 1.115+/-0.20871 | 0.15703
Hspbl Isoform A of Heat shock protein beta- |
SPpSWEPFR [ 977 | 48 | 15 | known | 0.86481 +/-0.12355 | -0.20955
Junctophilin-2
ETPQPEGGPPpSPAGpTPPQ 479,
Jph2 |PK 116.6 | 40 483 | known [.1 +/-0.041786 0.13751
RSDSAPPSPVpSApTVPEEEPP 600,
APR 19.9 40 602 novel 1.2621 +/- 0.031094 0.33583
Ldb3 LIM domain binding 3 isoform c
VVANpPSPANADYQER [ 1644 | 51 | 112 | novel | 1.008 | 0.011462
M-protein
RVpSASEEEEVENENR 1944 | 85 76 known | 0.83051 +/- 0.09989 -0.26793
Myom2 | CAKRVpSApSEEEEVENEN
R 24.09 | 48 76 known 0.87866 -0.18663
VSApSEEEEVENENR 182.59| 70 78 novel | 1.0957 +/- 0.0066003 0.13191
Myozenin-2
Myoz2 pSPPNPENIAPGYSGPLK 62.16 | 51 116 novel 0.92504 -0.11242
VDGSNLEGGSQQGPSpTPP
NTPDPR 4629 | 75 107 | known | 1.1002 +/- 0.060933 0.13772
Phosphoglucomutase-like protein 5
Pgm5 |AAGGIILTApSHCPGGPGGE
FGVK 252.59| 84 122 | known | 0.81915 +/- 0.029813 | -0.2878I
Small muscular protein
Smpx |ESpTPETEEGAPTTSEEK 85.78 | 8l 37 novel |0.96046 +/- 0.0010218| -0.058198
KEpSTPETEEGAPTTSEEK 10.61 | 43 36 novel 1.0563 +/- 0.09126 0.078986
Adult male tongue cDNA, RIKEN full-length enriched library, clone:2310020NO| product:smoothelin,
full insert sequence
Smtn |STpSFGVPNANSIK 11895| 64 323 | known | 1.0388 +/- 0.040868 | 0.054895
RSpSLMoxEPDPAEPPSTTVE
AANGAEQAR 29.03 | 44 142 novel 1.0643 0.0899
Actin binding proteins
49 kDa protein
Abliml |TLpSPTPSAEGYQDVR 87.07 | 58 475 | known 0.92355 -0.11473
QSLGEpSPR 67.76 | 46 470 | known 1.2431 0.31395
Cap2 Adenylyl cyclase-associated protein 2
PZ  [TATPSPRTSPK | 61.7 | 48 | 310 | novel | 0.89694 | -0.15692
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Catenin alpha-|

Ctnnal TPEELDDSDFEpTEDFDVR | 66.94 | 75 | 641 | known [ 1.2397 +/-0.11258 | 0.30996
Protein 4.1G
Epb4.112 pSSHETLNVVEEK [ 605 [ 44 | 595 | novel | 1.3394 [ 042157
Isoform | of FH|/FH2 domain-containing protein 3
GAIpSPDVESQDK 180.45| 69 | 921 | novel | 0.88766 +/-0.15486 | -0.17192
Fhod3 |GAIpSPDVESQDKVPDTPPA
QLK 16024 | 62 | 889 | novel | 0.95351 +/- 0.050329 | -0.068681
GAEpSQEEPVLELEPEER 26041 ] 50 | 751 | novel | 1.1595+/-0.088612 | 0.21352
Leiomodin-2
Lmod2 [SLTEKpTPTGNFSR 1136 | 50 | 59 | novel 0.78948 -0.34103
YEpSIDEDELLASLSPEELK | 158.88] 75 15 novel 0.94255 -0.085364
Myristoylated alanine-rich C-kinase substrate
Marcks |AEDGAAPSPSSEpTPK 139.99] 76 | 143 | known | 0.85267 +/-0.1086 | -0.22994
AEDGAAPSPSSEpTPKK 731 | 83 [ 143 | known 1.0346 0.049046
Isoform 6 of Myosin-XVllla
Myol8a 1978,
LEGDpSDVDpSELEDR 126.39 63 | 1982 | known 0.9507 | -0.072922
Mypn myopalladin
TPVDESDDEIEHDEIPpTGK | 7556 | 81 | 991 | novel [0.90427 +/-0.076118 | -0.14518
|16 kDa protein
Nebl PSHSGSTFGTGLGDDK 109.14] 71 | 887 | novel | 0.81761 +/-0.14005 | -0.2905I
GFpTPVVDDPVTER 129.17] 45 | 800 | novel 0.9128| -0.13161
AMoxYDYSAQDEDEVpSFR | 108.53] 75 | 976 | novel [ 0.93441 +/-0.035739 | -0.097865
Nexilin
EMoxLApSDDEEESSPK 289.5 [ 100 | 16 | known | 0.77259 +/- 0.17788 | -0.37223
Nexn [NTpSVVDSEPVR 5159 [ 49 | 523 | novel | 0.88015+/-0.18477 | -0.18418
KREDEEEEEGpPSIVNGSTTE
DEEQTR 116.03| 86 | 495 | novel | 1.0354 +/-0.17051 0.050212
Nrap Isoform 2 of Nebulin-related-anchoring protein
GMoxApSPVGAEGGMoxTK | 7.92 | 60 | 273 | novel [ 0.76022 +/- 0.075253 | -0.39552
Isoform 6 of Palladin
Palld |SRDpSGDENEPIQER 5159 [ 53 | 1129 | known | 0.86097 +/-0.1367 | -0.21596
IApSDEEIQGTK 15458 68 | 901 | known | 0.92724 +/- 0.077787 | -0.10898
Phactra Isoform 3 of Phosphatase and actin regulator 4
SSpSPVLVEEEPER [ 999 [ 55 | 128 | known | 1.0626 [ 0.087558
Isoform | of Spectrin beta chain, brain |
Spnb2 2164,
ESpSPVPpSPTLDR 31.65 | 43 | 2168 | known 0.86094 -0.21601
Isoform | of Synaptopodin
Synpo AApPSPAKPSSLDLVPNLPR | 159.74] 68 | 833 | known | 0.90574 +/- 0.045567 | -0.14283
DRApSPAAAEEAVPEWASCL
K 85.7 | 64 | 672 | known 0.91594 -0.12667
130 kDa protein
Synpo2 |GCVApSPVEGGR 15448 | 54 | 300 | novel | 0.99893 +/- 0.14524 | -0.0015402
AQpSPTPSLPASWK 89.11 | 52 | 895 | known | 1.0558 +/- 0.086096 | 0.078288
Tin2 talin 2
LDEGpTPPEPK [ 4433 | 51 | 1844 | known | 0.73943 +/- 0.055551 | -0.43551
182 kDa tankyrase |-binding protein
MoxQAESQpSPTNVDLEDK | 9.82 | 50 | 1063 | novel 0.89823 -0.15484
MoxQAESQpSPTNVDLEDK
T“kls'bp ER i 40.88 | 56 | 1063 | novel | 0.92729 +/-0.013496 | -0.10891
pSAEEGEVTESK 82.58 | 63 | 1657 | known 1.2921 0.36969
RASVSpTNQDTDENDQEL
GMoxK 7.78 | 59 | 890 | known | 1.4021 +/- 0.29435 0.48763
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tensin |
AVNPTMAAPGpSPSLSHR 113.38 49 | 1363 | novel | 0.88272 +/-0.045719 | -0.17997
0.93855 +/-
AASDGQYENQpSPEATSPR [ 109.31 | 83 1062 | known 0.00057711 -0.091491
TVGTNTPPpSPGFGR 129.17| 52 | 1346 | known | 0.95118 +/-0.11842 | -0.07221 1|
SQpSFPDVEPQLPQAPTR 57.62 | 94 792 | known | 0.96292 +/- 0.089012 | -0.054519
Tnsl QVMGPSGPGFHGNVVSGH
PASAApTTPGSPSLGR 24.05 [ 40 | 1393 | novel 0.99682 -0.0045956
HLGGSGSVVPGpSPSLDR 6347 | 60 | 1468 | known | 1.1149 +/- 0.30778 0.15695
NGTPGGSFVSPSPLSTpSSPIL
SADSTSVGSFPSVVSSDQGP
R 97.01 [ 58 | 1234 | novel 1.178 0.23631
ETTSDPpSRTPEEEPLNLEGL
VAHR 64.83 | 47 | 1013 | known 1.3652 0.4491
Vinculin
DPNApSPGDAGEQAIR 196.63 | 76 290 | known | 0.79989 +/- 0.027011 | -0.32213
Vcl pSLLDASEEAIKK 9.63 64 726 | known | 0.96638 +/-0.10134 | -0.049342
GQGApSPVAMoxQK 148.55 [ 45 346 novel | 0.98537 +/- 0.32434 | -0.021256
pSLLDASEEAIK 116.6 | 77 721 | known | 1.0901 +/- 0.11092 0.12452
Actin filament turnover modulator
. PDZ and LIM domain 4
Pdlim4
RSpSVSGISLEDNR | 504 [ 68 | 119 | known | 074979 +/- 020618 | -0.41544
Isoform 2 of Capz-interacting protein
Resd| pSPDANMoxPEEEGVVR 142.38 | 66 303 novel 1.069 0.096249
NpTCNSTEKPEELVRTPEEA
NAGEK 6.76 | 48 243 novel 1.2132 0.27885
Rras2 Ras-related protein R-Ras2
FQEQECPPpSPEPTR [112.86] 55 | 186 | known | 092798 +/-0.17334 | -0.10784
Calcium homeostasis
AHNAK nucleoprotein isoform |
VQANLDpTPDINIEGPEAK | 97.8 | 47 | 4950 [ novel 0.73253 -0.44904
GHYEVpTGSDDEAGK 284.32| 95 | 5607 | known [ 0.80989 +/- 0.078089 -0.3042
GGVTGSPEASISGpSKGDLK | 158.45| 81 | 5512 | known | 0.85019 +/- 0.097759 | -0.23414
GGVTGpSPEASISGSK 159.59 | 93 | 5504 | known | 0.8832 +/- 0.15543 -0.17918
Ahnak GDLGAPpPSSPSMoxK 70.62 [ 53 | 5098 | novel | 0.91729 +/- 0.19058 -0.12455
AEpSPEMEVNLPK 188.48 | 64 893 novel | 0.91762 +/- 0.03591 -0.12403
EFSAPSpTPTGTLEFAGGDA
K 149.95| 66 | 5567 | known | 0.96984 +/-0.11196 | -0.044182
LRpSEDGVEGDLGETQSR 65.97 | 47 136 | known | 0.97533 +/- 0.15343 | -0.036031
ASLGpSLEGEVEAEApPSSPK [ 216.54| 108 | 5525 [ known | 0.97766 +/- 0.10009 | -0.032596
LPSGSGPApSPTTGSAVDIR | 64.77 | 84 217 | known | 0.98814 +/- 0.074366 | -0.017206
SSEVVLpSGDDEDYQR 130.59 | 55 116 novel 1.4114 0.49708
Atp2a2 Isoform SERCA2A of Sarcoplasmic/endoplasmic reticulum calcium ATPase 2
EFDELSPpSAQR [162.62] 58 | 663 | known | 1.1181 +/-0.10748 | 0.16111
plasma membrane calcium ATPase |
Atp2bl (IEDSEPHIPLIDDTDAEDDAP
pTK 9.04 56 1173 | novel 0.90147 -0.14964
Cacnalc Isoform 2 of Voltage-dependent L-type calcium channel subunit alpha-1C
AlpSGDLTAEEELDK [200.46] 92 | 1659 | novel | 1.0645 +/-0.13424 | 0.090108
Canx Calnexin
AEEDEILNRpSPR [ 1265 ] 49 | 582 | known | 1.2762 +/-0.083811 | 0.35183
Dnajc5 Dna) homolog subfamily C member 5
SLpSTSGESLYHVLGLDK | 174.32] 58 [ 10 | known | 1.2699 [ 0.34472
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histidine rich calcium binding protein
EHDNEDLGDpSAENHLPR | 101.96| 45 129 novel 1.0424 0.059894
Hrc EVGEENVpSEEVFR 210.56| 69 104 | known 1.095 +/- 0.21697 0.13095
QAHpSEEEKEEEEEEEEEEEEE
K 92.94 | 46 542 novel 1.1188 0.16191
GDDEDIpSTEFGHK 208.09 | 8l 474 novel 1.2948 +/- 0.11854 0.37276
PIn Cardiac phospholamban
RApSpTIEMPQQAR [123.02] 45 | 16 | known | 1.1967 +/-0.27281 | 0.25901
ryanodine receptor 2, cardiac
Ryr2 2807, | known,
RIpSQpTpSQVSIDAAHGYSP 2809, | novel,
R 42.54 | 55 | 2810 | novel 1.3974 0.48275
Sri Isoform | of Sarcalumenin
AEVDTEpSGEKVEDQGEPR | 187.7 | 78 | 304 | known | 1.2996 +/- 0.053886 | 0.37808
Striatin
Strn  [FLESAAADFpSDEDEDEDT
DGR 179.88| 98 245 | known | 1.1649 +/- 0.043652 0.22018
Calcium binding protein
195 kDa protein
Itsn| LPEEPSpSEDEQQPEK 120.29 | 80 335 [ known | 0.82342 +/- 0.08732 -0.28029
SAFTPATATGSSPpSPVLGQ
GEK 119.89 | 85 897 | known 0.82866 -0.27116
D6Wsul |Isoform | of Protein FAM2I
16e |VpSPEVGSADVASIAQK [ 7545 [ 71 | 747 | known | 1.1893 [ 0.25016
Vean Isoform V| of Versican core protein
LESHGSpSEESLQVQEK [ 8424 | 55 | 1626 | novel | 1.2742 +/-0.25484 | 0.34956
Zinc ion binding
Isoform | of MICAL-like protein |
Micalll |DPAPPSPTSTSPAVQPGEEA
QGDDLpSPDSLSEQGK 1745 | 57 148 novel 0.91491 -0.1283
M MORC family CW-type zinc finger protein 2A
orc2a
SLAVpSDEEEAEEEAEK [257.16] 97 | 741 | known | 1.166 [ 022156
Trima7 Isoform 2 of Tripartite motif-containing protein 47
GLGpSNEDGLQK [ 565 [ 69 [ 393 | novel | 0.88466 [ -0.1768I
Removal of superoxide radicals & relaxation of vascular smooth muscle & regulation of

blood pressure

Superoxide dismutase [Cu-Zn]

Sodl 5 GVANVpSIEDR [ 8898 | 54 | 99 | known ] 0.76548 +/- 0.092977 | _-0.38556
Electron transport chain
Thioredoxin domain-containing protein | precursor
VEEEQEADEEDVpSEEEAED
REGASK 109.31 | 108 | 245 | known 0.92751 -0.10856
Txndcl |KVEEEQEADEEDVpSEEEAE
DR 179.89 | 99 245 | known | 1.0144 +/- 0.090342 | 0.020624
VEEEQEADEEDVpSEEEAED
R 226.45| 86 245 | known 1.1296 +/- 0.12805 0.1758
Microtubule associated protein
Arhgef2 Isoform 5 of Rho guanine nucleotide exchange factor 2
EAQELGpSPEDR [ 78.77 ] 67 | 902 | known | 1.2849 +/-0.16877 | 0.36162
Emll Isoform 3 of Echinoderm microtubule-associated protein-like |
EPAFSPALQpSPKPQGK [ 101.78[ 43 | 185 | novel | 0.90313 | -0.14699

88



4. RESULTS

Isoform Tau-D of Microtubule-associated protein tau

Mapt |[SGYSSPGSPGpTPGSR 57.64 | 49 136 | known 0.73633 -0.44157
SPVVSGDpTSPR 104.65| 62 303 [ known 1.0662 +/- 0.20905 0.092419
Microtubule-associated protein | A

Mtapla EEpSEPEVKEDVIEK 6.45 51 882 | known | 0.85127 +/- 0.046385 [ -0.23231
AELEEMoxEEVHPpSDEEEEE
TK 132.5 | 49 905 | known | 0.95631 +/- 0.094156 | -0.064457
Microtubule-associated protein |B
LGGDVpSPTQIDVSQFGSFK | 165.76 | 145 | 1497 | known [ 0.80087 +/- 0.064195 | -0.32036
SVSPGVpTQAVVEEHCASPE
EK 10.61 | 51 1297 | known 0.89416 -0.1614
GEAEQpSEEEGEEEDKAEDA

Mtaplb R 228.51 ] 100 | 1013 | known [ 0.9012 +/- 0.050762 -0.15008
EpSVVSGDDRAEEDMoxDD
VLEK 599 | 40 989 | known 1.0704 0.098087
QGVDDIEKFEDEGAGFEEpS
SETGDYEEK 7.45 45 933 | known 1.07 14 0.09947
EEQpSPVKAEVAEK 79.97 | 47 614 | known | 1.1576 +/- 0.068953 0.21113
FEDEGAGFEESpSETGDYEE
K 131.94| 77 933 | known 1.3888 +/- 0.13523 0.47382
Isoform | of Microtubule-associated protein 4
NpTTPTGAAPPAGMoxTST
R 53.11 | 49 846 novel | 0.74769 +/- 0.028261 | -0.41948
GQSTVPPCpTASPEPVK 70.71 | 46 596 novel | 0.80621 +/- 0.042073 | -0.31077
ALETMAEQTTDVVHpSPST
DTTPGPDTEAALAK 125.2 | 60 254 | known [0.83336 +/- 0.0025179 -0.263

Mtap4 | DMoxpSPSAETEAPLAK 127.77 | 79 517 | known | 0.8683 +/- 0.10787 -0.20374
LApTTVSAPDLK 7.35 58 898 | known [ 0.87852 +/- 0.21274 -0.18686
ATpSPSTLVSTGPSSR 57.64 | 75 785 | known | 0.89747 +/- 0.024036 | -0.15606
DMoxpSPLPESEVTLGK 131.14] 56 475 | known | 0.92917 +/- 0.1226 -0.10598
VGpSLDNVGHLPAGGAVK | 141.19| 58 1008 | known | 0.97927 +/- 0.098573 | -0.030225
DVTLPLEAERPLVTDMpTPSL
ETEMTLGK 77.08 | 52 447 novel 1.1737 0.23108

Microtubule plus-end tracking protein

Clasp2 CLIP-associating protein CLASP2 isoform b
SRpSDIDVNAAAGAK [137.02] 77 | 376 | known | 1.1093 +/-0.14282 | 0.14962

Clip1 148 kDa protein
TASEpSISNLSEAGSVK [216.69] 84 | 194 | known | 0.90102 +/- 0.049062 | -0.15037

Connect cytoskeletal structures to the plasma membrane
Msn Moesin
QRIDEFEpSMox [ 1263 [ 48 [ 576 [ known | 1.1471 +/-0.037248 | 0.19805
Recycling or degradation of cell surface receptors
Chm Charged multivesicular body protein 2b
p2b
ATIpSDEEIER [ 9344 [ 80 | 199 | known | 0.82095 +/- 0.035973 | -0.28464
Regulation of cell shape
Adult male diencephalon cDNA, RIKEN full-length enriched library, clone:9330200H01

Palmd product:palmdelphin, full insert sequence
SGPQCSpSPTCQEETEDVR | 14542 | 63 385 [ known | 0.77926 +/- 0.040651 [ -0.3598I
VIpSPGPNFQER 80.08 | 58 278 | known 1.1021 0.14031
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Receptor
Cation-independent mannose-6-phosphate receptor precursor
Igfar LVSFHDDpSDEDLLHI 188.7 | 105 | 2476 | known | 1.1727 +/- 0.036192 0.22989
AEALSSLHGDDQDpSEDEV
LTVPEVK 130.63 ] 57 | 2401 | known 1.3305 0.41195
Membrane-associated progesterone receptor component |
Pgrmcl |EGEEPTVYSDDEEPKDEpTA
R 90.11 65 181 novel 0.83784 +/- 0.1591 -0.25526
Pgrmc2 Membrane-associated progesterone receptor component 2
LLKPGEEPSEYpTDEEDTK | 142.84| 50 [ 205 | known | 1.0039 +/- 0.050669 | 0.0055619
sortl Isoform | of Sortilin precursor
SGYHDDpSDEDLLE [ 1645 | 43 | 819 | known | 1.1076 [ 0.14747
Intercellular junction
Dsp desmoplakin isoform 2
AEpSGPDLR 36.16 | 52 22 known 0.80687 -0.3096
| Tight junction
Cxadr Isoform | of Coxsackievirus and adenovirus receptor homolog
APQpSPTLAPAK [ 71.69 | 54 | 332 | known | 0.87434 +/-0.15904 | -0.19373
Protein LYRIC
Mtdh [ NpSQPVKpTLPPAISAEPSITL 503, | novel,
SK 30.04 | 57 508 | known 1.0944 0.13015
Adherens junction
Miit4 Isoform | of Afadin
SSPNVANQPPpSPGGK [181.59] 74 | 1167 | known | 0.79977 +/- 0.032499 | -0.32235
Isoform | of Sorbin and SH3 domain-containing protein |
Sorbs| |ESDGpTPGGLASLENER 69.17 | 74 435 novel | 0.95367 +/- 0.086678 | -0.068436
DIpSPEEIDLK 155.62 | 41 336 [ known | 0.98149 +/- 0.084906 | -0.026956
Tight junction protein ZO-|
Tjpl |AVPVpSPSAVEEDEDEDGHT
VVATAR 62.06 | 53 1614 | known 1.0708 0.098727
Xirpl xin actin-binding repeat containing |
GIpSLEEGALPDVSATR [ 1069 | 51 | 295 [ novel | 1.1455 [ 0.19593
Vesicle protein
tangerin isoform a
Ehbp 111 | GQGSEPAAITGGQVGPETP
EPPPpSPPETR 2482 | 57 284 | known 1.021 0.030015
I3 days embryo forelimb cDNA, RIKEN full-length enriched library, clone:5930429A15 product:EH
Ehd2 DOMAIN-CONTAINING PROTEIN-2 homolo
GPDEAIEDGEEGpSEDDAE
WVVTK 240.94| 86 438 | known 1.199 +/- 0.17782 0.26187
Isoform 2 of Epsin-|
Epnl TALPTSGpSSTGELELLAGEV
PAR 66.06 | 65 419 novel 1.2297 0.29836
Epsin-3
Epn3 GDDpSPVANGAEPAGQR 99.44 | 51 257 novel | 0.85157 +/- 0.033438 -0.2318
TPVLPSGPPIADPWAPSpSPT
R 58.27 | 54 387 novel 0.88585 -0.17486
epidermal growth factor receptor pathway substrate |5, related isoform a
Epsi5il
pSTPSHGSVSSLNSTGSLSPK | 10.34 | 57 238 | known | 1.0771 +/- 0.022076 0.10709
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SEC3|-like |

Sec3la |DSDQVAQpPSDGEESPAAEE
QLLGER 167.05] 67 620 [ known | 1.0318 +/-0.071255 | 0.045182

Synaptotagmin-2
Syt2 |GGQDDDDAETGLpTEGEG

EGEEEKEPENLGK 71.99 | 55 | 128 | known | 1.166 +/- 0.010353 0.22159
Txina Isoform | of Alpha-taxilin
EQGVESPGAQPApSSPR | 9383 | 74 [ 522 | known | 0.88367 +/- 0.051694 | -0.17842
Beta-taxilin
TxInb | TSEEEPEPSVpSENEEVDAEE
ANSFQK 202.81 | 83 | 486 | novel | 1.1715+/-0.039464 | 0.22834

Isoform 4 of General vesicular transport factor pl 15
Usol |DLGHPVEEEDEpSGDQEDD

DDEIDDGDKDQDI 58.9 44 334 | known [0.96746 +/- 0.0018938] -0.047733
Vamp4 Vesicle-associated membrane protein 4
NLLEDDpSDEEEDFFLR 12446 57 | 30 | known [ 1.031 +/-0.050255 | 0.044I1
Chaperone
Heat shock protein HSP 90-alpha
EpSDDKPEIEDVGSDEEEEEK
K 188.82 | 68 263 | known | 0.87931 +/- 0.12868 -0.18555
Hsp90aa
I ESDDKPEIEDVGpSDEEEEEK | 190.18 [ 85 263 | known | 0.96576 +/- 0.13045 | -0.050257
EVpSDDEAEEKEEK 257.57 | 56 231 known | 1.0856 +/- 0.056636 0.11845
DKEVpSDDEAEEK 15448 | 44 231 known 1.2786 +/- 0.10735 0.35456
Putative uncharacterized protein
EKEIpSDDEAEEEK 0 225 | known | 0.72199 +/- 0.12572 -0.46995
Hsp90ab IEDVGpSDEEDDSGKDKK 127.12] 71 255 | known | 0.78414 +/- 0.21449 -0.35081
I IEDVGpSDEEDDSGKDK 24252 | 76 255 | known | 0.80002 +/- 0.13784 -0.32189
IEDVGpSDEEDDSGK 220.93| 107 | 255 | known [ 0.81297 +/-0.17149 -0.29873
ElpSDDEAEEEK 196.45] 65 225 | known | 0.86077 +/- 0.03438 -0.2163
PKIEDVGpSDEEDDSGK 0 255 | known 0.89713 -0.15662

Bone marrow stroma cell CRL-2028 SR-4987 cDNA, RIKEN full-length enriched library,
clone:G430136P17 product:nucleosome assembly ... <Preview truncated at |28 charac

EFITGDVEPTDAESAWHpSE
NEEEDKLAGDMK 160.81 | 94 125 | known | 0.94856 +/- 0.013652 | -0.076196

Napli4

Isoform | of Small glutamine-rich tetratricopeptide repeat-containing protein alpha
APDRTPPpSEEDSAEAER | 29.26 | 40 [ 85 | known [ 0.74758 +/- 0.045435 | -0.41971

Sgta

Metabolism

Acyl-coenzyme A thioesterase 5

AcotS I D SHGELDLAR [16958] 59 | 56 | known | 091877 [ -0.12223
26 kDa protein
LQpSIGTENTEENR 67.78 | 55 46 known | 0.78455 +/- 0.0558 -0.35006
GILAADESTGpSIAK 267.62| 97 36 known | 0.88025 +/- 0.12489 -0.18401

Aldoa 0.88298 +/-
LQpSIGTENTEENRR 47.14 | 44 46 known 0.00086655 -0.17954
RLQpSIGTENTEENR 69.17 | 8l 46 known 0.93699 -0.093893
GILAADESTGpSIAKR 130.59 | 62 46 known | 1.1099 +/- 0.061037 0.15045

BC0248]1 |Uncharacterized protein Cl6orf68 homolog
4 AApSDPNPAEPAR [ 33.77 | 60 | 120 | novel | 0.9413 [ -0.08727

branched chain ketoacid dehydrogenase E|, alpha polypeptide

Bckdha [IGHHSpTSDDSSAYR 80.25 | 58 340 | known [ 0.94878 +/- 0.12525 | -0.075849
pSVDEVNYWDK 5.87 43 348 | known 1.1023 0.14049
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Bra Isoform | of BRCA I -associated protein
P [EQSESVNTAPERSPSK [171.83] 86 | 116 | known [ 0.93378 +/- 0.017106 | -0.098842
Caveolin-2
Cav2 | ADVQLFMoxADDAYpSHHp
SGVDYADPEK 68.01 [ 48 | 14,17 | known |0.92679 +/- 0.0080251| -0.10969
Ckm Creatine kinase M-type
GQpSIDDMoxIPAQK [177.78] 60 | 372 | novel | 091792 +/-0.1812 | -0.12356
Ckmt2 Creatine kinase, sarcomeric mitochondrial precursor
LGYILTCPpSNLGTGLR [12472] 62 | 319 | novel | 1.0584 [ 0.081939
Comt Isoform Membrane-bound of Catechol O-methyltransferase
| 68 | 54 | 260 | novel | 0.86194 +/-0.076458 | -0.21434
Cs Citrate synthase, mitochondrial
EGSSIGAIDpSR [103.29] 69 | 232 | novel | 0.9999 +/- 0.061286 |-0.00014475
Ctps CTP synthase |
SGSSpSPDSEITELK | 87.07 | 56 | 575 | known | 0.94 +/-0.11003 | -0.089267
DId Dihydrolipoyl dehydrogenase
IDVSVEAApSGGK [151.01] 79 | 297 | novel | 0.96669 | -0.04888
Gipt| Isoform | of Glucosamine--fructose-6-phosphate aminotransferase [isomerizing] |
VDpSTTCLFPVEEK [101.96] 70 | 259 | known | 0.89864 +/- 0.005586 | -0.15419
Gpam Glycerol-3-phosphate acyltransferase, mitochondrial precursor
SDEEDEDpSDFGEEQR [ 2044 | 75 | 694 | known | 1.1553 +/-0.015841 | 0.20833
68 kDa protein
Itpkb
VLAPCSPpSEER [111.98] 42 [ 202 | novel [0.80936 +/- 0.0083328] -0.30515
Ldhb L-lactate dehydrogenase B chain
LIAPSVADDEAAVPNNK 122093 102 | 11 | novel | 1.0771 [ o.1072
120 kDa protein
TINHQMEpSPGER 15643 | 53 | 984 | known | 0.86104 +/-0.010923 | -0.21585
Lirch1 |DDpSFDSLDSFGSR 3595 [ 52 | 201 [ known 0.95045 -0.073311
pSPEPEATLTFPFLDK 59.76 | 40 | 719 | known | 0.98896 +/- 0.067876 | -0.01602
SHpSTEPNVSSFPNDPSPMox
K 97.05 | 44 | 471 | known | 1.1533 +/-0.036019 | 0.20578
lipase, hormone sensitive isoform |
Lipe |SVpSEAALAQPEGLLGTDTL
K 14041 | 68 | 602 | known | 1.2745 +/-0.073283 | 0.34998
Pdhal Pyruvate dehydrogenase El component subunit alpha, somatic form, mitochondrial
YGMoxGTpSVER [ 7525 ] 44 | 231 | known | 071762 +/-0.2443 | -0.47871
Pgam2 Phosphoglycerate mutase 2
HpYGGLTGLNK [ 434 | 492 | 92 | known | 0.83428 [ -0.26139
. Phosphoglucomutase 2
Pem P | AIGGIILTApSHNPGGPNGD
FGIK 159.59| 82 | 135 [ novel | 0.81111 +/-0.063375| -0.30203
Pkm2 Isoform M2 of Pyruvate kinase isozymes M1/M2
GSGpTAEVELK | 888 | 49 | 129 | novel | 1.218 +/-0.090363 | 0.28457
Ptges3;E
NSMUS
G000000
40078;L
OCI1000 |Prostaglandin E synthase 3
48119 |DWEDDpSDEDMoxSNFDR | 175.48| 65 | 113 | known | 1.2193 +/-0.11335 | 0.28604
serincl Serine incorporator |
SDGpSLDDGDGIHR [ 84.85 [ 48 | 364 | known | 0.9781 [ -0.031945
s I Sphingosine- | -phosphate phosphatase |
8PP [RNpSLTGEEGELVK [ 8041 | 40 | 101 | known | 0.79092 [ -0.33839
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Sucla2 Succinyl-CoA ligase [ADP-forming] subunit beta, mitochondrial
INFDpSNSAYR [ 9042 | 52 | 279 | known | 0.89445 +/- 0.084147 | -0.16093
Ubiquitin conjugating system
Isoform | of Sequestosome-|
Sqstml |EvDPSTGELQSLQMoxPESE
GPSSLDPpSQEGPTGLK 12.77 | 77 377 novel | 0.73495 +/- 0.060423 | -0.44429
STIPI homology and U box-containing protein |
Stubl (| GpTGGGGSPDKSPSAQEL
K 1.4 56 |5 novel 0.76416 -0.38805
Ubiquitin carboxyl-terminal hydrolase
Usp4 |EQLSEVEGSGEDDQGDDH
SEpSAQK 116.19] 78 633 novel | 0.78736 +/- 0.057798 -0.3449
Ubiquitin carboxyl-terminal hydrolase 5
Usp5 | GTGLQPGEEELPDIAPPLVp
TPDEPK 63.77 | 6l 623 | known 1.1753 +/- 0.11207 0.23301
Ubiquitin carboxyl-terminal hydrolase |10
Uspl0 |TCDpSPQNPVDFISGPVPDS
PFPR 34.69 | 68 208 | known 1.0281 0.039922
Protease
Nrdl Nardilysin, N-arginine dibasic convertase, NRD convertase |
LGADEpPSEEEGR [156.71] 66 [ 85 | known | 0.8236 [ -0.27999
26S proteasome non-ATPase regulatory subunit |
Psmdl |TVGpTPIASVPGSTNTGTVP
GSEK 86.22 | 54 273 | known 1.1856 0.24565
Isoform Rpn|0A of 26S proteasome non-ATPase regulatory subunit 4
Psmd4 |AAAASAAEAGIApTPGTED
SDDALLK 73.86 | 55 250 | known 0.89587 -0.15864
Usp24 Ubiquitin carboxyl-terminal hydrolase
P VSDQNpSPVLPK [ 9851 | 51 [ 2044 | known [ 0.73367 +/- 0.068693 [ -0.44679
Hydrolase
Dpysi3 Collapsin response mediator protein 4A
EPAPEpSPKPAGVEIR [ 93.74 | 47 | 101 | novel | 1.0517 +/-0.19867 | 0.072673
Transferase
Isoform | of Dihydrolipoyllysine-residue succinyltransferase component of 2-oxoglutarate
Dist dehydrogenase complex, mitochondrial
NDVITVQTPAFAEpSVTEGD
VR 144.08 | 67 82 novel 1.3577 +/- 0.058081 0.4412
Nmtl Glycylpeptide N-tetradecanoyltransferase |
pSGLSPANDTGAK [12891] 69 | 47 | novel | 1.1961 +/1-023062 | 0.25836
88 kDa protein
Nsun2 [EGVILTNENAApSPEQPGDE
DAK 193.23] 93 748 | known 1.0504 +/- 0.12385 0.070967
Isomerase
OTTMU | cell embryo I.ceII cDNA, RIKEN fuII-Igngth enriched library, clone:l0C0028)24 product:Peptidyl-
SG00000 prolyl cis-trans isomerase NIMA.... <Preview truncated at |28 characters>
014964 SGEEDFESLApSQFSDCSSA
KARGDLGAFSR 33.2 55 104 novel 1.0265 0.037796
lon/metabolite/lipid/protein transport
Atplal |Sodium/potassium-transporting ATPase subunit alpha-| precursor
VDNpSSLTGESEPQTR [ 3044 [ 44 | 216 | novel | 1.1301 [ 0.17649
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Clnsla;L |Putative uncharacterized protein
OoCl1000
4021 IE
NSMUS
GO000000 | EPLpSDEDEEDNDDVEPISEF
56003 |R 78.02 | 42 100 [ known | 1.0501 +/- 0.023465 0.070463
ENSMU | Chloride channel, nucleotide-sensitive, | A
SG00000
056003;L
OC1000
4021 1;CI | LGEESKEPLpSDEDEEDNDD
nsla |VEPISEFR 112.66 | 78 100 [ known 1.1753 +/- 0.20607 0.23307
Bone marrow macrophage cDNA, RIKEN full-length enriched library, clone:G530110M10
Slcl2a4 |productisolute carrier family 12, member 4, fu... <Preview tru
LEpSLYSDEEEESVAGADK | 173.42] 80 [ 969 | known | 1.2353 +/-0.10842 | 0.30483
Monocarboxylate transporter |
sicléal SKEpSLQEAGK 8.25 54 213 | known | 0.85109 +/- 0.22772 -0.23262
AAQSPQQHSSGDPTEEEpPS
PV 88.89 | 55 491 known | 1.1027 +/- 0.084722 0.14105
Calcium-binding mitochondrial carrier protein Aralar2
Slc25al3 [FGLGSIAGAVGApTAVYPIDL 345,
VKpTRMoxQNQR 31.59 | 62 355 novel 0.77157 -0.37413
Slc25a4 ADP/ATP translocase |
YFPpTQALNFAFK [ 586 | 58 | 84 | known | 0.79112 [ -0.33803
solute carrier family 2 (facilitated glucose transporter), member 4
RpTPSLLEQEVKPSTELEYLG
Sic2a4 |PDEND 117.17] 66 488 | known | 0.91787 +/- 0.015469 [ -0.12364
TPSLLEQEVKPpSTELEYLGP
DEND 2544 | 60 499 novel ]0.96319 +/- 0.0038125| -0.054104
Atp8al ATPase, aminophospholipid transporter (APLT), class |, type 8A, member | isoform a
TDDVSEKTpSLADQEEVR | 7635 [ 42 | 29 | known | 1.0502 [ 0.070605
Osbplé Isoform | of Oxysterol-binding protein-related protein 6
TApSSSTEPSVSR [12591] 49 | 44 | known | 1.3689 +/-0.19066 | 0.45299
Isoform | of Cytoplasmic phosphatidylinositol transfer protein |
Pitpncl [SAPSpSAPSTPLSTDAPEFLSI
PK 129.61 ] 85 274 | known 1.1409 0.19014
Monla Isoform 2 of Vacuolar fusion protein MONI homolog A
pSYEDLTELEDR [ 9851 | 57 | 56 | known | 1.1479 +/-0.051414 | 0.19896
Rabl Ifip [RABI | family interacting protein 5 (class ) isoform |
5 TYpSDEASQLR [11044] 49 | 307 | known | 1.1105+/-0.13379 | 0.1512
TomlE |Isoform | of Target of Myb protein |
G545878 [ TVFNSETPpSR [132.63] 55 | 176 | known | 0.8392 +/-0.10256 | -0.25291
Rras2 Ras-related protein R-Ras2
FQEQECPPpSPEPTR [112.86] 55 | 186 | known | 0.92798 +/-0.17334 | -0.10784
Translocation protein SEC62
Sec62 (EELEQQpTDGDCDEEDDD
KDGEVPK 165.71] 73 375 | known 1.0053 +/- 0.24444 0.0075548
Guanine nucleotide exchange factor
Mcf2l 120 kDa protein
TSpSTGEEEESLAILR [ 51.7 | 52 | 587 | novel | 0.92056 +/-0.21555 | -0.11942
Small GTPase mediated signal transduction
RABI2, member RAS oncogene family
Rabl2 |RPAGGSLGAVpSPALSGGQ
AR 2441 | 48 68 known 1.0654 0.09137
Rras?2 Ras-related protein R-Ras2
FQEQECPPpSPEPTR [112.86] 55 | 186 | known | 0.92798 +/-0.17334 | -0.10784
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XPA-binding protein |

Xabl |GTLDEEDEEADpSDTDDID
HR 109.59 | 59 338 | known 1.0807 +/- 0.10006 0.11193
Guanyl-nucleotide exchange factor activity
166 kDa protein
Rapgef2
Pg SETpSPVAPR [ 9836 | 57 | 1022 | known | 1.1653 [ 0.22072
Rap guanine nucleotide exchange factor (GEF) 6
Rapgef6 | LADVADADpSEADENEQVS
AV 60.88 | 83 1590 [ known 1.0557 0.078144

GTPase activator

Arhgapl

Rho GTPase activating protein |

SSSPEPVpTHLK [ 1434 [ 50 | 96 | novel | 0.75835 [ -0.39906

Arhgap2
6

I3 days embryo lung cDNA, RIKEN full-length enriched library, clone:D430038K 17 product:GRAF
PROTEIN homolog

pSGDETPGSEAPGDK [ 742 | 54 | 41 | novel | 1.3618 +/-0.046078 | 0.44557

Arhgap5

Rho GTPase activating protein 5

GGIDNPAITpSDQEVDDKK | 66.59 | 52 1219 | known | 0.93163 +/- 0.12302 -0.10218

B230339MO5Rik protein

B230339
MOSRik SDpSAPPTPVNR 97.17 | 51 | 359 | known [0.91575 +/- 0.0091466| -0.12697
Cdc42 GTPase-activating protein
Cdgap
DDSPSSLGpSPEEEQPK [210.63] 74 | 1242 | novel | 0.919 [ -0.12187
Ddef2 Isoform 2 of Development and differentiation-enhancing factor 2
LLHEDLDEpSDDDVDEK | 115.19] 54 | 555 [ known [ 0.97798 +/- 0.084692 | -0.032128
dedicator of cytokinesis 6
Docké |TGPEDVDDPQHCSGpSPED
TPR 713 | 45 | 178 | novel 1.2599 0.33335
ARF GTPase-activating protein GIT2
Git2 | TVSTQHSTESQDNDQPDY
DSVApSDEDTDVETR 10689 49 | 396 | known | 1.1956 +/- 0.17976 0.2577|
LOC547 |similar to StAR-related lipid transfer protein |3
385 |DRTpSLNESEATGVR [ 55.07 | 54 | 566 | novel |0.93082 +/-0.0894I5| -0.10342

Regulation of blood pressure

Angiotensin-converting enzyme, somatic isoform precursor

Ace GPQFGpSEVELR [14421] 64 | 1305 | known | 0.76818 +/-0.21612 | -0.38048
Addl Isoform 2 of Alpha-adducin

GpSEENLDETR [ 37.78 | 53 | 586 | known | 0.82494 [ -0.27764
Cast Isoform 2 of Calpastatin

SNDTSQpTPPGETVPR [ 73.13 | 78 | 460 [ known | 0.79634 +/- 0.042181 | -0.32855

Platelet derived growth factor binding

Pdapl

28 kDa heat- and acid-stable phosphoprotein

SLDpSDEpSEDEDDDYQQK | I1.13 | 83 | 60,63 | known 0.7215 -0.47092

Adaptor/scaffold protein

A-kinase anchor protein |

Akapl e S GNLPSVADTR [15043] 62 | 103 | known | 1.0205 +/- 0.058753 | 0.029257
Isoform | of A-kinase anchor protein 12

Akap12 [GPSEAPQEAEAEEGATpSD
GEK 122.79] 99 | 583 | known | 0.90279 +/- 0.082385 | -0.14754
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Akapl3 A kinase (PRKA) anchor protein |3
DEDEGIPpSENEEEKK [ 54.09 [ 69 | 2308 | novel | 0.79886 +/- 0.16152 | -0.32399
Ankl| Isoform Mu7 of Ankyrin-|
ELGESEGLpSDDEETISTR | 9055 | 69 | 55 | novel | 0.9482 +/- 0.3855 | -0.076743
ankyrin 2, brain isoform 2
Ank2 |GpSPIVQEPEEASEPK 1359 | 63 | 855 | known [ 0.89739 +/- 0.086507 [ -0.15619
ESEpSDQEPEEEIGMoxTSEK | 178.06 | 94 | 590 | known | 0.96745 +/- 0.013439 | -0.047738
Brain-specific ankyrin-G
Ank3 |LSDGEYISDGEEGEDAITGD
pTDK 13.03 ] 62 | 880 | novel 091157 -0.13358
AP-3 complex subunit delta-|
Ap3dI VDIIpTEEMPENALPSDEDD
KDPNDPYR 921 | 48 | 774 | novel 0.87912 -0.18587
HSSLPTEpSDEDIAPAQR 202.7 | 68 | 760 | known 0.95183 -0.071218
DCC-interacting protein 13-
Appll [alpha
VNQSALEAVTPpSPSFQQR | 60.88 | 64 | 401 | known [ 0.98855 +/-0.21825 | -0.01662
Cd2bp2 CD?2 antigen cytoplasmic tail-binding protein 2
HSLDpSDEEDDDEEGSSK | 165.85]| 81 | 49 | known | 0.85429 +/- 0.011205 [ -0.22721
SAPK substrate protein |
D',‘;E':d SpSPPATDPGPVPSSPSQEPP
TKR 63.19 | 56 | 188 | novel 0.73721 -0.43985
FnbplI formin binding protein |-like isoform |
EpSPEGSYTDDANQEVR | 8899 | 56 [ 501 | known | 1.1034 [ 0.14201
9 days embryo whole body cDNA, RIKEN full-length enriched library, clone:D030024B |6
G3bpl [product:Ras-GTPase-activating protein SH3-do... <Preview truncated at |28 characters
STpSPAPADVAPAQEDLR  [200.44| 89 [ 231 [ known [ 1.0105 +/-0.073913 | 0.015003
10 days embryo whole body cDNA, RIKEN full-length enriched library, clone:2610027A1 |
Kpna3 |product:karyopherin (importin) alpha 3, ful... <Preview truncated at
NVPQEESLEDpSDVDADFK [211.22] 91 | 60 | known | 1.0215 +/-0.087315 | 0.030622
Konad Importin subunit alpha-4
P NVPQEDICEDpSDIDGDYR [ 102.05] 70 | 60 | known | 1.0375+/-0.10832 | 0.053151
LOCI100 |similar to KIAA2019 protein
041194 |DMoxSPpTSTDTEVHR [ 43.11 ] 48 | 413 | known | 0.83267 [ -0.26418
Mapks8ip |Isoform la of C-jun-amino-terminal kinase-interacting protein 3
3 TGpSSPTQGIVNK [ 596 | 63 | 333 [ known | 0.75578 [ -0.40397
Protein kinase C and casein kinase substrate in neurons protein 2
Pacsin2 | TQTYPTDWpSDDESNNPF
SSTDANGDSNPFDEDTTSG
TEVR 76.1 | 63 | 399 | known | 1.2731 +/-0.11719 0.34829
Protein kinase C and casein kinase |l substrate protein 3
Pacsin3 | DGpTAPPPQSPSSPGSGQD
EDWSDEESPRK 11.75 | 66 | 335 | novel 0.87195 -0.19769
Ranbp3 Ran-binding protein 3
P2 TSPpSESAEETHTLEEK [137.24] 62 | 148 | known | 0.80699 +/- 0.030982 | -0.30938
Raphl similar to RAPH | protein
P TApSAGTVSDAEAR [ 136.6 | 90 | 192 | novel | 0.86496 +/- 0.20905 | -0.20929
Sic9a3rl Isoform | of Ezrin-radixin-moesin-binding phosphoprotein 50
SApSSDTSEELNSQDSPK [ 179.53| 90 [ 285 [ known [ 0.85949 +/- 0.041456 | -0.21845
Isoform | of C-jun-amino-terminal kinase-interacting protein 4
ERPISLGIFPLPAGDGLLpTP
Spag9 [DTQK 59.95 | 50 | 217 | known | 0.86832 +/- 0.055255 | -0.20371
DELSDISQGGpSK 1398 [ 50 [ 258 | known 0.90082 -0.15069
SASQSpSLDKLDQELK 9345 | 50 | 576 | known 1.0732 0.10194
Trip10 Isoform | of Cdc42-interacting protein 4
VPSDSSLGpTPDGRPELR 2409 | 46 | 302 | known | 1.3427 [ 042511
Wadrd2a Isoform 2 of WD repeat-containing protein 42A
GHGHpSDEEDEEQPR [ 9331 | 44 [ 100 [ known | 0.93633 [ -0.094912
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Protein kinases

Isoform 2 of AP2-associated protein kinase |

Aakl ILpSDVTHSAVFGVPASK | 10.09 | 97 | 554 | known | 0.76981 +/- 0.084784 | -0.37742
24 kDa protein
Bckdk
STpSATDTHHVELAR | 6867 | 56 | 33 | known | 0.87795 +/- 0.013567 | -0.18779
Braf Isoform | of B-Raf proto-oncogene serine/threonine-protein kinase
SASEPpSLNR | 828 | 46 | 766 | novel | 0.78858 +/- 0.087094 | -0.34268
calcium/calmodulin-dependent protein kinase I, delta isoform |
Camk2d |ESTESSNTpTIEDEDVKAR 79.3 | 48 | 371 | known | 0.77456 +/- 0.042514 | -0.36855
ESTESSNpTTIEDEDVK 137.24] 71 | 371 | known | 1.0629 +/-0.24108 | 0.088026
Isoform | of Calcium/calmodulin-dependent protein kinase type Il gamma chain
Camk2g GpSTESCNTTTEDEDLK 115.13] 88 | 381 | known | 0.86403 +/- 0.076717 | -0.21085
QEpTVECLR 6421 | 46 | 287 | known | 0.87353 +/- 0.088096 | -0.19507
GpSTESCNTTTEDEDLKVR | 92.94 | 55 | 381 | known | 0.9448 +/- 0.030312 | -0.081925
Serine/threonine-protein kinase MRCK beta
CdC:ZbP HSTPSNSSNPSGPPpSPNSP
HR [16.14] 72 | 1692 | known 0.73162 -0.45083
Gsk3b Glycogen synthase kinase-3 beta
GEPNVSpYICSR [162.16] 66 | 216 | known | 0.86059 +/- 0.095645 | -0.21661
Hspb8 Heat shock protein beta-8
P pSPPPFPGEPWK | 57 | 43 | 87 | known | 0.91979 | -0.12062
Mabk 14 Isoform 3 of Mitogen-activated protein kinase |14
P HTDDEMoxpTGYVATR [ 35.95 | 50 | 180 | known | 1.35 | 0.43293
Isoform | of Putative myosin light chain kinase 3
Mylk3 [DETVGTTDLQQGIDPGAY
pSPEPGK 164.34| 57 | 432 | novel | 1.0601 +/- 0.035367 | 0.08418I
Nekl Nek| protein
EQPGDEYpSEEEESVLK | 9883 | 43 | 1143 | known | 0.89856 | -0.15431
Obscn Obscurin, cytoskeletal calmodulin and titin-interacting RhoGEF
TGEADLSHTSpSDDESR | 100.63| 89 | 5745 | novel | 0.88469 +/- 0.055899 | -0.17675
Isoform | of Obscurin
Obscn |LQVPGGDpSDEETK 118.33] 51 | 6503 | novel | 0.83053 +/- 0.086971 | -0.26789
EPpTLDSISELPEEDSR 1155 | 57 | 5694 | novel | 1.1595 +/-0.066612 | 0.21355
16 kDa protein
Oxsrl (TEDGGWEWpSDDEFDEES
EEGR 96.77 | 84 68 | known | 1.2394 +/-0.10163 0.30963
Serine/threonine-protein kinase PAK 2
Pak2 |pSVIDPIPAPVGDSNVDSGA
K 11.66 [ 56 | 197 | known 0.89603 -0.15838
Pank2 Pantothenate kinase 2
ASpSAAPSGSGEAESVR | 6841 | 67 | 56 | known | 0.90144 | -0.1497
Pdoki 61 kDa protein
P ANpSFVGTAQYVSPELLTEK | 87.27 | 83 | 217 | known | 0.93771 | -0.092794
Pidkb Phosphatidylinositol 4-kinase beta
pTASNPKVENEDEPVR [ 2654 | 61 | 292 | known | 0.71143 | -0.49121
Bone marrow macrophage cDNA, RIKEN full-length enriched library, clone:G530007)07
Pknl product:Cardiolipin/protease-activated protein... <Preview tr
TDVSNFDEEFTGEAPTLpSP
PR 117 | 132 | 925 | known | 0.84014 +/- 0.04655 -0.2513
Pkn2 Isoform | of Serine/threonine-protein kinase N2
ASpSLGETDESSELR [ 87.07 [ 97 | 582 | known | 0.9144 [ -0.1291
Prikab2 5-AMP-activated protein kinase subunit beta-2
IMVGpSTDDPSVFSLPDSK | 151.18] 50 | 38 | known | 0.73305 +/- 0.23031 | -0.44803
Prkaca Isoform 2 of cAMP-dependent protein kinase catalytic subunit alpha
TWTLCGpTPEYLAPEILSK |[123.05] 54 | 190 | novel [ 1.0849 +/-0.017399 | 0.11762
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2 days neonate thymus thymic cells cDNA, RIKEN full-length enriched library, clone:C920026H02
product:protein kinase, cCAMP depen... <Preview truncated at |28 characters>

Prkarla

TDSREDEIpSPPPPNPVVK 172.88| 45 83 known 1.003 +/- 0.092868 0.0042501
EDEIpSPPPPNPVVK 267.92( 9l 83 known 1.0391 +/- 0.15656 0.055278
cAMP-dependent protein kinase type ll-alpha regulatory subunit
Prkar2a |RVSVCAEpTFNPDEEEEDN
DPR 205.13| 80 96 known | 1.0621 +/- 0.014425 0.086875
protein kinase C, alpha
Prkca
STLNPQWNEpPSFTFK [ 778 | 54 | 226 | known | 0.78463 [ -0.34991
Rafl Isoform | of RAF proto-oncogene serine/threonine-protein kinase
SApSEPSLHR [ 37.14 | 49 | 621 | known | 0.87899 [ -0.18607
Isoform | of Striated muscle-specific serine/threonine protein kinase
Speg |GTPDpSPAQPAAAPR 82.58 | 65 | 2777 | novel | 0.87706 +/- 0.16338 -0.18925
AVGPPPApTPPR 48.37 | 42 | 2741 novel 1.0427 0.060263
STE20/SPS | -related proline-alanine-rich protein kinase
Stk39 |pTEDGDWEWSDDEMoxD
EK 230.61 | 82 397 novel 1.3165 +/- 0.33012 0.39674
Isoform | of Titin
Ttn AVSPTEpTKPTEK 143.15| 56 | 34488 | novel [0.74014 +/- 0.0082241| -0.43413
IELpSPSMEAPK 7.35 44 | 2078 | known [ 0.91955 +/- 0.19866 -0.121
VKSPEPVpTSHPK 5.77 43 | 34481 | novel 0.92175 -0.11755
Protein phosphatases
protein phosphatase |, regulatory (inhibitor) subunit | |
Ppplrll [ AFGESSpTESDEDEEEGCSH
K 119.96 | 59 80 known | 0.93374 +/- 0.016939 | -0.098901
Ppplr2 22 kDa protein
EQEpSpSGEEDNDLSPEER | 22.84 | 64 [ 123 | known | 0.93518 +/- 0.17243 | -0.096679
Ssh3 Isoform 2 of Protein phosphatase Slingshot homolog 3
QASVDDpSREEDKA [ 635 | 65 | 647 | known | 1.3216 [ 0.40228
Cardiac myofibril assembly
Isoform | of PTRF/SDPR family protein
2310039 LpSSVTEDEDQDAALTIVTV
EO9Rik LDR 130.63| 107 19 novel 0.99315 -0.0099236
VEDDEpSLLLELK 5.59 50 353 novel 1.0733 0.10202
GGYSPQEGGDPPpTPEPLK | 157.55| 68 334 novel 1.0868 +/- 0.1595 0.12006
Coronary vessel development
Bves Blood vessel epicardial substance
GSSSTASLPMoxSpSPQQR | 6841 | 42 [ 323 | novel | 1.0695 +/-0.018293 | 0.096892
Platelet derived growth factor binding
28 kDa heat- and acid-stable phosphoprotein
Pdapl
SLDpSDEpSEDEDDDYQQK | I1.13 | 83 | 60,63 | known 0.7215 -0.47092
Lipid/protein binding
oxysterol binding protein
Osbp |GDMpSDEDDENEFFDAPEII
TMPENLGHK 7386 | 5l 349 [ known 0.79042 -0.3393
NOD-derived CD | | c +ve dendritic cells cDNA, RIKEN full-length enriched library,
2310047 | clone:F630002E |5 product:hypothetical Proline-ri... <Preview truncated at 128 characters>
MIORik;
9330160
FIORik

TLpSGEEEAESVGVSSR

39.99

64

43

novel 0.98067

-0.028159
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formin binding protein 4

Fnbp4 |TGRDSPENGEpTAIGAEDSE
K 9.83 6l 539 novel | 0.81383 +/-0.092751 | -0.29719
Integral membrane protein
Isoform | of Armadillo repeat-containing protein 10
Armcl 0 |SAEDLpTDGSYDDILNAEQ
LK 9.7 109 48 known | 0.94277 +/- 0.05841 -0.08502
Mxra7 Matrix-remodeling-associated protein 7
VAEPEEpSEAEEPAAEGR [ 16598 65 | 79 | known [ 0.77557 +/-0.17329 | -0.36668
Nedd4 E3 ubiquitin-protein ligase NEDD4
RQIpSEDVDGPDNR [ 7659 | 45 | 309 | known | 0.878 +/-0.24914 | -0.18771
Phospholipid biosynthetic process
Cds2 Phosphatidate cytidylyltransferase 2
LDGETApSDSESR [12125] 61 | 32 | known | 1.2154 +/-0.27403 | 0.28145
Transporter
Aquaporin-|
Agpl |VWTSGQVEEYDLDADDIN
pSR 1572 | 120 | 262 | known 1.3278 0.40908
Ligand gated channel
AA4072 |Protein GRINLIA
70 EIGVGCDLLPpSPTGR [13059] 60 | 435 | novel | 0.96525 [ -0.051028
Transcriptional regulation
1810007 |Isoform A of GC-rich sequence DNA-binding factor homolog
MI4Rik |EDENDApSDDEDDDEKR | 100.6 | 63 | 316 | known | 1.1896 [ 0.25044
AtfTip Isoform | of Activating transcription factor 7-interacting protein |
SKpSEDMoxDSVESK 38.7 | 47 593 novel 0.87124 -0.19886
Isoform 2 of Bcl-2-associated
Bclafl |transcription factor |
ADGDWDDQEVLDYFpSD
KESAK 164.34| 85 381 [ known 1.0789 0.10955
cc2dla 99 kDa protein
LANHDEGpSDDEEEETPK | 7.31 | 61 [ 390 | novel | 0.92333 [ -0.11508
Cysteine and glycine-rich protein 3
GIGFGQGAGCLSTDTGEH
Csrp3 [LGLQFQQpSPKPAR 103.75] 10l 95 novel | 0.91021 +/- 0.12862 -0.13572
GIGFGQGAGCLSTDTGEH
LGLQFQQpPSPK 166.77 | 110 95 novel 1.0071 +/- 0.25457 0.010219
Ctr9 Isoform | of RNA polymerase-associated protein CTR9 homolog
GEEGSEEEEpTENGPKPK | 7445 | 73 | 975 | novel | 0.7108 | -0.49248
Ddx2| Nucleolar RNA helicase 2
EIITEEPpSEEEADMoxPKPK | 138.18| 70 | 118 | known | 1.1448 +/-0.09575 [ 0.19511
Protein DEK
Dek |EEpSEEEEEDDEDDDEEDEE
EEKEK 218.57] 126 33 known | 0.78165 +/- 0.091499 | -0.35541
Isoform HMG-I of High mobility group protein HMG-I/HMG-Y
Hmgal |EEEEGISQEpPSSEEEQ 33.03 | 68 102 | known 0.86388 -0.2111
KLEKEEEEGISQEpSSEEEQ 3445 | 63 102 | known | 0.92848 +/- 0.27993 -0.10706
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Isoform | of HIV Tat-specific factor | homolo

EFEEDpSDEKEEEGDDDEEE
Htatsfl |VVYER 4149 | 58 621 known 0.74001 -0.43438
LFDDpSDEKEDEEDTDGK | 176.42| 70 679 | known | 0.77853 +/- 0.07821 | -0.36118
VLDEEGpSER 136.78 | 72 613 | known | 0.83088 +/- 0.029035 -0.2673
Irf2bp2 similar to interferon regulatory factor 2 binding protein 2
RPASVpSSAAAEHEAR [ 7447 | 49 | 421 | novel | 0.83087 [ -0.26731
Iwsl Isoform | of IWSI| homolog
IDpSDDDEEKEGDEEK [17432] 67 | 321 | known | 1.2133 +/- 0.064338 | 0.27898
Lmo7 LIM domain only 7
STpTELNDPLIEK [ 63.65 | 40 | 1448 | known | 0.94778 [ -0.07738
Isoform | of Methyl-CpG-binding domain protein 2
Mbd2 |[AADTEEVDIDMoxDpSGDE
A 11.36 | 54 410 | known 0.85525 -0.22559
Isoform A of Methyl-CpG-binding protein 2
Mecp2 | AEpTSESSGSAPAVPEASASP
K 61.69 | 42 78 novel | 0.86938 +/- 0.10897 -0.20194
Isoform 2 of Histone acetyltransferase MYST?2
Myst2 [NAGSSSDGpTEDSDFSTDLE
HTDSSESDGTSR 36.09 | 57 17 novel 0.90797 -0.13929
Nascent polypeptide-associated complex subunit alpha, muscle-specific form
VDPIMSDVTPTpSPKK 59.04 | 44 822 novel | 0.75035 +/- 0.086049 | -0.41437
ADpSPPAVIR 155.24| 60 565 novel | 0.79666 +/- 0.024087 | -0.32796
DAPTTLAESPSpSPK 1458 | 70 1492 | novel | 0.82195 +/- 0.10684 -0.28287
EASVLpSPTATSSGK 1325 | 62 1744 | novel | 0.83563 +/- 0.020765 | -0.25907
EAPATPSVGVIAVSGEIpSPSP
K 137.23 | 49 1206 | novel 0.87584 -0.19127
GAPNALAESPApSPK 219.64| 58 1285 | novel | 0.92727 +/- 0.039828 | -0.10894
VDPIMSDVTPpTSPK 145.8 | 67 821 novel | 0.93053 +/- 0.072803 | -0.10388
LISAVQpSPK 8.25 59 808 novel 0.96475 -0.051766
DVpSPSQFPK 130.1 | 41 929 novel | 0.97423 +/- 0.19704 | -0.037665
DSHISPVSDACSTGTTpTPQ
ASEK 81.22 | 44 1769 | novel | 0.99045 +/- 0.25969 | -0.013839
Naca QIPpTPEDAVTILAGSPLSPK | 181.83] 101 | 1163 | novel 1.0438 +/- 0.047096 0.061849
LLAVDSGAAPSDDKGSSAV
pTNELCSPPGSSNVAGTSLS
PK 118.76 | 66 350 novel 1.0642 0.08971 1
VQGEAVpPSNIQENTQTPTV
QEESEEEEVDETGVEVK 16.14 | 79 | 2138 | novel 1.079 +/- 0.047717 0.10972
SVPAVTpSLSPPKAPVAPSNE
ATIVPTEIPTSLK 79.32 | 44 849 novel 1.1231 0.16753
SVpTDPAMoxAPR 65.28 | 43 590 novel 1.1276 0.17325
GPVpSPPAR 97.7 41 257 novel 1.1517 0.20377
GSSAVTNELCpSPPGSSNVA
GTSLSPK 180.05| 99 355 novel 1.2215 +/- 0.040534 0.28871
DPApSPVTSLVVPAAHK 128.51 | 69 442 novel 1.2228 +/- 0.073126 0.29015
ETPTpTPSPEGVTAAPLEIPIS
SK 123.75] 102 | 1398 | novel 1.2468 +/- 0.10742 0.31827
nucleolar and coiled-body phosphoprotein | isoform A
AAKESEEEEEEEEpTEEK [258.62| 106 | 562 | novel | 0.8955+/-0.10192 | -0.15923
Nolcl - ——
nucleolar and coiled-body phosphoprotein | isoform D
EpSEEEEEEEETEEK [ 1414 ] 75 | 562 | known | 0.89344 [ -0.16256
Optn Optineurin
LNSGGpSSEDSFVEIR [ 1325 58 | 183 | novel | 0.9878 [ -0.017712
Isoform | of PC4 and SFRS|-interacting protein
Psipl | QSNASpSDVEVEEK 121.25] 56 106 | known | 0.83181 +/- 0.16245 -0.26567
EDTDQEEKApSNEDVTK 174.97 | 53 129 | known 0.94549 -0.080869

100



4. RESULTS

Polymerase | and transcript release factor

Perf ATEEPSGpTGSDELIK [183.32] 84 | 42 | known | 09771 +/-0.22166 | -0.03342I
Transcriptional activator protein Pur-beta

Purb (RGGGpSGGGDEpSEGEEVD 310,
ED 166.32] 47 | 316 | known | 1.0562 +/-0.14504 | 0.078865

0 day neonate cerebellum cDNA, RIKEN full-length enriched library, clone:C230007M09
Rbl product:retinoblastoma |, full insert sequen.

EDDPAQDpSGPEELPLAR | 9398 | 75 | 31 [ known | 1.0774 [ 0.10753
Rdb Isoform | of Negative elongation factor E
P [SMoxpSADEDLQEPSR [ 8122 ] 57 | 115 | known | 0.85822 +/- 0.037123 | -0.22058
Rere Arginine-glutamic acid dipeptide repeats protein
ApSPINEDIR [ 6159 | 66 | 600 | known | 0.7584 +/- 0.071876 | -0.39897
Serum deprivation-response protein
Sdpr DEEALEDpSAEEK 181.19] 64 | 218 | known | 0.72467 +/- 0.1959 -0.4646
RGNNSAVGSNADLpTIEED
EEEEPVALQQAQQVR 66.15 | 63 | 368 | known | 1.1836 +/-0.086548 | 0.24321

Isoform 5 of Paired amphipathic helix protein Sin3a
Sin3a | GDLpSDVEEEEEEEMoxDVD

EATGAPK 1.4 51 833 | known 0.75243 -0.41037
Sitm Isoform 2 of SAFB-like transcription modulator
DVQDAIAQpSPEK [ 726 | 64 | 271 | known [ 0.96839 +/- 0.055658 | -0.046344
SWI/SNF-related matrix-associated actin-dependent regulator of chromatin c2 isoform
Smarce I G TMoxT DLDEQDDESM
oxXETTGKDEDENSTGNK 9.83 45 376 | known 1.0985 0.13558
Snipl Smad nuclear-interacting protein |
KEDEDDEEEEMoxVpSDS | 32.64 | 48 | 381 | novel [ 1.2512+/-0.042 | 0.32331
Tcfe2a Isoform E47 of Transcription factor E2-alpha
TSSpTDEVLSLEEK [ 9345 ] 71 | 528 | known | 1.1266 [ 017192
Teofl Tcofl protein
KLpSGDLEAGAPK [108.94] 61 | 1143 | known | 0.78956 +/- 0.35349 | -0.34089
Isoform | of Tumor suppressor p53-binding protein |
Trp53bp | SEDRPSpSPQVSVAAVETK 5498 | 44 262 | known 0.92105 -0.11865
| TEEDRENTQIDDTEPLpSPV
SNSK 117 50 546 | known | 1.1021 +/-0.013138 0.14027
Tsc22d3 Isoform 3 of TSC22 domain family protein 3
QDpSMoxEPVVR [134.47] 59 | 71 | known | 0.84688 +/- 0.090126 | -0.23978
65 kDa Yes-associated protein
QASpTDAGTAGALTPQHV
Yapl |R 68.07 | 123 99 known | 0.7576 +/- 0.033282 -0.40049
QpSSFEIPDDVPLPAGWEMA
K 9.94 56 148 | known 1.0252 0.035959
Zinc finger protein 768
Zfp768 FQEGAEMoxPLpSPEEK [174.32] 71 | 210 | novel | 1.2211 [ 028818

Translation regulation

1300001 Activated spleen cDNA, RIKEN full-length enriched library, clone:F830210J1 | product:Putative
101 Rik eukaryotic translation initiation f... <Preview truncated at 128
AVEDMoxGpSPQTAK [ 116.6 ] 66 [ 1338 | novel | 1.0074 | 0.010572

Aarsdl;l
7001 131 | Alanyl-tRNA synthetase domain containing |
22Rik |RPPPAMoxDDLDDDpSDS | 39.89 | 63 | 95 [ novel | 1.0538 +/-0.035533 | 0.075653

Abcfl ATP-binding cassette, sub-family F (GCN20), member |
SKPAAADSEGEEEEDpTAK | 226.01 [ 108 | 194 | novel | 0.73743 +/-0.13878 [ -0.43942
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Elongation factor |-beta

DDDDIDLFGSDDEEEpSEEA
KK 111.75] 68 106 | known [ 1.0632 +/- 0.0020454 | 0.088367
DDDDIDLFGSDDEEESEEA
K 101.38] 9I 106 | known 1.0877 +/- 0.17053 0.12127
DDDDIDLFGpSDDEEESEEA
K 276.89 | 98 106 | known 1.1189 +/-0.19713 0.16211
Eefld protein
VMLPNSPEALGQATPGpTSS
GPGASSGPGGDHSELIVR 54.05 | 50 58 novel 0.75426 -0.40686
Eefld |GATPAEDDEDKDIDLFGpS
DEEEEDK 82.68 | 64 138 | known | 0.95797 +/- 0.18203 | -0.061952
GATPAEDDEDKDIDLFGpS
DEEEEDKEAAR 193.97] 130 | 541 | known | 1.0058 +/- 0.058027 | 0.0083783
Eif2b5 |Iranslation initiation factor elF-2B subunit epsilon
AGpSPQLDDIR [142.65] 65 | 540 | known | 0.86937 +/-0.12438 | -0.20196
Eif3b protein
AKPAAQSEEETATpSPAApPSP
Eif3b |TPQSAER 3735 | 75 | 75,79 | known | 0.97257 +/- 0.14365 | -0.040132
GHPSAGAEEEGGpSDGpSA 120,
AEAEPR 40.77 | 54 123 | known | 0.98092 +/- 0.024968 | -0.027797
Eukaryotic translation initiation factor 3 subunit C
Eif3c [QPLLLpSEDEEDTKR 147.33| 6l 39 known 1.0664 +/- 0.20875 0.092742
QPLLLpSEDEEDTK 19241 | 68 39 known | 1.1268 +/- 0.027854 0.17222
Eukaryotic translation initiation factor 3 subunit G
Eif3g |GIPLPpTGDTSPEPELLPGDP
LPPPK 126.26 | 45 42 known | 1.0623 +/- 0.061258 | 0.087253
Eukaryotic translation initiation factor 4E-binding protein |
Eif4ebp | | TPPKDLPAIPGVTSPTSDEPP
MQApPSQSQLPSSPEDK 1731 | 64 93 known 0.93472 -0.097392
Eifdg2 eukaryotic translation initiation factor 4, gamma 2 isoform |
pTQTPPLGQTPQLGLK | 847 | 54 | 505 | known | 0.87981 +/-0.11279 | -0.18473
Eukaryotic translation initiation factor 4 gamma, 3
Eifdg3 |AESEpSDGQAEETADPQSL
HSGR 69.3 88 472 | known | 0.81613 +/- 0.039435 [ -0.29314
eukaryotic translation initiation factor 5B
TARPNSEAPLpSGSEDADDS
EifSb |NK 199.91 | 85 137 | known | 0.749 +/- 0.060103 -0.41697
SVPTVDpSGNEDDDSSFK ] 202.67 | 54 215 | known [ 0.86058 +/- 0.097727 | -0.21662
TSFDENDpSEELEDKDSK 142.85| 57 114 | known | 1.0464 +/- 0.064783 0.06544
similar to Eukaryotic translation initiation factor 4 gamma 3
LOCI100 |EEDAPPVPSPTSCTAASGPSL
047194 | TDNpSDICK 11.53 | 55 337 novel | 0.87374 +/- 0.029594 | -0.19472
EQTRpTPDEVLEAEAEPK 33.69 | 49 520 novel 1.0384 0.054383
Pum?2 Isoform 3 of Pumilio homolog 2
QApSPTEVVER [130.17] 58 | 125 | known | 0.76544 [ -0.38564
Rplp2;W 60S acidic ribosomal protein P2
dr89 KEESEEpSDDDMoxGFGLFD | 181.59| 73 102 | known 1.3607 +/- 0.35792 0.44433
Rps3 40S ribosomal protein S3
DEILPTpTPISEQK [102.99] 57 | 221 | known | 1.1674 +/- 0.0061371 | 0.22326
Cell cycle proteins
Cend2 G 1/S-specific cyclin-D2
SVEDPDQATpTPTDVR [ 56.96 | 58 | 280 | known [0.83787 +/- 0.0047808| -0.2552
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Ccny;LO
€100044 |Isoform | of Cyclin-Y
842 [SApSADNLILPR [ 70.19 | 44 | 326 | known | 1.2247 [ 0.29248

Clasp| CLIP-associating protein | isoform 2

SRpSDIDVNAAASAK [142.84] 71 | 600 | known | 0.93552 +/-0.081175 | -0.096157
Dnajc2 DnaJ homolog subfamily C member 2

NApSTSFQELEDK [ 1789 | 72 | 47 | known | 1.1256 +/-0.16657 | 0.17066
Numal Nuclear mitotic apparatus protein |

TQPDGTSVPGEPAPSPISQR | 70.63 [ 65 | 1739 | known [ 0.91901 +/- 0.064554 | -0.12185

arginine/serine-rich coiled-coil 2 isoform |

Rsrc2 EQSDISIpSPR [11357] 80 | 32 | novel | 1.0309 +/- 0.040057 | 0.043943
Sashl SAM and SH3 domain-containing protein |
SHpSLDDLQGDADVGK [ 301.64| 94 [ 831 | known | 1.2596 [ 0.33296

transforming, acidic coiled-coil containing protein 2 isoform c
SSDpSEEAFETPESTTPVK 143.95] 121 | 1842 | known [ 0.92862 +/- 0.11678 -0.10684

LDNpTPApSPPRSPTEPSDTP 2210,

Tacc2 IAK I 44 | 2213 | known 0.9992 -0.001157
GPEGpSPLPR 111.87] 52 86 novel 1.1525 +/- 0.1492 0.20482
ETQQEPGEESPVPSEEHLAP
EpTK 81.95 | 57 | 2057 | novel 1.1902 +/- 0.18088 0.25116
AAEEAEGDVpTPSR 184.79 | 66 1641 novel 1.2486 +/- 0.025791 0.32027

Isoform 2 of Zinc finger ZZ-type and EF-hand domain-containing protein |
Zzefl |GDQEEELDRPVpSSPGEAE
QK 105.48| 42 | 2406 | novel 1.1916 0.25288

Cell growth/development/differentiation

Clusterin-associated protein |

Cluapl & P DEpSDNDF [110.44] 65 | 409 | known | 0.87795 [ -0.18778
Isoform 3 of Cordon-bleu protein-like |
EQTApSAPATPLVSK 172.1 | 93 | 267 | known | 0.8436 +/- 0.058375 | -0.24536
TLpSSPTGTETNPPK 15346 92 | 863 | known [0.85242 +/- 0.0053911] -0.23036
Coblll |ADDDIIQKPAEpTSPPPVAP
K 92.33 | 55 | 956 | known 0.85499 -0.22602
ENHLTApSPGPDQK 59.74 | 63 | 595 | known 1.1484 0.19964
QSpSLTFQSSDPEHVR 86.08 | 44 | 1182 | novel 1.2061 0.27041
Gap43 Neuromodulin
EGDGSATTDAAPAPTSPK | 9492 | 61 | 95 [ known | 0.85047 +/-0.03733 [ -0.23366
Hepatoma-derived growth factor
RAGDVLEDpSPK 130.17] 44 | 165 | known | 0.86536 +/- 0.046582 | -0.20863
AGDVLEDpSPK 20839 65 | 165 [ known [ 0.87597 +/-0.034113 [ -0.19105
Hdgf AGDVLEDpSPKRPK 116.07] 53 | 165 | known | 1.0357 +/-0.21708 | 0.050571
NSTPpSEPDSGQGPPAEEEE
GEEEAAKEEAEAQGVR 514 | 63 | 170 | known | 1.0454 +/-0.14867 | 0.064078
GpSAEGpSSDEEGKLVIDEPA 100,
K 82.55 | 42 | 104 | known | 1.0469 +/- 0.079047 | 0.066068
Hnl Hematological and neurological expressed | protein
SNpSSEASSGDFLDLK [ 188.7 | 93 | 87 | known | 0.99985 +/- 0.12436 |-0.00022133
Uhrflbp |UHRFI (ICBP90) binding protein |
1 DGpSGENLAASQER [ 100.6 | 75 | 929 [ novel | 0.8832 [ -0.17919
DNA repair
oxrl Isoform 2 of Oxidation resistance protein |
VVpSSTSEEEEAFTEK [ 753 [ 71 | 113 | known | 1.1811 [ 0.24008
9.5 days embryo parthenogenote cDNA, RIKEN full-length enriched library, clone:B130049A16
Rad23a product:similar to UV EXCISION REPAIR ... <Preview truncate

EDKpSPSEESTTTTSPESISGS
VPSSGSSGR 37.1 44 123 [ known 0.93364 -0.099062
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Superoxide dismutase [Cu-Zn]

Sod| DGVANVpSIEDR [ 8898 | 54 | 99 | known | 0.76548 +/- 0.092977 | -0.38556

Apoptosis
Proline-rich AKT | substrate |

Aktlsl [SSDEENGPPpSSPDLDR 77.08 | 59 | 213 | known | 0.84662 +/- 0.055273 | -0.24022
EDEEEDEDEPTETEpTSGER | 23.14 | 60 | 116 | novel 0.86855 -0.20333
BAG family molecular chaperone regulator 3
AAPpPSPAPAEPAAPK 1703 | 60 | 404 | novel | 0.87296 +/-0.008777 | -0.19602
SQpSPAASDCSSSSSSASLPSS
GR 89.78 | 66 | 177 | known | 0.9071 +/- 0.11052 | -0.14066

Bag3 SGpTPVHCPSPIR 7447 | 64 | 291 | known | 0.91826 +/- 0.15245 | -0.12302
VSSAPIPCPSPSPAPSAVPpSPP
K 189.26 | 69 | 390 | known | 0.92668 +/- 0.016695 | -0.10986
TEAAAAPTPQR 82.37 | 40 | 132 | novel 0.97349 -0.038768
AApPTPPNPSNPADSAGNLY
AP 11.93 [ 43 | 560 | novel | 1.1923 +/- 0.04377I 0.2538
NOD-derived CDI I c +ve dendritic cells cDNA, RIKEN full-length enriched library,

Bat3 |clone:F630021CI5 product:HLA-B-associated transc... <Preview truncated at 128 charact
ENApSPAPGTTAEEAMoxSR | 169.1 | 98 | 1030 [ known | 1.0404 +/-0.2426 [ 0.057131
BCL2-like 13

Bcl2113 | TSPTPpSVFVELGEEELEAVT
ARPEAVER 68.78 | 80 | 343 | known | 1.2861 +/- 0.49696 0.36297

Bircé baculoviral IAP repeat-containing 6
LEGDSDDLLEDpSDSEEHSR | 95.78 | 62 | 455 [ known [ 1.1382 +/-0.019141 | 0.18676

Casp7 Caspase-7

P’ [VDspSSEDGVDAKPDR [ 1136 ] 53 | 17 | known | 1.2057 [ 0.26992

Cecdcé coiled-coil domain containing 6

QLpSESESSLEMoxDDER | 131.14[ 76 | 316 | known | 1.0949 +/- 0.095738 | 0.13085
Huwel HECT, UBA and WWE domain containing |

GSGTApSDDEFENLR [162.52] 64 | 1907 | known [ 1.0921 +/-0.1266 | 0.12713
LOCI100 |similar to EIB |9K/Bcl-2-binding protein homolog
042570 [NSTLpSEEDYIER [81.16 | 69 | 88 | novel | 1.3149 +/-0.29185 | 0.39498

Isoform 2 of Protein NDRG?2

Ndrg2 TApSLTSAApSIDGSR 186.87 | 107 | 324 | known | 1.0548 +/-0.11223 | 0.076966
pTLSQSSESGTLPSGPPGHT 339, | known,

MEVpSC 4493 | 58 | 361 | novel | 1.2046 +/- 0.10854 0.26853

Pdcds 22 kDa protein
KVMoxDpSDEDDADY [ 7997 ] 49 | 198 | known | 0.773 [ -0.37146
Phosducin-like protein 3

Pdcl3 |TYEDMoxTLEELEENEDEFpS
EEDER 65.41 | 48 65 novel 1.1776 0.23579

Peal5a Isoform | of Astrocytic phosphoprotein PEA-15
QPpSEEEIIK [139.18] 59 | 116 | known | 0.73417 +/- 0.010315 | -0.44582

Rtn4 Isoform 2 of Reticulon-4
DDSPKEYpTDLEVSNK [ 731 | 43 | 746 | known | 0.98737 [ -0.018342
M-Septin

Sept4 |(ESGpTDFPIPAVPPGTDPETE
K 362 | 50 [ 335 | known 1.1822 0.2415

Sh3kbp| Isoform 3 of SH3 domain-containing kinase-binding protein |
P T ASpSPSLFSTEGKPK [ 80.25 [ 45 | 550 | known | 0.89386 +/- 0.013932 | -0.16188
DNA binding
Chromatin accessibility complex protein |
Chracl [REEEEDNEDDGpSDLGEAL
A 697 | 75 | 122 | known | 0.99826 +/- 0.033536 | -0.0025175
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rg‘CgInOI(; Non-histone chromosomal protein HMG-14
044391 | QADVADQQTTELPAENGE
TENQSPApSEEEKEAK 99.84 | 49 87 | known 1.215 0.28093
Pds5b Isoform | of Sister chromatid cohesion protein PDS5 homolog B
AESPEpTSAVESTQSTPQK | 11.26 | 69 | 1367 | known [ 0.83672 +/- 0.086215 | -0.25719
Tmpo thymopoietin isoform epsilon
PO oo TPLPTVSSSAENTR [ 1368 | 64 | 163 | known | 0.9954 +/- 0.26297 | -0.0066567

DNA replication

Isoform | of D-tyrosyl-tRNA(Tyr) deacylase |
Dtdl |SASpSGAEGDVSSEREP 61.58 | 118 197 | known | 0.84786 +/- 0.090683 -0.2381
SASpSGAEGDVSSER 70.01 66 197 | known 1.1408 0.19001

DNA replication licensing factor MCM3
Mcm3 | ASEDESDLEDEEEKSQEDpT
EQK 11.93 | 8l 685 novel 1.1092 0.14957

RNA binding

Ascc3ll Activating signal cointegrator | complex subunit 3-like |
EEApSDDDMoxEGDEAVVR | 101.78 | 84 | 225 | known | 1.0187 +/-0.079813 | 0.02667

Density-regulated protein
Denr |LTVENpSPKQETGITEGQGP

VGEEEEK 59.04 | 51 73 | known 1.0191 0.027313
EG54495 |similar to heterogeneous nuclear ribonucleoprotein Al, isoform 2
4 SEpSPKEPEQLR [196.45] 58 | 6 | known | 0.71294 +/- 0.070191 | -0.48814
Exrl Isoform C of Fragile X mental retardation syndrome-related protein |
AINGPpTSASGDEIPK | 776 | 58 | 613 | novel | 0.87166+/-0.1185 | -0.19816

Isoform 5 of Heterogeneous nuclear ribonucleoproteins C1/C2

Hnrnpc [MoxESEAGADDpSAEEGDL
LDDDDNEDRGDDQLELK | 8493 | 86 261 | known | 0.95518 +/- 0.06428 | -0.066154

Hnrnph 2 days neonate thymus thymic cells cDNA, RIKEN full-length enriched library, clone:E430005G 6

I product:heterogeneous nuclear ribo... <Preview truncated at 128 charac
HTGPNpSPDTANDGFVR | 3627 | 48 | 104 | known | 1.0856 | o.1185
Isoform | of Heterogeneous nuclear ribonucleoprotein K
Hnrnpk
DYDDMoxpSPR | 84.26 | 46 | 284 | known | 0.82506 | -0.27743
Isoform | of Nucleoporin-like protein RIP
Hrb 177,
GpTPSQpSPVVGR 132.04| 52 181 known | 0.80468 +/- 0.051655 -0.31351

Adult male testis cDNA, RIKEN full-length enriched library, clone:4930423D | | product:hypothetical
Larp2 |Arginine-rich region containin... <Preview truncated at 128

LDGPTENIpSEDEAQSSSQR | 141.57] 64 | 60 | known | 0.92905 +/-0.2525 | -0.10617

LOCI00
046246; | Calcium-regulated heat stable protein |
Carhspl | GNVVPpSPLPTR [ 6957 | 41 | 42 | known | 0.91952 [ -0.12105
Nucleolin
Ncl KEDpSDEDEDEEDEDDpPSD 145,
EDEDDEEEDEFEPPIVK 10.59 | 47 157 | known 1.0972 0.13389
Nucleolar protein 5
Nol5

EEPLpSEEEPCTSTAVPSPEK | 112.18] 67 [ 509 | known | 0.90169 +/- 0.19556 | -0.1493

Nucleolar protein 5A
Nol5a |EEVApSEPEEAASPTTPK 178.06 | 84 536 | known | 0.94883 +/- 0.23595 -0.07578
EELApSDLEEMoxATSSAK 22049 | 98 513 | known | 0.96134 +/-0.21177 | -0.056885

Interferon-inducible double stranded RNA-dependent protein kinase activator A

Prikra I SGTFSLGK [8237 ] 59 | 18 | known | 0.74663 +/- 0.25351 | -0.42154
Prr8 Isoform | of RNA-binding protein 33
DIKEEpSDEEDDDDEESGR | 589 | 85 | 243 [ known [ 0.81293 +/-0.019231 [ -0.2988

105



4. RESULTS

Rbm 16 protein

Rbm16 |ASEPVKEPVQTAQpSPAPVE
K 95.78 | 55 | 617 | known | 0.89798 +/-0.11379 | -0.15525
similar to hCG2036763
Rbm?20 [GSPEDGSHEApPSPLEGK 1222 | 59 | 1052 | novel [ 0.83739 +/-0.036818 | -0.25603
pSPEFTEAELK 565 | 57 | 1092 | novel | 1.1066 +/-0.12148 0.14607
Rbm25 protein
Rbm25 LGASNSPGQPNpSVK 811 | 77 | 681 | known |0.75964 +/- 0.0019999| -0.3966
QEPEpSEEEEEEK QEK 15541 | 59 | 581 | known | 0.82964 +/-0.055199 | -0.26945
Safb2 Scaffold attachment factor B2
APTAALpPSPEPQDSK [17721] 77 | 387 | known | 0.83727 +/- 0.23565 | -0.25624
37 kDa protein
EVEDKEpSEGEEEDEDEDLS
Zranb2 | i 21211 88 | 153 | known | 0.84202 +/- 0.08686 | -0.24807
YNLDApSEEEDSNK 217.32] 103 | 198 | known 1.2989 0.37726
MRNA/RNA processing
Probable C-&gt;U-editing enzyme APOBEC-2
Apobec2 |EEAAEAAAPApSQNGDDLE
NLEDPEK 81.85 [ 59 15 novel 0.9892 -0.015645
Dbr| Lariat debranching enzyme
CGEpTVESGDEKDLAK | 68 | 59 | 505 [ novel | 091557 +/-0.017508 | -0.12725
Probable ATP-dependent RNA helicase DDXI10
Ddx10 |LASGDGDEEQDEETEDEEp
TEDHLGK 107.52| 58 | 587 | known | 0.87694 +/- 0.051437 | -0.18945
Fiplil 66 kDa protein
DHSPTPpSVFNSDEER [ 67.54 | 53 | 491 [ known |0.96282 +/- 0.0050563| -0.054658
Skiv2l;St [superkiller viralicidic activity 2-like
k19 [ApSSLEDLVLK [179.98] 78 | 253 | known | 1.088 +/-0.33255 | 0.1217
Splicing
Prpf3 U4/U6 small nuclear ribonucleoprotein Prp3
GDDDEEpSDEEAVKK [141.46] 60 | 619 | known | 1.3277 +/-0.16335 | 0.4089|
Splicing factor 3 subunit |
Sf3al |FGEpSEEVEMoxEVESDEED
QEK 16585| 72 | 329 | novel | 1.0955 +/- 0.18068 0.13153
Sfrsl | splicing factor, arginine/serine-rich || isoform 3
DYDEEEQGYDpSEKEK [ 1489 | 53 | 374 | known | 0.82353 [ -0.28011
Protein with unknown function
51 kDa protein
- pSGSPSDNSGAEEMoxEVSL
AK 119.96| 60 | 124 | novel | 0.9394 +/-0.010559 | -0.090189
37 kDa protein
] GAAQNIIPASpTGAAK [ 3928 ] 40 | 215 | novel | 1.0045 [ 0.006465
1110004 Small acidic protein
FIORik |PSASPDDDLGSSNWEAADL
GNEER 5785 | 135 | 15 | known | 1.0959 +/- 0.20723 0.13218
1700021 |Uncharacterized protein Céorf203 homolog
FO5Rik |EADEEDpSDEETSYPER [156.56] 71 | 106 | known | 0.83091 +/-0.11873 | -0.26724
2310046 | hypothetical protein LOC69642
AO6Rik |IPEEPTDKpSPETVNR [11991] 81 | 61 | novel | 0.76588 +/- 0.02316 | -0.3848
2310046 |similar to 2310046A06Rik protein
AO6Rik |AEYVFIVDpSDGEDEATCR |193.32| 100 | 85 [ known | 1.0742 +/- 0.067651 | 0.10325
2410004 |Uncharacterized protein Clorf52 homolog
BI8Rik |LLPEGEETVEpSDDDKDER |216.69| 114 | 156 [ known | 0.9827 +/- 0.051121 | -0.025172
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2410166 |Isoform | of Protein FAM54B
105Rik | ASpSFADMoxMoxGILK [ 1074 | 54 | 235 | known | 1.0528 [ 0.074221
3425401 |similar to Uncharacterized protein Cl10orf7|
BI9Rik |[SVpSQETETER [124.74] 51 | 677 | novel | 0.85648 [ -0.2235
4930535 |Isoform 2 of Uncharacterized protein KIAA0460
BO3Rik |DVEDMoxELSDVEDDGpSK | 871 | 62 [ 355 | novel | 0.83597 [ -0.25848
|7 days embryo stomach cDNA, RIKEN full-length enriched library, clone:1920015M04
6330577 product:hypothetical Proline-rich region profi... <Preview truncated at 128 characters>
EI5Rik 67,71
or 83,
ENPPpSPPTpSPAAPQPR 119.96] 55 84 | known | 0.87759 +/- 0.12495 | -0.18839
8030462 | RIKEN cDNA 8030462N17 gene
N17Rik |RDPSSESQLASTESDKPTTG
R 100.09| 61 66 | known | 0.97885 +/- 0.18959 | -0.030843
AKI1573 |hypothetical protein LOC432732
02 TKGDpSDEEVIQDGVR [161.53] 65 | 73 | novel | 1.1738 +/-0.030085 | 0.23122
Isoform 2 of Ankyrin repeat and SAM domain-containing protein |A
Anksl [SEpSLSNCSIGK 978 | 43 | 642 | known 0.72232 -0.46929
pSPSFASEWDEIEK 6.15 | 67 | 656 | known 1.0118 0.016907
Isoform 2 of Ataxin-2-like protein
Atxn2l
EVDGLLTSDPMGpSPVSSK | 12737 64 | 591 [ known | 1.0295 [ 0.041952
BCO03178| Uncharacterized protein Clorf55 homolog
[ EDGIDAVEVAADRPGpSPR | 387 | 51 | 269 [ known | 1.059 [ 008277
Camsap |Isoform 2 of Calmodulin-regulated spectrin-associated protein |-like protein |
Il [LDGEpSDKEQFDDDQK | 7.26 | 44 [ 1120 | novel | 0.86515 [ -0.20898
Coiled-coil domain-containing protein 25
Ccdc25 [VENMoxSSNQDGNDpSDE
FMox 264 | 46 | 195 | known 0.77478 -0.36815
Coiled-coil-helix-coiled-coil-helix domain-containing protein 2, mitochondrial
Chchd2 [RAPAAQPPAAAAPSAVGpSP
AAAPR 57.19 | 76 | 45 | known 0.87369 -0.19481
hypothetical protein
Gm1614 |pSPDVDTPEQPR 118.15] 47 | 637 | known | 0.70779 +/- 0.056957 | -0.49861
NApSVEEVVSR 64.66 | 46 | 501 | novel 0.73719 -0.4399
LOCI00 |similar to Pr22 isoform |
039888 |ESVPDFPLpSPPK [149.28] 58 | 38 | known | 0.99016 +/-0.1701 | -0.014267
LOCI100 |similar to beta-2-syntrophin
047790 | GPAGEApPSASPPVR [11079] 61 | 88 | known | 0.76006 +/-0.10648 | -0.3958I
LOCI100 |similar to G protein pathway suppressor |
048389;
ENSMU
$G00000
047016 |EGpSQGELTPANSQSR 6446 | 93 | 470 | known | 0.86412 +/- 0.05801 -0.2107
Putative uncharacterized protein
Locé33 | PETVGTTDLQQGIDPGAV
594 |PSPEPGKDHAAQGPGR 122.81| 87 | 432 | novel | 1.0757 +/-0.13153 0.10527
LSSGPLPQPLGPLpTPDSDT
HSGDALPR 122.81] 76 | 317 | novel | 1.0874 +/-0.10463 0.12095
LOC665 |similar to acidic ribosomal phosphoprotein Pl isoform |
298 |KEESEEpSEDDMoxGFGLFD [218.74| 65 | 104 [ novel | 14117 +/-0332 [ 049743
Nuclear ubiquitous casein and cyclin-dependent kinases substrate
Nucks! |VVDYSQFQEpSDDADEDYG
R 171.83] 49 19 | known | 1.0778 +/- 0.01463 0.10805
EEDEEAEpSPPEKK 775 | 55 | 214 | known | 1.3393 +/- 0.02431 0.42146
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OTTMU
SG00000| . . .
014672;L similar to proteasome alpha7/C8 subunit
0oC1000
47184 | £q| K EEDERSDDDNMox 17001 ] 63 | 249 | novel | 0.85241 +/-0.15417 | -0.23037

14 kDa protein
Rilpll |LQGEHSQNGEEEEAEIQPQ

PDGEESIpSDAEK I11.31 43 79 novel 1.0432 0.061029
Protein

Sh3bgr |SGENEAQKEDpSEDTGELSE
SQEK 135.59| 85 27 novel 0.7417 +/- 0.068676 -0.4311

SH3 domain-binding protein 5-like
Sh3bp5I [ SEVVEDEGPRpSPVAEEPGGS

GSNSSETK 123.5 | 63 30 | novel 1.09 +/- 0.11965 0.12427
SlcTa6os |Protein SLC7A60S

EFDYDSPHGLDpSD [12591] 62 | 305 | known | 0.94448 [ -0.08241
Smtni2 Smoothelin-like protein 2

SPpSVEHDEASDLEVR [14896| 95 | 131 | novel | 1.2345+/-0.011884 | 0.30397

Isoform | of WD repeat-containing protein 44
Wdr44 |EAENTANQAGNEpSPVQEL
R 115.13| 58 50 known | 0.95531 +/-0.39785 | -0.065963

4.3.3.3 Not quantifiable phosphopeptides

The relatively low mass resolution of the LTQ mass spectrometer resulted in several peptide pairs
which could not be quantified although measurements were taken out in the enhanced scan mode.
A few peptides of the complex sample were eluting at the same time with a very similar mass to
charge (m/z) value, e.g. the mass of the heavy labeled peptide of the lighter peptide pair have had
sometimes an indistinguishable mass from the light labeled peptide of the heavy peptide pair. This
could lead to false positive results in the regulated peptide list, which was eliminated by manual
validation of each regulated peptide pair using the QualBrowser software. Table 4.5 shows the list
of these non quantifiable peptides.

Table 4.5. List of identified phosphopeptides. Relative quantification was not possible due to peak overlapping with a
neighbor peptide eluting at the same time with a very similar mass to charge value. Orange color shows that protein
was also found with significantly enhanced phosphorylation at a further phosphorylation site, blue with decreased
phosphorylation and green shows both enhanced and decreased phosphorylated proteins. (XICL: integrated peak area
of light (did not treated with L-arg) peptide, XICh: integrated peak area of heavy (with L-arg treated) peptide, PTM
score: indicating post translational modification counted by MSQuant, Mascot score: indicating validity of peptide
identification, NaN: not quantifiable.

Protein
Symbol PTM |Mascot | Phos. XICu/
Peptide max | max_| site | N/K | XIC. [ logx(XICu/XIC.)

Cardiac contractile proteins
Actin, alpha skeletal muscle

Actal I YANNVMpSGGTTMYPGIADR | 48.04 | 60 | 302 ] novel | NaN | NaN
myosin binding protein C, cardiac
DGpSDITANDK 76.28 45 55 novel | NaN NaN
DASPDDQGSYAVIAGpSSK 134.44 130 80 | novel | NaN NaN
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Myosin, heavy polypeptide |3, skeletal muscle

Myhl3 897,
NDLQLQVQpSEpTENLMoxDAEER 8.4 42 899 | novel | NaN NaN
Myosin-6
Myh6 [SDLpSRELEEISER 36.48 40 1142 | novel | NaN NaN
VLpSKANSEVAQWR 46.77 7] 1364 | novel | NaN NaN
Actin binding protein
107 kDa protein
Cenndl [y - SSVDLHR [ 6185 | 53 | 268 |known| NaN NaN
Synpo Isoform | of Synaptopodin
YNPO I GLPPpSPALPR [ 11071 ] 43 | 854 |known| NaN NaN
Tinl Talin-|
VLVQNAAGpSQEK [ 568 | 50 | 2040 | novel [ NaN NaN
Actin filament turnover modulator
Cdc42e | Cdc42 effector protein 4
P4 |[EADDESLDEQASApSK [22047] 118 | 64 |known| NaN NaN
Isoform | of Capz-interacting protein
Resdl | LQANLAFDPAALLPGApPSPK 6.72 44 105 | novel | NaN NaN
VKSpSPLIEK 88.83 40 83 | novel | NaN NaN
Sarcomeric proteins
Ldb3 Isoform 3 of LIM domain-binding protein 3
DPALDTNGSLApTPpSPSPEAR [ 10009 122 [ 119 | novel [ NaN NaN
Calcium homeostasis
AHNAK nucleoprotein isoform |
Ahnak [AEAPLPPSPK 78.04 41 4890 |known| NaN NaN
FKAEAPLPpSPK 86.23 46 4890 |known| NaN NaN
VSVApTPDVSLEASEGAVK 166.32 62 5169 | novel | NaN NaN
Calcium binding
Efhd2 EF-hand domain-containing protein D2
ADLNQGIGEPQpSPSR [ 669 | 44 | 74 |known| NaN NaN
Microtubule associataed proteins
Mtabla Isoform | of Microtubule-associated protein 1A
Pla A LALVPGpTPTR [ 13627 50 | 2182 [known| NaN NaN
microtubule-associated protein |B
Mtaplb
2P [ SEpSPFEGK [ 9503 | 51 | 1422 [known] NaN NaN
Mtap7d Microtubule-associated protein 7 domain containing |
) AAEEKEPAAPASPAPSPVPSPpTPAQP
QK 8 50 522 |known| NaN NaN
Intermediate filament
L Isoform A of Lamin-A/C
mna
SGAQASSTPLpSPTR | 8608 | 52 | 22 |known| NaN NaN
Tight junction protein
Tiol Tight junction protein ZO-|
IPY I oSREDLSAQPVQTK [ 8 | 44 | 617 [known] NaN NaN
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Vesicle protein

Stxda Syntaxin-4
QGDNIpSDDEDEVR [15034] 79 | 15 |known| NaN NaN
Protein kinase
Myilk myosin, light polypeptide kinase
KSpSTGSPTSPINAEK [11146] 81 | 1804 |known| NaN NaN
Isoform | of Striated muscle-specific serine/threonine protein kinase
ATpSEGESLR 71.39 63 2499 | novel [ NaN NaN
Speg |SSpSFSQGEAEPR 54.09 51 2135 | novel [ NaN NaN
AApSVELPQR 71.82 51 2042 | novel [ NaN NaN
AVGPPPApTPPRK 5.02 55 2741 | novel [ NaN NaN
Protein phosphatase
Ppplrl Isoform | of Protein phosphatase | regulatory subunit 12B —
2b YPTQPDKPTTPVpSPSASR 67.67 45 729 | novel [ +/-0 NaN
Metabolism
Limchl 120 kDa protein
CpSPTVALVEFSSNPQLK [ 753 | 41 | 660 |known| NaN NaN
Mdhl Malate dehydrogenase, cytoplasmic
KLSpSAMSAAK [ 9211 | 40 | 242 [known| NaN NaN
Mdh2 Malate dehydrogenase, mitochondrial
IQEAGPTEVVK [ 7263 | 53 | 235 | novel | NaN NaN
Antigen processing and presentation
Ap3bl AP-3 complex subunit beta- |
NFYEpSEEEEEEK [146.19] 54 [ 276 [known|[ NaN NaN
Regulation of GTPase mediated sighal transduction
A23006 |Isoform | of 250 kDa substrate of Akt
7G2IRi
k SSpSTSDITER 134.43 67 765 [known| NaN NaN
Rabgap |Isoform | of Rab GTPase-activating protein |
1 GVSDEDpTDEEKETLK [ 12591 ] 51 | 991 [known| NaN NaN
Protease
Psmd4 Isoform Rpn10C of 26S proteasome non-ATPase regulatory subunit 4
AAAASAAEAGIApTPGTEGER [ 7089 | 53 | 250 [known| NaN NaN
similar to hCG33036, isoform 5
Usp24 1832,
CGTRSpSMoxIGpSSR 11.2 50 1836 | novel | NaN NaN
Ubiquinone biosynthetic process
Ubiquinone biosynthesis protein COQ9, mitochondrial precursor
Coq9 NaN
YTDQpSGEEEEDYESEEQLQHR 67.67 50 81 |known| +/-0 NaN
Integral membrane protein
Aquaporin-|
Aqpl |SSDFTDRMKVWpTSGQVEEYDLDA
DDINSR 63.64 107 246 |known| NaN NaN
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Armcl |Isoform | of Armadillo repeat-containing protein 10

0  |pSAEDLTDGSYDDILNAEQLKK [ 11996 56 | 43 [known| NaN | NaN
Rrpl2 RRP|2-like protein
GDSIEEILADpSEDEDEEEER [11398] 51 | 1081 [known| NaN | NaN
Tgolnl; | Trans-Golgi network integral membrane protein | precursor
LOC100
038890 9.96 43 210 | novel | NaN NaN

Transcriptional regulation

23 kDa protein

Dek EEpSEEEEEDDEDDDEEDEEEEK [ 775 | 44 | 33 [known| NaN | NaN
Hdgfrp Isoform | of Hepatoma-derived growth factor-related protein:é6
2 GGpSpSGEELEDEEPVK 6.44 44 367 [known[ NaN NaN
Naca Nascent polypeptide-associated complex subunit alpha, muscle-specific form
ESPSpSQSASSLEVLSEDTVTK [ 2393 | 41 | 522 | novel | NaN | NaN
Sdor Serum deprivation-response protein
PY IEGESpSVENETK | 1243 ] 52 | 308 | novel | NaN | NaN
Tsc22d | TSC22 domain family protein 4
4  |VEVESGGSAAApPTPPLSR [ 6122 | 62 | 223 |known| NaN | NaN
Ybx| Nuclease-sensitive element-binding protein |
NEGSEpSAPEGQAQQR [ 142.74] 76 | 174 [known| NaN | NaN

Translation regulation

Eukaryotic translation initiation factor 3 subunit C

Eif3c |5VSGNYGKOPLLLPSEDEEDTKR | 3822 | 40 | 39 |known] NaN | NaN
DNA repair
3 days neonate thymus cDNA, RIKEN full-length enriched library, clone:A630055L09 product:X-linked
Atrx nuclear protein, full insert s... <
NaN
YVEpSDDEKPTDENVNEK 6.29 41 92 |known| +/-0 NaN
RNA binding protein
Rbm?20 similar to hCG2036763
QSpSPFLDDCK [ 153.19] 44 | 1032 | novel [ NaN | NaN
Srrm?2 Isoform | of Serine/arginine repetitive matrix protein 2
NSGPVSEVNTGFpSPEVK [19493] 73 | 1305 [known| NaN | NaN
Apoptosis
Bnib2 Putative uncharacterized protein
P K GpSITEYTATEEK [ 72 | 70 | 114 [known| NaN | NaN
HECT, UBA and WWE domain containing |
Huwel [PLSMoxpSEEDQMoxMoxR 30.87 44 :;g: novel | NaN NaN
IALPAPRGSGpTApSDDEFENLR 54.35 55 1907 |known| NaN NaN
Ndro2 Isoform 2 of Protein NDRG?2
£% LSRSRpTASLTSAASIDGSR [ 3277 ] 52 | 316 [known| NaN | NaN
Protein with uknown function
342540 |similar to Uncharacterized protein Cl10orf7|
IBI9RI
k KApSAEDLSAR 48 813 | novel | NaN NaN
Brd3 Isoform | of Bromodomain-containing protein 3
SEpSPPPLSEPK 104.65] 44 | 262 |known| NaN | NaN
Sh3bgr Protein

EDSEDTGELpSESQEK [103.16] 56 | 34 | novel | NaN | NaN
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Sh3bp5 |SH3 domain-binding protein 5-like
| GLSDHApSLDGQELGAQSR [ 6623 | 93 | 361 [ novel | NaN | NaN
Isoform | of WD repeat-containing protein 44

Wdr44 |EYVSNDATQpSDDEEKLQSQQTDT
DGGR 126.68 76 405 |known| NaN NaN

4.3.4 IDENTIFIED CARDIAC PHOSPHOPROTEOME USING LTQ ORBITRAP XL

At an early point of time of method establishment, Thermo Fischer Scientific enabled me to
perform some measurement on the novel LTQ Orbitrap XL mass spectrometer in Bremen.

Main advantage to use LTQ Orbitrap XL that it has a mass resolution up to 100.000 which enables
high mass accuracy measurements to minimize the errors of relative quantification and
identification of false negatively or positively regulated phosphorylation sites. Using LTQ Orbitrap
XL with a mass resolution of 60.000 (at m/z=400), 42 phosphorylation sites (19 novel, based on
data mining using Phosphosite Plus at www.phosphosite.org, state March 2009) on 35 cardiac
phosphoproteins from as little as 200 pg dimethyl labeled cytosolic protein fraction could be
identified. HCD (higher-energy C-trap dissociation), CID and CID with multistage activation were
applied for peptide fragmentation. Using HCD fragmentation (which is available only in LTQ
Orbitrap XL but not in LTQ), large peptides with up to 5 positive charges and three
phosphorylation sites could be identified.

The relatively low number of identified phosphopeptides derived from an insufficient
phosphopeptide enrichment (at this point of time methods were not fully established yet). Using
the original titanium dioxide filled TopTips, a high number of non-phosphorylated peptides
remained in the sample, which suppressed the ion signal intensity of phosphorylated peptides
(Chapter 4.2.2.2). Furthermore, compared to the phosphorylated peptides, non-phosphorylated
peptides were present in much higher concentrations in the sample, therefore they have had higher
signal intensities in the MS spectra. Although the data dependent setup in the MS analysis method
selected the first, second, third and fourth highest peaks for the MS/MS fragmentation, together
with dynamic exclusion for the already analyzed peaks almost every time peaks of non-
phosphorylated peptides were chosen for the identification by MS/MS.

Proteins and phosphorylation sites were identified by the SEQUEST algorithm. Peptides were
accepted with XCorr vs. Charge state scores over |.5,2.0,2.5 and 3.0 for one, two, three and four
times charged peptides, respectively.As an additional criterium, peptide probability scores had to be
over 3*|03. Phosphorylated peptides were manually validated and quantified using the
QualBrowser software based on the integrated peak area of heavy and light peptide pairs with a
mass accuracy of 5 ppm.

As expected, most of the identified phosphorylation sites are not influenced by iNOS derived NO,
however 10 (23.8%) and 3 (7.1%) phosphorylated peptides were found to be enhanced or
decreased phosphorylated respectively (Fig. 4.22).
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Figure 4.22: Protein phosphorylation site specific changes induced by iNOS derived NO in a heart failure model. X axis
shows protein symbol, phosphorylated amino acid and phosphorylation site;Y axis shows ratio of integrated peak area

(XIC) of heavy (+L-arg) vs. light (-L-arg) labeled peptide.

4.3.4.1 Identified novel and known phosphorylation sites - not regulated by NO

Three novel phosphorylation sites at Ser-740 (Fig 4.19), at Ser-1160 and at Ser-1602 were
identified in myosin-6 (Fig. 4.23 and Fig. 4.24).
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Figure 4.23: The table lists possible ILNPAAIPEGQFIDS*R. (*: phosphorylation) peptide fragment masses where the
colored numbers show identified peptide fragments generated by CID with multistage activation. Colored dots show
mass differences between measured and theoretical peptide fragments.

113



4. RESULTS

11224

=
o
=]

.1
b +1

Relative Abundance
h
o

+1
bz vy +1 +1 | .
. G082 ! +l + .l N w3 * ;
a0+l ! +1 7213 e o 0318 | z Yo ! i ¥ s
b bl ; 8 yog . 10 ¥
you ¥z i 3 1241.4 19807 Lmnqg 17076
2785 2421 BEHO 2 5373 ‘ Il ) 8325.4 [ 1013.%1| L I1225.Q | ) 11312'5 g
o T T T T T T T b T T T T T T T T T T T T T aasas T |I T T T T T T T J|J' T T t T T
0 200 400 500 200 1000 1200 1400 1600 1800

miz

Fig. 4.24: Novel phosphorylation site at serine 740 in myosin-6 (MYH6) found in peptide ILNPAAIPEGQFIDS*R. (*:
phosphorylation) MS/MS spectrum shows peptide fragments of the phosphorylated peptide fragmented by CID with
multistage activation. (Identified peaks are colored.)

Other actin binding contractile proteins, like cardiac myosin binding protein ¢ and
myosin-1 showed also novel phosphorylation sites at Ser-420 and at Ser-1485, respectively.
Further novel phosphorylation sites could be identified in cytoskeletal actin binding but not
contractile proteins, like myozenin 2 (Ser-116), PDZ and LIM domain proteinl (Ser-144).

Ser-191 located in the electron transfer flavoprotein (ETF) domain was also identified as a novel
phosphorylation site in electron transfer flavoprotein subunit alpha, mitochondrial
precursor. This protein serves as a specific electron acceptor for several dehydrogenases and
transfers electrons to the main mitochondrial respiratory chain via ETF-ubiquinone
oxidoreductase.

Novel phosphorylation sites were also identified in enzymes of energy transduction, like creatine
kinase M type (Thr-166, Ser-342) and creatine kinase, sarcomeric mitochondrial
precursor (Ser-319). These proteins reversibly catalyze the transfer of phosphate between ATP
and phosphocreatine, providing a spatial and temporal buffer of ATP concentration in tissues with
high, fluctuating energy demand like muscle and brain.

Phosphorylation of Ser-486 could be identified in beta taxilin, a protein which promotes motor
nerve regeneration which is possibly involved in intracellular vesicle traffic. Interestingly, this
protein is known to be specifically expressed in skeletal muscle and not in the heart.

Table 4.6 shows list of identified phosphopeptides which are not regulated by NO.

Table 4.6: List of identified novel and known phosphorylation sites which are not regulated upon iINOS derived NO
release (after one minute). Symbols of variable amino acid modifications: *: phosphorylation; #: methionine oxidation; *:
carbamidomethylation of cysteine; ]: d2-dimethyl labeling of N-terminal amino acids; @: d2-dimethyl labeling of lysine
(K). (XICL: integrated peak area of light (not treated with L-arg) peptide, XICh: integrated peak area of heavy (treated
with L-arg) peptide. Orange color shows that protein was also found with significantly enhanced phosphorylation at a
further phosphorylation site, blue with decreased phosphorylation and green shows both enhanced and decreased
phosphorylated proteins.

Protein name

Symbol Novel/
Peptide Phos. site | known | XIC3/XIC, | log2(XIC3/XIC1)
KAPCA cAMP-dependent protein kinase, alpha-catalytic subunit (EC 2.7.11.11) (PKA C-alpha)
R.TWT*LCAGTPEYLAPEIILSK.G [ T198 | known | 080 | -0.31

Myosin-1 (Myosin heavy chain 1) (Myosin heavy chain 2x) (MyHC-2x) (Myosin heavy chain, skeletal
MYHI |muscle, adult |)
R.SLS*TELFK.I [ sS-1485 | novel | 083 | -0.27
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PDLII PDZ and LIM domain protein | (Elfin) (LIM domain protein CLP-36) (C-terminal LIM domain protein 1)
RVITNQYNS*PTGLYSSENISNFNNAVESK.T| S-144 | novel | 083 | -0.26
CRYAB Alpha crystallin B chain (Alpha(B)-crystallin) (P23)
R.APS*WIDTGLSEMR L [ S5 | known | 084 | -0.26
MYH6 Myosin-6 (Myosin heavy chain 6) (Myosin heavy chain, cardiac muscle alpha isoform) (MyHC-alpha)
R.MVDSLQTS*LDAETR.S [ s-1602 | novel | 085 | -0.23
KCRM Creatine kinase M-type (EC 2.7.3.2) (Creatine kinase M chain) (M-CK)
K.LSVEALNSLT*GEFK.G [ T166 | novel | 087 | -0.20
MYOZ2 Myozenin-2 (Calsarcin-1) (FATZ-related protein 2)
R.S*PPNPENIAPGYSGPLK.E [ S-116 | novel | 088 | -0.19
MAPIB Microtubule-associated protein |1B (MAP IB) (MAPI.2) (MAPI (X)) [Contains: MAPI light chain LCI]
K.LGGDVS*PTQIDVSQFGSFK.E [ S-1497 | known | 090 | -0.15
Protein NDRG2 (Protein Ndr2)
N R G e SITSAASIDGSR S [ s338 | known | 090 | -0.15
TXLNB Beta-taxilin (Muscle-derived protein 77)
R.TSEEEPEPS*VSENEEVDAEEANSFQK.A | S48 | novel | 091 [ -0.14
KCRM Creatine kinase M-type (EC 2.7.3.2) (Creatine kinase M chain) (M-CK)
K.GQS*IDDMIPAQK .- [ S372 | novel | 094 | -0.09
MYH6 Myosin-6 (Myosin heavy chain 6) (Myosin heavy chain, cardiac muscle alpha isoform) (MyHC-alpha)
R.LEEAGGA(TS)*VQIEMNK.K [ s-1160 | novel | 095 | -0.08
MYPC3 Myosin-binding protein C, cardiac-type (Cardiac MyBP-C) (C-protein, cardiac muscle isoform)
R.TLTIS*XQCASLADDAAYQCAVVGGEK.C | S420 | novel | 095 | -0.07
NDRG2 Protein NDRG2 (Protein Ndr2)
R.T]LS*QSSESGTLPSGPPGHTMEVSCA- | S350 | known | 097 | -0.05
Synaptopodin
SYNPO  \ ASEEEEVPLVVYLK.E | S258 | known | 097 | -0.04
Protein FAM40A
FA40A R.AAS*PPASASDLIEQQQK.R | S335 | known | 098 | -0.03
MYH6 Myosin-6 (Myosin heavy chain 6) (Myosin heavy chain, cardiac muscle alpha isoform) (MyHC-alpha)
R.ILNPAAIPEGQFIDS*R.K | S740 | novel | 098 | -0.03
Nascent polypeptide-associated complex subunit alpha, muscle-specific form (Alpha-NAC, muscle-specific
form)
NACAM K.VQGEAVSNIQENTQTPTVQEES*EEEEVD
ETGVEVK.D S-2138 known 0.99 -0.02
HNI Hematological and neurological expressed | protein
R.SNS*SEASSGDFLDLK.G | 587 | known | 099 | -0.01
Sorbin and SH3 domain-containing protein | (Ponsin) (c-Cbl-associated protein) (CAP) (SH3 domain
SRBS| |protein 5)
R.DIS*PEEIDLK.N | S-345 | known | 099 | -0.01
TPMI Tropomyosin-| alpha chain (Alpha-tropomyosin)
K.AISEELDHALNDM#TS*|.- | S-283 | known | 100 | -0.00
5'-AMP-activated protein kinase subunit beta-2 (AMPK beta-2 chain)
AAKB2 R.DLSSS*PPGPYGQEMYVFR.S S-183 known 1.00 0.00
K.IJMVGS*TDDPSVFSLPDSK@.L S-38 known 1.00 0.00
KCRS Creatine kinase, sarcomeric mitochondrial precursor (EC 2.7.3.2) (S-MtCK)
R.LGYILTCAPS*NLGTGLR.A . S-319 | novel | 1.01 \ 0.01
ETFA Electron transfer flavoprotein subunit alpha, mitochondrial precursor (Alpha-ETF)
K.APSS*SSVGISEWLDQK L . S-191 | novel | 1.03 \ 0.04
N(2),N(2)-dimethylguanosine tRNA methyltransferase (EC 2.1.1.32) (tRNA(guanine-26,N(2)-N(2))
TRMI |methyltransferase)
K.IAVDLS*DQEEETAGK.N | SI121 | known | 108 | 0.11

4.3.4.2 Proteins with decreased phosphorylation upon enhanced NO formation

T-cell receptor gamma chain V region VI108B precursor was identified with three
novel phosphorylation sites within one peptide. Upon adding L-arginine into the perfusion buffer,
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the intensity of the phosphorylated peptide decreased by 87%. This change represents the
dephosphorylation rate of the whole peptide, corresponding to the total intensity difference of all
identified phosphorylation sites within the peptide. To overcome this drawback and specifically
address the regulation of single phosphorylation sites it is advantageous to enrich mainly single
phosphorylated peptides in combination with stable isotope dimethyl labeling.

The dual specificity mitogen-activated protein kinase kinase 4 (MAPKK4) was found
to be dephosphorylated by 63% at the known phosphorylation site Ser-255. This stress activated
Ser/Thr protein kinase is activated by phosphorylation at Ser-255 and Thr-259 by Src homology
domain containing proline-rich kinase (SPRK) and MAP kinase kinase kinase | (MEKK-1) which
leads to activation of JUN kinases JNKI and JNK2 as well as p38MAPK. Decreased
phosphorylation could occur due to oxidative stress which inhibits MEKKI by site-specific
glutathionylation in the ATP-binding domain (Cross et al., 2004).

Ser-240 in lim domain binding protein 3 (LDB3) which is also known as protein cypher or
protein oracle was also dephosphorylated upon L-arg treatment. Ser-240 is a novel
phosphorylation site, therefore its function is unknown. LDB3 may couple protein kinase C-
mediated signaling via its LIM domains to the cytoskeleton, furthermore it is interacting with
ACTN2,MYOZI,MYOZ2 and MYOZ3. Mutation of LDB3 gene can lead to myofibrillar and cardiac
myopathies which are defined by the presence of foci of myofibril dissolution, accumulation of
myofibrillar degradation products and ectopic expression of multiple proteins.

Table 4.7 shows dephosphorylated cardiac phosphopeptides after one minute L-arg perfusion:

Table 4.7: List of dephosphorylated protein phosphorylation sites upon | minute L-arginine perfusion of iNOS*/myo™
mouse hearts. Symbols of variable amino acid modifications: *: phosphorylation of serine, threonine or tyrosine; /:
carbamidomethylation of cysteine. XICy: integrated peak area of light (not treated with L-arg) peptide, XICh: integrated
peak area of heavy (treated with L-arg) peptide. Green color shows proteins which are listed also in other tables in
this work.

Protein name

Symbol Phos. Novel/ | XICH/ log(XICH/
Peptide site known | XIC, XICyL)
T-cell receptor gamma chainV region V108B precursor (Fragment)
TVC2 S-85, S-94,
K.KIEAS*KDFQTSTS*T*LKINYLK.K T-95 novel 0.13 -2.90

Dual specificity mitogen-activated protein kinase kinase 4 (EC 2.7.12.2) (MAP kinase kinase 4)
MP2K4 | (MAPKK 4)

K.LCADFGISGQLVDS*IAK.T [s-255 [known | 037 | -1.45
LIM domain-binding protein 3 (Z-band alternatively spliced PDZ-motif protein) (Protein cypher)
LDB3 |(Protein oracle)

K.DLAVDSAS*PVYQAVIK.T [s-240 [novel | 0.6l [ -0.71

4.3.4.3 Proteins showing increased phosphorylation upon enhanced NO formation
One of the upregulated proteins is the CLIP-associating protein | (Claspl) which showed
an enhanced phosphorylation at serine 600 upon iNOS derived NO activation (Fig 4.25). Clasp| is
a microtubule plus-end tracking protein, promoting the stabilization of dynamic microtubules. In
migrating cells Claspl is required for the polarization of the cytoplasmic microtubule arrays
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towards the leading edge of the cell. CLASPI is highly expressed in brain and heart and localized to
microtubule plus ends. Serine 600 is located in a so called HEAT repeat region which is a tandemly
repeated, 37-47 amino acid long module occurring in numerous cytoplasmic proteins. Arrays of
heat repeats consist of a rod-like helical structure formed by 3 to 36 units and appear to function
as protein-protein interaction surfaces. Many HEAT repeat-containing proteins are involved in
intracellular transport processes.
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Figure 4.25. CLIP-associating protein | (Claspl) phosphorylation at serine 600 is upregulated upon iNOS derived NO
release. A) MS spectrum of 2* charged peptide pair SRS*DIDVNAAASAK. Monoisotopic 2+ charged base peak of
heavy peptide m/z 774.89490 shows two times higher peak intensity than light peptide m/z 770.86987. B) Extracted ion
chromatogram of light (upper panel) and heavy (lower panel) labeled peptides. (RT: retention time, MA: integrated peak
area, MH: peak height, BP: base peak)

Phosphorylation of Ser-83 of the cAMP-dependent protein kinase type Il-alpha
regulatory subunit (PKAla or PRKARIA) was increased |.42 times upon L-arginine co-
perfusion. PKA is activated by cAMP, a signaling molecule, which is important for a variety of
cellular functions. Activated PKA transduces its signal through phosphorylation of downstream
target proteins. PRKARIA interacts with AKAP4, its complex with RFC2 may be involved in cell
survival. NO is known to inhibit cAMP degradation thereby leading to an enhanced PKA activity.
Ser-83 is localized in one of the four regulatory subunits of the protein, and therefore could play an
important role in the regulation of PKA activity.

Differential analysis of iINOS derived NO activation in myo”/iNOS* mouse hearts led to the
identification of two novel phosphorylation site at Ser-72 and at Ser-420 in the thick filament
protein cardiac myosin binding protein-c (mypc3). Figure 4.26 shows an enhanced
phosphorylation at Ser-72 whereas phosphorylation at Ser-420 did not change. Furthermore, as a
kind of technical loading control, a non-phosphorylated peptide also shows the same intensity for
both heavy (H) and light (L) labeled peptides indicating identical protein expression levels in
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matched heart samples. This experiment shows that quantitative mass spectrometry can be used as
a kind of modern western blot. Interestingly, Ser-72 is located near to the myosin head, therefore
its phosphorylation may also influence cardiac contractility.
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Figure 4.26: Comparing intensity ratios of H/L labeled peptide pairs with (A and B) and without (C) phosphorylation
there is a clear evidence that Mypc3 is expressed in the same amount in both H and L labeled mouse heart (C)
whereas phosphorylated peptide DAS*PDDQGSYAVIAGSSK shows a strongly enhanced phosphorylation upon NO
activation (A). At the same time, an other phosphorylation site Ser-420 in the phosphorylated peptide
TLTIS*QCASLADDAAYQCAVVGGEK shows no changes upon iNOS derived NO release (B). (*: phosphorylation, :
carbamidomethylation, RT: retention time, AA, MA: integrated peak area, MH: peak height, BP: base peak)

Three additional cytoskeletal proteins showed an increased phosphorylation upon L-arg treatment.
Actin binding LIM protein (ABLIMI) and cysteine and serine rich protein 3 (CSRP3
or MLP) both contain zinc binding LIM domains, an important side for protein-protein interactions.
CSRP3 is a positive regulator of myogenesis and interacts with lactate dehydrogenase D (LDHD). It
is also known that downregulated CSRP3-calcineurin signaling predisposes to adverse remodeling
after myocardial infarct (Heineke et al., 2005). Deletion of CSRP3 leads to diastolic disfunction and
by growing older to dilated cardiomyopathy (Lorenzen-Schmidt et al., 2005). These mice also give
evidence for an increased ventricular vulnerability due to significant prolongation of atrial and
ventricular conduction (Gardiwal et al., 2007). In humans, CSRP3-expression is downregulated both
in ischemic and dilative cardiomyopathy.

CSRP3 was identified as novel phosphoprotein, with a novel phosphorylation site between the two
LIM domains at Ser-95, which showed a 1.7 times enhanced phosphorylation upon iNOS derived
NO release.

ABLIMI is a known phosphoprotein which is phosphorylated upon DNA damage possibly by the
tumor suppressor serine/threonine-protein kinases ATM or ATR. Ser-475 is known from
phosphoproteomic studies of the brain. In the present study, phosphorylation was found to be
increased by about 2.4 times, located between the N-terminal domain of four double zinc finger
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motifs and the C-terminal cytoskeletal Villin headpiece domain (VHP). VHP is 50% identical to
dematin, an F-actin-bundling protein of the erythroid cytoskeleton.

Microtubule associated protein 4 (MAP4) is regulated by phosphorylation at Ser-760 to
control microtubule assembly. Like ABLIMI, MAP4 also gets phosphorylated upon genotoxic
stresses by ATM or ATR. The phosphorylation site Ser-517 is known from brain and liver samples.
Now it was found also in the heart and identified as a 2 times enhanced phosphorylation site upon
| minute L-arg treatment (Fig. 4.27). Other non-phosphorylated peptides derived from MAP4
underline that the analysis started from the same protein amount in both heavy and light labeled
mouse hearts.
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Figure 4.27: | minute L-arg treatment leads to a two times enhanced phosphorylation at Ser-517 in MAPA4.

The cytoplasmic protein phosphoglucomutase-1 (PGMI) participates in both breakdown and
synthesis of glucose by converting alpha-D-glucose |-phosphate into alpha-D-glucose 6-phosphate.
A known phosphorylation site of PGMI Ser-117 was found to be upregulated by factor of 1.4.This
phosphorylation site was already identified by MS in Hela cells.

Another glycolytic enzyme, fructose-bisphosphate aldolase A (ALDOA) which catalyses
D-fructose |,6-bisphosphate conversion into glycerone phosphate and D-glyceraldehyde 3-
phosphate was also found to be increased phosphorylated at Ser-39 by 1.47 times.

Two other phosphorylation sites, one in Ras GTPase-activating protein-binding
protein | (G3BPI) and an other in Nuclear ubiquitous casein and cyclin-dependent
kinases substrate (NUCKS) were also found to become enhanced phosphorylated upon L-arg
perfusion in iINOS*/myo”" mouse hearts. G3BP| phosphorylation at Ser-23| was already described
in MS based phosphoproteome studies in different tissues, like liver, brain and in myoblast cell line,
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but there is nothing known about its regulation. For detailed information about protein

phosphorylation sites with enhanced phosphorylation upon iNOS derived NO release see table

4.8.

Table 4.8: List of phosphorylation sites found to be upregulated upon iNOS derived NO activation. Symbols of variable
amino acid modifications: *: phosphorylation; #: methionine oxidation; *: carbamidomethylation of cysteine; ]: d2-
dimethyl labeling of N-terminal amino acids; @: d2-dimethyl labeling of lysine (K). (XICL: integrated peak area of light
(not treated with L-arg) peptide, XICh: integrated peak area of heavy (treated with L-arg) peptide. Orange color shows
proteins which are listed in other tables, too.

Protein name

Symbol Phos. Novel/ | XICH/ log2(XICH/
Peptide site known | XIC, XIC,)
PGMI Phosphoglucomutase-| (EC 5.4.2.2) (Glucose phosphomutase 1) (PGM |)
K.AIGGIILTAS*HNPGGPNGDFGIK.F [ s-117 | known | 140 | 0.48
KAPO cAMP-dependent protein kinase type l-alpha regulatory subunit
R.EDEIS*PPPPNPVVK.G [ s-8 [ known | 143 | 0.52
ALDOA Fructose-bisphosphate aldolase A (EC 4.1.2.13) (Muscle-type aldolase) (Aldolase |)
K.GILAADESTGS*IAK.R [ S-39 [ known | 147 | 0.55

Ras GTPase-activating protein-binding protein | (EC 3.6.1.-) (G3BP-1) (ATP-dependent DNA

G3BPI [helicase Vi) (HDH-VIII)
K.STS*PAPADVAPAQEDLR.T [ s-231 | known | 1.60 | 0.67
CLAPI CLIP-associating protein | (Cytoplasmic linker-associated protein |)
R.S]RS*DIDVNAAASAK@.S [ s-600 [ known | 1.68 | 0.74
Cysteine and glycine-rich protein 3 (Cysteine-rich protein 3) (CRP3) (LIM domain protein, cardiac)
CSRP3 [K.GIGFGQGAGCALSTDTGEHLGLQFQQ
S*PKPAR.A S-95 novel 1.69 0.76
MYPC3 Myosin-binding protein C, cardiac-type (Cardiac MyBP-C) (C-protein, cardiac muscle isoform)
R.DAS*PDDQGSYAVIAGSSK.V [ s72 [ novel | 188 | 0.91
MAP4 Microtubule-associated protein 4 (MAP 4)
K.DMS*PSAETEAPLAK.N [ s-517 [ known | 205 | 1.04
Nuclear ubiquitous casein and cyclin-dependent kinases substrate (JC7)
K.G
NUCKs IGF(]EQGAGC’\LSTDT*GEHLGLQFQQSP
K@PAR.A S-19 known 2.27 1.19
ABLMI Actin-binding LIM protein | (Actin-binding LIM protein family member I) (abLIM-1)
R.T]LS*PTPSAEGYQDVR.D [ 5475 [ known | 238 | 1.25
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5 DISCUSSION
5.1 GEL BASED PRELIMINARY STUDIES

In the present study | have elaborated methods which for the first time permit the analysis of the
global cardiac phosphoproteome as influenced by endogenously formed NO. Before discussing the
results obtained in a functional context, the initial gel based studies and same methodological
aspect shall be considered.

In preliminary studies in myoglobin deficient (myo”- mice) hearts, | could show dephosphorylation
of the Cytochrome ¢ oxidase subunit Vb (COX5B) after perfusion with the NO donor SNAP (Fig.
4.2). COX5B is one of the nuclear-coded polypeptide chains of cytochrome C oxidase, the terminal
oxidase of the mitochondrial electron transport (complex 1V). NO is known to inhibit complex IV
of the respiratory chain complex IV due to competition with oxygen at the heme groups at
nanomolar concentrations (Brown at al., 1995).

In hearts with cardiac iINOS overexpression (iNOS*), during myoglobin blockade with CO, the
observed functional and energetic impairment was considered to be due to the inhibitory action of
NO on heme enzymes of the mitochondrial respiratory chain (Wunderlich et al, 2003).
Furthermore, a reduced phosphorylation potential of the respiratory chain was predicted in a
mouse model of cardiac INOS overexpression together with lack of myoglobin (iINOS*/myo
double mutant) showing in addition diminished oxygen consumption, decreased cardiac creatine
phosphate levels and increased [P;] and [ADP] (Godecke et al., 2003). Thus, when myoglobin is
lacking, SNAP-derived NO s likely to increase superoxide leakage from the electron transport
chain, leading to peroxynitrite formation and protein phosphatase PPl and PP2A activation. This
could explain the observed COX5B dephosphorylation.

Since the position of protein spots using the 2D-PAGE technique is determined by protein charge
(Ist dimension - horizontal) and size (2nd dimension - vertical), alterations in protein
phosphorylation status can be detected by a spot shift in the horizontal and vertical position. The
introduction of a strong negatively charged phosphate group on serine, threonine or tyrosine
residues shifts the protein spot position by about 0.3 pH units to the acidic site. Furthermore,
molecular mass is increased by 80 Da with each additional phosphate group. Therefore each
additional phosphate group shifts protein spot position slightly left and up while each lost
phosphorylation elicits the opposite effect.

Preliminary experiments were performed using 2D-PAGE based spot shift analysis to detect
changes in protein phosphorylation level upon administration of the NO donor SNAP compared
with the NOS inhibitor ETU. A drawback of 2D-PAGE is that this technique provides only a limited
resolution and detection of site specific changes of protein phosphorylation is not possible. For
example, although 2D-PAGE shows a protein spot shift, a sign of dephosphorylation upon SNAP
perfusion, nanoHPLC-MS/MS analysis of the digested protein spot revealed phosphorylation at
Ser-30 and at Ser-33 after both ETU (NOS inhibitor) and SNAP (NO donor) administration. Thus,
2D-PAGE based analysis does not provide information about which amino acid residue was
phosphorylated or dephosphorylated. Furthermore, phosphorylation level can not be measured
site specifically. There is in addition the possibility of further undetected COX5B phosphorylation
sites, alterations of which could also induce protein spot shift during 2D-PAGE separation.
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On the other hand, dephosphorylation of COX5B is underlined by the decreased MASCOT
identification score of doubly phosphorylated peptide after SNAP perfusion, possibly a sign of
reduced phosphopeptide amount, intensity and peptide phosphorylation level.

5.2 NEWLY ESTABLISHED METHODS FOR IMPROVED PHOSPHOPROTEOME
ANALYSIS

In order to be able to introduce stable isotope dimethyl labeling method into the analytical
workflow, labeling efficiency was optimized in the present study until unlabeled N-terminus or
lysine residue could no longer be detected in standard and also in complex cardiac peptide
mixtures (Fig. 4.8). The method was further validated by calibration using heavy and light dimethyl
labeled digested casein as standard phosphoprotein mixed in different ratios with each other.
Results showed a very good linear correlation between measured and theoretical heavy and light
labeled peptide ratios. The small standard deviation suggests that dimethyl labeling is a valid method
for the differential quantitation of phosphopeptides in tissue samples (Fig 4.9 and 4.10).

Stable isotope dimethyl labeling was combined in the present study with phosphopeptide
enrichment and peptide fractionation using SCX chromatography followed by nano flow RP-LC
separation, on-line coupled with electrospray ionization to a tandem mass spectrometer(nanoRP-
LC-ESI-MS/MS). Each step of this procedure was individually validated and finally enabled site
specific detection and relative quantification of phosphorylated peptides to obtain a deeper insight
into the cardiac signaling of NO.

5.3 STUDY MODEL: NO-INDUCED HEART FAILURE IN MICE

Use was made of the double transgenic mouse model (iINOS*/myo”) in which endogenously
formed NO is responsible for heart failure. This model is characterized in-vivo by decreased left
ventricular developed pressure (LVDP), contractility (dP/dtmax), ejection fraction and stroke volume
(Godecke et al., 2003). End-systolic and end-diasotolic volumes were increased, resulting in a
leftward shifted pressure volume loop, a sign of ventricular dilatation. In this model cardiac NO
production was increase 40-fold. Thus, NO-induced heart failure includes nitrosative stress
(peroxynitrite (ONOO") nitroxyl (NO-) formation) and reactivated fetal gene expression program
resulting in cardiac hypertrophy.

It is well known that extracellular L-arginine is required for NO synthesis by eNOS and iNOS
(MacKenzie et al., 2003). | have therefore used the isolated mouse heart from iINOS*/myo”- mice
perfused with or without L-arginine for the differential analysis of the cardiac phosphoproteome.
Perfusion of hearts with L-arginine in a final concentration of 200pM - which is similar to in-vivo
conditions — resulted in an immediate NO-induced decrease of the perfusion pressure
(vasodilatation) which reached maximal values already after | min. Concomitantly cardiac
contractile force (LVDP) and contractility (dP/dtmax) decreased by 29.1% and by 30.3%,
respectively (n=6). Under the same conditions, as a sign of inhibited cytochrome c¢ oxidase, O>
consumption decreased by 16.4% and the ATP level decreased by 3.3%. Additionally, the AMP level
was increased by 42.7% and the ADP level by 17.3%. Interestingly, the phosphocreatine (pCr) level
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decreased stronger than ATP, by 11.3% and free phosphate (Pi/ATP) increased by 55.8%, showing a
decreased cardiac energy pool under activated iNOS derived NO release (unpublished results by
Dr. Ulrich Flogel).

This model has several advantages for the study of NO-induced phosphorylation of the heart.
Firstly, NO is produced by the heart in sufficient amounts to induce stable and consistent
functional effects (decrease in contractility and vasodilatation) Secondly, only one minute of L-
arginine perfusion is required to reach a new functional steady state characterized by
vasodilatation and reduced cardiac contractility. Thirdly, the short exposure time to endogenously
formed NO assured, that the protein composition in the absence and presence of L-arginine can
be considered to be the same

In an attempt to measure the global phosphoproteome | have used iINOS*/myo” hearts perfused
with and without L-arginine as a convenient model. As MS-based analysis technique | have applied
the dimethyl labeling technique (Hsu et al., 2003) which was adapted and validated for the tissue
examined.

5.4 OVERVIEW OF RESULTS

In repeated experiments this technique enabled me to identify a total of 826 phosphorylation sites
(246 novel) in 772 phosphorylated peptides which relate to 475 proteins. In NO-induced heart
failure 61 were upregulated (16 novel) and 47 downregulated (31 novel).

Distribution of phosphorylated amino acids were as follows: 671 Serine (81.2%), 150 Threonine
(18.2%) and 5 Tyrosine (0.6%). Hunter described relative abundances of 90%, 10%, and 0.05% for
phosphoserine (pS), phosphothreonine (pT), and phosphotyrosine (pY) in normally growing
HBL-100 cells (Hunter and Sefton, 1980). A more recent mass spectrometry based
phosphoproteome study suggests a distribution of pS, pT, and pY sites is 86.4%, 11.8%, and 1.8%, in
stimulated Hela cells (Olsen et al., 2006). This later published pS, pT and pY ratios are close to my
finding.

5.5 NOVEL VS. KNOWN TARGETS OF INOS-DERIVED NO SIGNALING

NO release resulted in increased phosphorylation of 64 serine (9.5% of serines), 9 threonine (6.0%
of threonines) and | tyrosine (20% of tyrosines) and in decreased phosphorylation of 43 serine
(6.4% of serines), 7 threonine (4.7% of threonines) and 2 tyrosine (40% of tyrosines), suggesting an
important role of tyrosine phosphorylation upon NO. On the other hand, the fact that dynamic
changes in tyrosine phosphorylation occur much faster and from a lower basal level compared to
serine/threonine phosphorylation (Olsen et al., 2006) could result in higher changed pY ratios after
one minute iNOS activation.

Is has to be kept in mind that the isolated heart analyzed is comprised of endothelial cells, vascular
smooth muscle cells, connective tissue and atrial but mostly ventricular cardiomyocytes. While
ventricular cardiomyocytes are by far the dominant cell fraction on a weight basis, endothelial cells
comprise about 2.8 % of the total heart (Anvesa et al., 1983). The fraction of vascular smooth
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muscle cells is most likely even lower. If not otherwise indicated the phosphoproteins identified in
this study are to all likelihood of cardiomyocytic origin.

5.5.1 NO-INDUCED VASCULAR SMOOTH MUSCLE RELAXATION

In vascular smooth muscle cells (VSMC), NO works classically via the NO/cGMP/PKG signaling
pathway, activating/inhibiting downstream targets by PKG induced phosphorylation, leading to
decreased cytosolic Ca?* concentration and VSMC relaxation (schematically shown in Fig. 5.1).

Although relative ratio of vascular smooth muscle in the heart is likely to be very low, | was able to
identify a novel phosphorylation site in a protein specific for smooth muscle, called Myosin
regulatory light chain 2-B, smooth muscle isoform (Mylc2b or MRLC2). This protein
plays an important role in regulation of smooth muscle cell contraction and relaxation. In the
presence of calcium and calmodulin, Myosin light chain kinase (MLCK) phosphorylates MRLC2 at
Ser-19 and Thr-20, increasing the actin-activated myosin ATPase activity which leading to
contraction. MRLC2 dephosphosphorylation is activated by the NO/cGMP/PKG pathway which in
turn activates Myosin light chain phosphatase mediated relaxation. Myosin is a hexamer of two
heavy and four light chains.

relaxation

Fig 5.1: NO/cGMP/PKG signaling in vascular smooth muscle cells. PKG phosphorylates numerous targets and thereby
activates (green arrow) or inhibits protein activity (red arrow), leading to vascular smooth muscle relaxation. Red blunt
arrow means inactivation; red blunt arrow showing to a P represent inactivation by protein dephosphorylation and
small grey bouble shows heme-nitrosylation. NO: nitric oxide, sGC: soluble guanylyl cyclase, GTP: guanosine
triphosphate; cGMP: cyclic guanylyl monophosphate; PKG: cGMP dependent protein kinase; PDE5A: Phosphodiesterase
5A; 5GMP: guanosine monophosphate; smMLCK: smooth muscle myosin light chain kinase; MLCK: Ca-independent
MLC kinase; MLCP: Myosin light chain phosphatase; MLC: myosin light chain.
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Results obtained in the present study shows MRLC2 dephosphorylation at the novel
phosphorylation site Ser-29 by 47% (identified in an isoform specific peptide - blasted against non-
redundant Swissprot sequences). Decreased phosphorylation at Ser-29 very likely contributed to
the observed NO-induced VSMC relaxation leading to drop in perfusion pressure.

Although atrial cardiomyocytes are also a low abundant cell population in the heart, the present
study identified an atrial specific phosphorylated peptide of the myosin regulatory light
chain 2, atrial isoform (Myl7, peptide was blasted against non-redundant Swissprot
sequences). In this protein a novel phosphorylation site at Ser-27 was identified, which was
decreased by 67% upon iNOS derived NO release, presumably taking part in NO-induced
relaxation of atrial cardiomyocytes.

5.5.2 CALCIUM HOMEOSTASIS DURING EXCITATION-CONTRACTION COUPLING

As schematically shown in Fig. 5.2 the action potential reaches the contractile myocytes through
gap junctions which triggers the L-type Ca2* channels (Cayl.2, or LTCC) causing a relatively small
net flux of Ca2* (Ica2+) into the cardiac myocytes.
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Figure. 5.2: Cardiac calcium signaling. Depolarization trigger L-type channel on the T-tubule membrane to introduce a
small pulse of trigger CaZ*, which than diffuse across the narrow gap of the junctional zone to activate ryanodine
receptor 2 (RYR2) to generate a Ca?* spark (Ca?*is shown as red circles). This localized Ca?* diffuses out to the
sarcomere, to activate contraction and perhaps also gene transcription. Recovery occurs as Ca?* is pumped out of the
cell by the Na*/Ca?* exchanger (NCX) or is returned to the sarcoplasmatic reticulum (SR) by sarcoplasmic CaZ*
ATPase (SERCA). SERCA acts at the non-junctional region of the SR. A proportion of Ca2+ stimulates mitochondrial
metabolism to provide ATP necessary for contraction and transcription. The SERCA pumped returning Ca2* ‘tunnels’
back to the junctional zone to be used again in the next contraction. Ca2* circulation is modulated by several factors,
for example second messengers such as cyclic AMP (cAMP) removes the inhibitory action of phospholamban (PLN), or
cyclic ADP ribose (cADPR) activates SERCA to pump Ca?* into the SR thereby increases releasable Ca?* for the next
cycle. (Figure was taken from Berridge et al., 2003)
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This increased intracellular calcium ion concentration triggers the release of a larger amount of
Ca?* from the sarcoplasmic reticulum (SR) via ryanodine receptor 2 (RyR2, or Cardiac Ca?*
release channel) in a process called Ca?*-induced Ca?" release. The cytoplasmic calcium binds to
troponin C allowing the myosin head to bind to the actin filament by moving the tropomyosin
complex off the actin binding site. Following ATP hydrolysis, the myosin head pulls the actin
filament to the centre of the sarcomere leading to muscle contraction. Between beats (diastole)
Ca?* is transported out of the cytosol allowing myofilament deactivation and relaxation.
Sarcoplasmic/endoplasmic reticulum calcium ATPase 2 (SERCA2a) pumps Ca?* into the SR or it is
transported out of the cell by the sarcolemmal Na*-Ca?* exchanger (NCX) or by plasma
membrane Ca?* ATPase.

Cardiac gap junctions are essential for conduction of the electrical impulse from one cell to the
other, which enables coordinated contraction of the heart. Connexin-43 (Cx43, or Gjal) is the
primary gap junction protein in the ventricles. The presence of Cx43 prevents post-infarct
arrhytmias by improving intercellular coupling. Transplantation of skeletal myoblasts genetically
engineered to express Cx43 into the myocardial infarct has a protective potential, suggesting
strategies for cardiac cell-based therapy. (Roell et al., 2007). Various kinases, including PKA, PKC,
p34cdc2(cyclin B kinase), casein kinase | (CKI), MAPK and Src were reported to phosphorylate
Cx43 and thereby regulate its cellular localization and channel conductance (Solan et al., 2009).
Interestingly, NO depresses Cx43 expression level after myocardial infarction (Jackson et al., 2008).

In the NO-induced heart failure model studied | found three phosphorylation sites to be
increased: Ser-305 (+149%), Ser-324 and Thr-325 (+54% both). Interestingly, Ser-305 was reported
to be fully dephosphorylated after 7 min of ischemia, whereas Ser-324 remained phosphorylated

(Axelsen et al., 2006). Ser-324 is known to be a CKI9 target, phosphorylation of which is present
only in gap junctions and may regulate gap junction assembly and influence channel permselectivity
(Cooper et al., 2002; Lampe et al., 2006; Solan et al., 2007). Thus, iNOS derived NO most likely
influenced electrical impulse conduction through connexin-43 in the heart.

L-type Ca?* channel (Cavl.2), the regulatory protein of the cardiac excitation-contraction
(E-C) coupling, contributes to the plateau phase of the cardiac action potential, have pacemaker
activity in nodal cells and modulates gene expression. Neurotransmitters and hormones can
regulate cardiac contraction through Ca?* current modulation by cAMP and cGMP dependent
phosphorylation of Cayl.2. In cardiac myocytes, PKG is able to phosphorylate &Xjc subunit of
Cavl.2 (Cacnalc) at Ser528, Ser533, and Ser1928 (Yang et al.,, 2007). In the present study, |
identified a novel phosphorylation site at Ser-1659 of isoform 2 of Cacnalc. This site, however
remained unchanged upon iNOS-induced NO-formation.

On the other hand | found decreased phosphorylation of Isoform 4 of Cavl.2 subunit -2
(Cacnb2) at Ser-470 (novel). Cacnb2 contributes to the channel activity by increasing peak
calcium current, shifts the voltage dependencies of activation and inactivation, modulates G protein
inhibition and controls the targeting of the alpha-1 subunit. Interestingly, B2. subunit is
phosphorylated by PKG at Ser-522 (rabbit, equal to Ser-463 Cacnb2 isoform 4, mouse) leading to
channel inhibition and reduced Cavl.2 current (Yang et al., 2007). In contrast, Cacnb2 is known to
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be activated by CaMKII dependent phosphorylation at Thr-498, increasing channel open probability
(Po) to dynamically increase Ca?* current (lc.) and augment cellular Ca2* signaling (Grueter et al.,
2006 and 2008). Thr-498 (isoform 2, rat is equal to Thr-467, Cacnb2 isoform 4, mouse)
phosphorylation site is only three amino acid far away form the identified novel phosphorylation
site Ser-470, therefore it could have similar way of action. Decreased phosphorylation upon iNOS
derived NO release may decrease Ca?* current into cardiac myocytes and possibly contributes to
the reduced contractility.

Interestingly, NO has been shown to have variable effects - inhibition, activation or both - on
Cayl.2 current in the heart, depending on species, age and cardiac myoglobin content. The
observed dephosphorylation may derive from NO dependent G protein-coupled receptor kinase |
(substrate motif: XX[pS/pT]E) or Casein Kinase | (substrate motif: [pS/pT]XX[S/T]) inactivation all
of which could target Ser-470.

In the myocardium, Ahnak interacts with L-type Ca?* channel subunit -2 via multipoint
attachment mediated by ahnak’s carboxyl terminal domains Cl and C2 (aa4646-5288 and aa
5262-5643)(Alvarez et al., 2004). Furthermore, 11e5236Thr mutation of the Ahnak C| domain
decrease ahnak-C|/Cay|.2-B-2 interaction, increasing cytosolic Ca?* current (Ical) by 60% (Haase
et al, 2005). Thus, ahnak-Cl/Cayl.2-B-2 interaction inactivates L-type Ca2* channel, which
inhibition is slowed down by PKA phosphorylation (Fig. 5.3.A) or by mutation at 11e5236Thr. This
changes results in blunted B-adrenergic responsiveness, triggering the fight or flight response of the
heart. Patients with cardiac hypertrophy (Schroder et al, 1998). Interestingly, ahnak protein
provides a link between Cayl.2 and the actin based cytoskeleton. (Hohaus et al., 2002). The
endogenous carboxyl-terminal 72 kDa ahnak fragment (C2) is localized to the intercalated discs

and close to the Z-line of cardiomyocytes, induces actin bundling and stabilizes muscle contraction
(Haase et al., 2004).

Ahnak can be phosphorylated by PKA and PKB (=Akt), leading to attenuated interaction and
increased lcaL. A recent report shows that Ahnak can activate PKC by dissociating the PKC-protein
phosphatase 2A complex (Lee et al.,, 2008). Phospholipase C-gammal (IP3 synthesis, leading to
contraction) can be also activated through Ahnak -mediated PKC stimulation. (Lee et al., 2004).

In this the large, propeller like protein | identified || phosphorylation sites (4 novel), of which one
was enhanced (in the head region, at Ser-116) and the other was decreased (near to the C-
terminus, within the Cl domain, at Thr-4950) phosphorylated upon iINOS derived NO release.
Although changes in phosphorylation level were slightly under the cut off score for regulation
(tendency, not significant change) they could have relevant functional effects such as decreased lcaL
(Fig. 5.3.B), altered response to B-adrenergic regulation and ahnak’s stabilizing effect on muscle
contractility could be affected.
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Fig. 5.3: A) Proposed model for sympathetic control of Ica. by ahnak/Ca?* channel binding. Under basal conditions (left
panel), &l C subunit of Cayl.2 is re-primed by strong ahnak-Cl/B2 subunit binding, resulting normal lc... Upon
sympathetic stimulation, PKA phosphorylates 32 subunit of Cay 1.2 at Ser-478 and 479, leading to attenuated ahnak-C1/
B2 binding and increased Ica.. Additionally, le5236Thr mutation have the same effect also. B) iNOS derived NO release
induced decreased phosphorylation of Ser-470 Ca,l.2-B2 subunit together with decreased phosphorylation of
Thr-4950 ahnak-Cl and increased phosphorylation at the ahnak-N-terminal region Ser-116 wich may result in a
reduced Ica. (Fig. was modified from Haase et al., 2005).

During relaxation, SERCA2A (cardiac specific isoform of SERCA, SERCAI is skeletal muscle
isoform) transports Ca?" into the SR thereby decreasing cytoplasmic calcium levels leading to
relaxation and increasing the SR Ca?* available for next contraction. Upon iNOS derived NO
release, no change was detected at the phosphorylation site Ser-663. This phosphorylation site is

known from brain and cell (HeLa, TERT20) based studies, this work provide the first evidence for
SERCAZ2a-Ser-663 phosphorylation in the heart.

Activity of SERCA2A is known to be influenced by interaction and binding partners like Cardiac
phospholamban (PLB), Histidine rich calcium binding protein (Hrc) and Calnexin precursor
(Canx). Unphosphorylated Plb protein inhibits SERCA2A activity due to binding to SERCA,
whereas PLB phosphorylation at Ser-16 by PKA or PKG or at Thr-17 by CaMKIl relieves this
inhibition. Thus, PLB is one of the important factors in the regulation of myocardial relaxation and
contractility. | could identify 77% increased phosphorylation at Thr-17 upon iINOS derived NO
release. In the presence of Ca?* and calmodulin, CaMKIl autophosphorylates itself at Thr-286
leading to kinase activation resulting in concomitant PLB-Thrl7 phosphorylation, SERCA2a
activation and Ca?* transport into the SR. Frequency-dependent increase of cardiac contractility
was shown upon PLB-Thr|7 phosphorylation (Zhao et al. 2004). In discrepancy with this finding,
Mills et al. (2006) reported that Thr-17 phosphorylation reduces cardiac adrenergic contractile
responsiveness in chronic pressure-overload induced hypertrophy. Therefore, this PLB-Thrl7
phosphorylation is possibly a part of secondary compensatory mechanisms, working against total
heart holdup induced by huge amount of NO-release by iINOS, or a part of heart failure
pathophysiology. Interestingly, PLB-Thr 17 phosphorylation and CaMKII activity vary in the different
heart failure models. As Fig. 5.4 shows, other molecules of the excitation-contraction coupling are
also CaMKIl targets.

128



5. DISCUSSION

— R

Sarcolemma

Na
L
Ca—S— PLB—®ﬁAY_. - /

Myofilaments

. —Nuclear envelope )
/}f}
. 9¢¥  @—HDAC

¥

o S
Transcription ]}

Fig. 5.4: Simple scheme of the effects of CaMKIl on excitation-contraction coupling (ECC) and excitation-transcription
coupling (ETC). CaMKII phosphorylates Ca-handling proteins such as phospholamban (PLB), SR Ca release channels
(RyR), and L-type Ca channels responsible for Ca influx (lca). In addition, Na and K channels are regulated by CaMKII.
In addition, CaMKIl may be activated by local Ca?*-release in the nucleus through IP; receptors thereby
phosphorylating HDAC leading to nuclear export and transcription (Figure was taken from Mailer et al., 2009).

This work identified furthermore a double phosphorylated PLB peptide with phosphorylation at
Ser-16 and Thr-17.This peptide showed only 20% enhanced phosphorylation upon iNOS activation.
If we take into account, that signal intensity of singly phosphorylated peptide with pThr-17 showed
77% increase, than it seems to be logic that first CaMKIl dependent phosphorylation takes place at
Thr-17 upon increased cytosolic Ca concentrations, followed by PKA phosphorylation of the
Ser-16 PLB residue. The other possible mechanism would be, that NO-release induces very fast
phosphorylation of both Ser-16 and Thr-17 residues, followed by Ser-16 dephosphorylation leading
to the 20% increased double phosphorylataed and the 77% increased single phosphorylated
peptides.To ensure this hypotheses, time resolved experiments would be necessary.

Sarcalumenin (SRL), is another important SERCA2a cofactor and Ca2*-shuttle and ion-binding
protein, locating in the lumen of the sarcoplasmic reticulum. Yoshida and his colleagues (2005)
reported an impaired Ca?* store function in sarcalumenin-deficient mice (Srl’-) due to weakened
Ca?* uptake activity (-30%) into the SR.This finding suggest, that Srl contributes to Ca?* buffering
and maintenance of Ca2* pump proteins. Furthermore, impaired Ca?* transients lead to slowed
contraction and relaxation in sarcalumenin lacking cardiac myocytes and to impaired cardiac
function in Srl’- mice. Shimura et al. (2008) showed that SRL coimmunoprecipitates and enhances
SERCA2a half-life in transfected HEK293 cells, suggesting an essential role of SRL in preserving
cardiac function under biomechanical stresses such as pressure overload. Interestingly, SRL protein
expression was found to be reduced in cardiac Duchenne muscular dystrophy fibers (Lohan et al.,
2004).

Present study shows an increased phosphorylation at Ser-442 (+60%)and at Ser-304 (+30%) of
Isoform | of Sarcalumenin (SRL) upon iNOS derived NO release. Ser-442 phosphorylation site is
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located in a G protein-coupled receptor kinase | substrate motif XX[pS/pT]E and in a Casein
Kinase Il (CKll)substrate motif (pSX[E/S/T]. Hadad et al, (1999) showed that SRL can be
phosphorylated in the endogenous SR phosphorylation system by CKII. Unfortunately, except for
an MS based study to discover novel phosphorylation sites in liver (Dai et al., 2007), there is no
information about SRL phosphorylation and its functional consequences.

Calcium binding GTPase
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Fig. 5.5: Schematic view of sarcalumenin (SRL) calcium binding protein of the sarcoplasmatic reticulum. Ser-304 and
Ser-442 are enhanced phosphorylated upon iINOS derived NO release, by 1.3 and 1.6 times respectively. Thus, NO
induce introduction of two negatively charged phosphogroups into the Srl Ca?* binding domain thereby inducing
sarcalumenins Ca?* binding properties and enhance the Ca?* storage capacity of the sarcoplasmic reticulum.

Taking into account that oxidative phosphorylation mostly changes protein conformation,
interaction and activity, the observed increased Ser-442 and Ser-304 phosphorylation sites located
in the Ca?" binding domain (aa 21-459) of the protein (Fig. 5.5), most presumably alters
sarcalumenins Ca?* binding capacity, its effect on SERCA?2a activity thus, speed of Ca?* uptake into
the SR and cardiac contractility thereby contributing to the observed experimental effects of INOS
derived NO release.

CKIl also targets an other SERCA2a cofactor, the Histidine rich Ca?* binding protein
(HRC). Hrc is located in the SR lumen where it binds Ca?* with low affinity and high capacity. At
higher Ca?* concentrations its dissociating into dimers or trimers from the original pentameric
structure (Suk et al,, 1999), possibly to increase its Ca?* binding properties. HRC overexpression
leads to increased SR Ca?* storage capacity (Kim et al., 2003), to ventricular disfunction, associated
with depressed maximal SR Ca?* uptake rates (Gregory et al., 2006). Interestingly, cardiac specific
HRC overexpression protects against ischemia/reperfusion-induced cardiac injury possibly by
inhibition of apoptotic cell death (Zhou et al., 2007). In details, decreased free SR Ca?* content and
subsequent oscillatory Ca?* release could result in attenuated cytosolic Ca2* preventing
mitochondrial Ca?* overload which in turn decrease PTP opening probability and repress
mitochondrial-mediated apoptotic and necrotic cell death.

On the other hand in mice lacking the histidine-rich calcium-binding protein showed reduced
skeletal muscle and fat mass, upregulated triadin expression and an exaggerated response to
cardiac hypertrophy induction by isoproterenol (Jaehnig et al., 2006). Furthermore, Ser96Ala HRC
variant was associated with life-threatening ventricular arrhythmias in idiopathic dilated
cardiomyopathy patients (Arvanitis et al., 2008).
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Fig. 5.6: In the SR lumen of cardiac myocytes, HRC may interact with SERCA2a and triadin (RyR2 cofactor) on a
calcium concentration dependent manner, possibly playing a critical coordinating role in cardiac SR Ca?* handling. Upon
iINOS derived NO release two phosphorylation site was found to be increased phosphorylated (red) and three other
phosphorylation site was not influenced (gray). Ser-272 is possibly a target of CKIl, an endogenous protein kinase of
the SR (modified from Arvanitis et al., 2007).

As figure 5.6 shows, HRC was described as a possible mediator between SERCA2a (Ca?* uptake
into the SR) and Ryanodine (Ca?* release into the cytosol) receptor, due to its Ca?*-dependent
direct binding to SERCA?2a and triadin (Fig. 5.6). Thus, HRC may play a critical role in coordinating
sarcoplasmic reticulum Ca?* uptake and release (Arvanitis et al., 2007). Up to date, four
phosphorylation sites of HRC were detected in large scale phosphoproteome studies, no
additional functional information is available.

In the present study | identified five HRC phosphorylation sites, four novel and one known in the
hypertrophy model iNOS*/myo”- mouse heart. NO induced phosphorylation in the Ca?* binding
domain of the protein, at Ser-272 by |.6 times and at Ser-474 residue by 1.3 times. Three further
phosphorylation sites at Ser-104, Ser-129, and Ser-572 (outside of the Ca2?* binding domain)
showed no changes under this conditions. Ser-272 is predicted to be phosphorylated by CKIl or -
adrenergic receptor kinase, alike published by Hadad et al. (1999). HRC phosphorylation can take
place if Ca?*, high concentrations of NaF and additional GTP or ATP are present, furthermore if
ryanodine binding is inhibited parallel to the phosphorylation of SRL and HRC.

Due to the additional negatively charged phosphate groups, phosphorylation may increase CaZ*
binding capacity of HRC (Fig. 5.7) and therefore may contribute to its action in the SR and as
antiapoptotic protein. Furthermore, Ca?* uptake into the SR may also positively influenced upon
NO-induced phosphorylation, leading to decreased cytosolic calcium concentrations and reduced
contractility.
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Figure 5.7: NO induced phosphorylation of histidine rich calcium binding protein in the Ca?* binding domain, at
Ser-272 and Ser474. Similar to sarcalumenin, the additional negatively charged phosphate groups most likely enhance
the positively charged calcium ion affinity capacity and thereby the SR Ca?* storage.

The ryanodine receptor (RyR2) on the sarcoplasmic reticulum (SR) regulates Ca?*
homeostasis in cardiac myocytes by releasing calcium from the sarcoplasmatic reticulum into the
cytosol. In the healthy heart, Ca?* influx and efflux is in a balance giving progressively stable Ca?*
levels in the cell and in the SR. In diastole, there is still a small SR Ca?* leak via the RyR2, which
Ca?* leakage is increased under pathological conditions in failing heart leading to reduced systolic
function by a decreased SR Ca?* content and to arrhythmogenic inward current via the sodium/
calcium exchanger (NCX), developing delayed afterdepolarizations. RyR2 can be phosphorylated by
PKG, PKA, PKC and CaM (Takasago et al., 1991, targeted amino acid is not determined). Marx et
al. (2000) has shown that RyR2 is hyperphosphorylated by PKA in failing hearts may be due to
decreased level of associated phosphates PPl and PP2A. On the other hand, PPI expression levels
were shown to be higher in failing hearts. Hyperphosphorylated RyR2 dissociates the regulatory
subunit FKBP12.6 from the channel increasing RyR2 Ca?* sensitivity leading to a RyR2 activation at
resting levels of cytosolic Ca?*. However, other groups disputed these findings. In summary, it is
unclear if PKA phosphorylation influence RyR function (Lim et al., 2008).

In failing (CMI) hearts, an enhanced Ser-2808 phosphorylation of RyR2 was reported by Xiao et al.,
2006.The calcium release channel can be phosphorylated at Ser-2808 by PKGI, PKA and CaMKII.
In the present study, | could identify a triple phosphorylated peptide RIpSQpTpSQVSIDAAHG
YSPR from this region with a phosphorylation at Ser-2808 (known), Thr-2810 (novel) and Ser-281 |
(novel). This peptide shown about 40% enhanced signal intensity (means 40% summarized
phosphorylation enhancement for all three sites) upon iNOS derived NO release, slightly under
the cut off score for regulation. Xiao and his colleagues shown an already high phosphorylation
degree for Ser-2808 in native mouse RyR under normal conditions, which could explain that
intensity changes upon activation couldn’t rich a significant level just a tendency for regulation.
Furthermore technical setup determines only summarized changes of all phosphorylation excluding
the possibility to measure site specific changes of phosphorylation dynamics. Thus, phosphopeptide
enrichment methods resulting mostly in single phosphorylated peptides is of advantage. Therefore,
titanium dioxide phosphopeptide enrichment method was preferred over immobilized metal
affinity chromatography (IMAC), which result multiple phosphorylated peptides in a higher rate.
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Fig. 5.8: The Ryanodine receptor 2 (RYR2) Ca?*-release complex in cardiac cells. Various proteins modulate channel
opening potential, like the Ca?* binding protein calsequestrin (CSQ) and possibly the histidine rich calcium binding
protein (HRC). Interaction between RYR2 and CSQ is facilitated by the transmembrane proteins triadin and junctin,
between RYR2 and HRC only by tiradin. RYR2 can be reversible phosphorylated by PKA (attached through the A
kinase anchoring protein (AKAP)) and dephosphorylated by protein phosphatase 2A (PP2A) (attached through the
isoleucine-zipper-binding scaffolding protein (PR130)), and by protein phosphatase | (PPIl) (attached through
spinophilin (SP)). RYR2 is also modulated by calmodulin (CaM) and by FK506-binding protein 12.6 (FKBP12.6). iNOS
derived NO induced phosphorylation of RYR2, HRC and dephosphorylation of PP2A (Figure was modified from
Berridge et al., 2003).

In summary, enhanced RyR2 phosphorylation at Ser-2808, at Thr-2810 and at Ser-2811 upon iNOS
derived NO release could possibly contribute to the hyperphosphorylated “leaky channel”
syndrome, leading to cardiac disfunction obtained in heart failure (Fig. 5.8).

Interestingly, whereas RyR2 phosphorylation increased about 40%, B56 delta subunit of
protein phosphatase 2A (PP2A) was dephosphorylated about 60% at the novel
phosphorylation site Thr-34. PP2A can build a macromolecular complex with RyR2 and other
proteins (Fig. 5.7), therefore dephosphorylation of the PP2A regulatory subunit B56 delta may
inhibit its phosphatase activity leading to an increased RyR2 phosphorylation. Similarly, it was
already reported, that PKA activates PP2A B56 delta by phosphorylation at Ser-566 (Ahn et al,,
2007).

5.5.3 NO-TARGETED CONTRACTILE PROTEINS

As shown in Fig. 5.9, during the contraction/relaxation cycle Ca2* binds to troponin C resulting in

the conformational change in troponin, which in turn, releases &-tropomyosin from its position and
thereby uncovers the actin myosin binding site.
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Fig. 5.9: Structural and motor proteins of cardiac contraction. Integrins transduce mechanical stimuli to the sarcomeric
Z-disc where calsarcin |, muscle lim protein (MLP or CSRP3) and titin cap (T-cap) are localized. This proteins
interacting with O-actinin, titin, actin and other proteins to couple the input from the integrin to the contractile
filaments. Ca2+ - troponin C interaction allows myosin head to bind actin, forming the force-generating crossbridges.
Regulatory proteins of the thin filament, like troponin T, troponin C, troponin | and myosin binding protein C as well as
titin can be regulated by phosphorylation/dephosphorylation. For example, PDE5 regulated cGMP pools activate PKG,
reducing myofilament Ca2+ sensitivity resulting in depressed contraction. In the failing heart titin phosphorylations was
shown to cause contractile disfunction. (from Mudd et al., 2008).

Once the head region of myosin heavy chain (MHC) is properly attached to the actin subunit,
bound inorganic phosphate (P)) is released. This strengthens the binding of MHC to actin and
triggers the formation of force-generating crossbridges which moves the actin filament and leads
to sarcomere shortening. ADP than dissociates and ATP binds to the anti nucleotide binding site
causing the myosin head to detach from the actin filament. On the detached head ATP is
hydrolyzed, and the resulting energy is used to move the myosin head conformation back into the
prestroke state. This contractile cycle is repeated as long as Ca?* and ATP are present. When Ca?*
is pumped back into the sarcoplasmic reticulum (SR), the tropomyosin conformation changes into
its previous state, thereby blocking the myosin binding sites of actin, finally leading to muscle
relaxation.

The phosphorylation state of the following proteins was found to be altered in the NO-induced
heart failure model:

®x-MHC (Myosin-6, Myh6) and its isoform B-MHC (Myosin-7, Myh7) display an almost
identical (93%) amino acid sequence. Muscle myosin is a hexameric protein that consists of 2 heavy
chain subunits (MHC), 2 alkali light chain subunits (MLC) and 2 regulatory light chain subunits
(MLC-2). Normally, x-MHC is the protein predominantly expressed in adult mouse hearts, while 8-
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MHC is observable only in distinct heart areas such as at the tip of papillary muscles and at the
base close to the valvular annulus (Krenz et al, 2007). In the human heart, B-MHC is
predominantly expressed (93%) which reaches 100% in heart failure patients. Interestingly, -MHC
has a lower actomyosin ATPase activity and a lower actin filament sliding velocity, however, energy

consumption is more economical. ®-MHC is an actin based ATPase motor activity supports
movement toward the (-) end of actin (Fig. 5.10).
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Fig. 5.10: ATP-driven Myosin heavy chain (Myh6) movement on actin. First, calcium binds to the troponin complex
allowing myosin to bind actin followed by ATP hydrolysis providing energy for force transduction by Myhé. Novel Myhé
phosphorylations may regulate its contractile function upon iINOS derived NO.

Already in 2000, contractile and cytoskeletal proteins have been proposed to be NO/cGMP/PKG
dependent targets (Lucas et al., 2000). In present study | was able to show that iNOS derived NO
release increases the phosphorylation of X-MHC at Thr-379 by 44%. This site is localized in the
second myosin head domain, which is situated close to the actin-binding interface of the myosin
head. Therefore, Thr-379 phosphorylation might influence actin binding, modulate actin-activated
ATPase activity and thereby could play an important role in the actin filament based movement. An
other novel phosphorylation site is at Ser-1301 (tail region) which was enhanced by 47%. While
Thr-379 cold be phosphorylated by G protein-coupled receptor kinase |, Ser-1301 may be the
substrate of the DNA dependent protein kinase, the ATM kinase (ATM: Ataxia telangiectasia
mutated) or Casein kinase | and Il.

On the other hand, | have found NO-induced dephosphorylation of Myosin-6 at the novel
phosphorylation sites Tyr-1349 (- 54%), Ser-1467 (- 54%) and Tyr-1261 (- 44%) in the C-terminal
tail region. This region is required for the interaction of X=MHC with other proteins. Tyr-1349 is a
predicted target of Syk and Src kinase, and SHP| phosphatase; Ser-1467 is a predicted target of
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Casein kinase | and Il, f-Adrenergic Receptor kinase, G protein-coupled receptor kinase | and
ATM kinase; Tyr-126 1 may be phosphorylated by EGFR kinase and TC-PTP phosphatase.

This study provides the first evidence that there are 21 phosphorylation sites in cardiac x-MHC,
of five sites are linked to NO-induced changes of phosphorylation. These findings suggest that
these sites my play a role in the regulating myocardial contractile function.

Interestingly, a recent paper showed regulator effects O-linked modification of ®x=MHC serine and
threonine residues by beta-N-acetyl-D-glucosamine (Ramirez-Correa et al., 2008).

Figure 5.11. Myosin binding protein C (green) binds to myosin heavy chain (MHC, blue) near to the myosin head and
the regulatory myosin light chain (MLC, violet). iINOS derived NO release leads to an enhanced myosin binding protein
C phosphorylation (orange) at Ser-273 by PKA and PKC which may prevent MHC neck-binding and protects from
ischemic injury. Near to the myosin head binding site an additional novel phosphorylation site was identified with
enhanced phosphorylation (1.9 times), which may contribute to the negative inotropic effects of NO. Further six
phosphorylation sites (grey) were not altered in the NO-induced decreased contractile force..

The thick filament protein myosin binding protein-C (MYPC3) has both structural and
regulatory functions. Mutations of the cardiac MYPC3 gene were associated with familiar
hypertrophic cardiomyopathy. MYPC3 mechanically stabilizes the actomyosin cross-bridge post
power stroke state, thereby maintaining ejection phase duration and building an energy-consuming
viscous load which inhibits premature LV relaxation (Palmer et al., 2004). MYPC3 phosphorylation
(at the PKA and PKC targeted Ser-273, Ser-282 and Ser 302) was reported to be decreased during
the development of heart failure or hypertrophy. Therefore MYPC3 phosphorylation is essential for
normal cardiac function (Sadayappan et al., 2006). It was also reported, that phosphorylation
accelerates the kinetics of force development (Stelzer et al.,2007) and can protect the myocardium
from ischemic injury (Sadayappan et al., 2006).

In the present study | found enhanced phosphorylation of MYPC3 at Ser-72 (+90%) and at Ser-273
(3.5 times). Ser-72 is located near to the myosin head, therefore its phosphorylation may influence
cardiac contractility. According to the PhosphoMotif Finder of the human protein reference
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database (Amarchy et al, 2007, http://www.hprd.org/PhosphoMotif finder), numerous kinases such
as calmodulin dependent protein kinase Il, PKA, GSK-3, ERKI, ERK2, CDKS5, pyruvate
dehydrogenase kinase and casein kinase |l could be responsible for the phosphorylation of Ser-72
(Table 5.2).

Position in Sequence in Corresponding motif Features of motif described in the literature
query protein | query protein described in the literature
(phosphorvilated residues in red)

69 -72 RDAS RXXpS Calmodulin-dependent protein kinase II substrate motif
69 - 72 RDAS RXXpS PKA kinase substrate motif
69 -72 RDAS RXX[pS/pT] Calmedulin-dependent protein kinase II substrate motif
69 - 72 RDAS [R/KIXX[pS/pT] PKC kinase substrate motif
70-73 DASP XXpSP GSK-3, ERK1, ERK2, CDK5 substrate motif
71-73 ASP X[pS/pTIP GSK-3, ERK1, ERK2, CDK5 substrate motif
71-77 ASPDDQG XpSXXDXX Pyruvate dehydrogenase kinase substrate motif
72-73 sSp pSP ERK1, ERKZ2 Kinase substrate motif
72-75 SPDD pSXX[E/D] Casein kinase II substrate motif
72 -75 SPDD [pS/pTIXX[E/D] Casein Kinase 11 substrate motif
72-75 SPDD [pS/pTIXX[E/D/pS* fpY*] Casein Kinase II substrate motif
72-75 SPDD [pS/pTIXX[E/D] Casein Kinase 11 substrate motif

Table 5.2: Kinase prediction for the novel phosphorylation site Ser-72 of Mypc3 based on phosphorylation motifs using
PhosphoMotif Finder.

Ser-273, on the other hand, is located at a myosin- binding interface and can be phosphorylated by
PKA and PKC. Mimiced phosphorylation at Ser-273, Ser-282 and Ser-302 (all together) prevents
MYPC3-MHC interaction, thereby protecting hearts from ischemia-reperfusion injury. Therefore,
the measured increased phosphorylation at Ser-273 already after | minute of NO-formation by
iNOS may have contributed to the cardioprotective effects of nitric oxide. This site is predicted to
be phosphorylated by PKA, PKC, PAK2, PKC epsilon, Casein kinase | and Il, and by Calmodulin
dependent protein kinase Il.

Titin is the largest known protein, consisting of 35,213 amino acids. Titin connects the Z-disc
(titin N-terminal with actin) to the A-band (titin C-terminal with myosin) in the sarcomere and
plays an important role in contraction and elasticity of the muscle. For example, upon stretch some
of titin’s 300 globular protein domains can unfold in a one-by-one fashion, permitting titin to retain
its elastic properties over a very wide length range.The first unfolding region, called PEVK is rich in
proline, glutamate, valine and lysine. Interestingly, myosin binding to the titin C-terminal at the A-
band has kinase activity, which may contribute to the numerous identified novel myosin
phosphorylation sites. Furthermore, titin can interact with many sarcomeric proteins, including
myosin binding protein C at the region of the M line. Mutations at this site have been reported to
be associated with familiar hypertrophic cardiomyopathy.

Recently it was shown that PKA and PKG-mediated phosphorylation at Ser-469 reduces titin-
based stiffness, thereby improving diastolic function of the heart. In addition, left ventricular tissue
of human hearts with end-stage DCM displays a lower titin phosphorylation rate compared with
healthy donors (Kriiger et al., 2009).
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Fig. 5.12: Muscle sarcomere and Titin structure. Identified phosphorylation sites in NO-induced decrease in
contractility are included. Orange: dephosphorylated sites; Green: unchanged phosphorylation sites (modified from
www.ks.uiuc.edu/Research/ zI|z2/TITIN-OVERVIEW,jpg).

In the present study | found a decrease in titin (N2A or isoform |) phosphorylation at Ser-814 by
50%, This site is located between the 6th Z-repeat region and the 3rd Ig-like domain (Fig. 5.12).
(Identified peptide is also present in other titin isoforms.) As shown in Table. 5.3 there are
numerous predicted kinases all of which may regulate titin phosphorylation at Ser-814. This
provides a rich tableau of regulatory possibilities.

809 - 814 RPRTAS RXRXX[pS/pT] Akt kinase substrate motif

809 - 814 RPRTAS [R/KIX[R/KI[S/TIXpS Akt kinase substrate motif

809 - 814 RPRTAS [R/KIXRXXpS MAPKAPK1 kinase substrate motif

811 -814 RTAS RXXpS Calmedulin-dependent protein kinase II substrate motif
811 -814 RTAS RXXpS PKA kinase substrate motif

812 - B15 TASP XXpSP GSK-3, ERK1, ERK2, CDK5 substrate motif
813 - B15 ASP X[pS/pTIP GSK-3, ERK1, ERK2, CDK5 substrate motif
813 - 818 ASPHFT XIpS/pT]XXX[A/P/S/T] G protein-coupled receptor kinase 1 substrate motif
814 - 815 =1 pSP ERK1, ERKZ2 Kinase substrate motif

814 - 818 SPHFT pSXXX[pS/pT] MAPKAPKZ kinase substrate motif

814 - 818 SPHFT pSPXX[pS* fpT*] Casein Kinase I substrate motif

814 - 819 SPHFTY [pS/pT XXX [S/TIIM/LATIF] Casein Kinase I substrate motif

Table. 5.3: Predicted kinases for phosphorylation site Ser-814 of titin isoform | according to Phosphomotif finder.

| was able to identify three additional phosphorylation sites, one at Ser-2078 located between the
9.and 10. Ig-like domain at the N-terminus and two novel phosphorylation sites at Thr-34481 and
Thr-34488, which are located close to the C-terminal regulatory tail between the 15.TPR repeat
and the [4l. Ig-like domain. Interestingly, Thr-34488 was found to be dephosphorylated (-35%)
when endogenous NO-formation was enhanced. Thr-34488 dephosphorylation may influence titin
kinase activity, which requires both Tyr-33203 phosphorylation and Ca?*/calmodulin binding to the
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C-terminal regulatory tail, resulting in unblocked catalytic aspartate residue and ATP binding,
respectively.

5.5.4 MITOCHONDRIAL RESPIRATION

The components of the electron transport chain, summarized in Fig. 5.13, are: NADH-coenzyme Q
reductase (complex l), succinate-coenzyme Q reductase (complex ll), coenzyme Q-cytochrome c
reductase (complex lll), cytochrome c oxidase (complex V) and ATP synthase.
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Figure 5.13: Mitochondrial electron transport chain. LIl lll, IV: protein complexes of the electron-transport chain; Cyt c:

cytochrome c; FADH2: Flavin-adenine dinucleotide (reduced); NADH: nicotinamide-adenine dinucleotide (reduced); Q:
ubiquinone; VDAC: voltage-dependent anion channel; ANT: adenosine nucleotide translocator; membrane potential is
indicated by a voltmeter (from Moncada et al.; 2002).

Complex I-IV pump protons out of the mitochondrial matrix, generating the membrane potential
(A¥Ym~150-180mV) and a pH gradient. This proton-motive force than drives the ATP synthesis,
which is the main pathway for the return of protons into the matrix. Fuel of the process is
provided by glycolysis, TCA cycle and fatty acid oxidation in form of electrons carried by NADH
and FADH>. This process generates 34 molecules of ATP from each glucose, and serves as the main
energy source for cardiac contraction. Normally there is an equilibrium between energy consuming
(contraction) and energy generating reactions in the heart. The regulation of mitochondrial
respiration is therefore important to match the energy requirements.

NO is known to inhibit cytochrome oxidase potently and reversibly by binding to its heme centers
(Fig.5.14).This, in turn, leads to drop in the electron flux and in proton transfer. Resulting fall in the
membrane potential, proton leak closure and reversal of the ATP synthase.Thus, ATP synthase now
hydrolyses cytoplasmic ATP and extrudes protons, thereby restoring membrane potential and
proton leak. In this state, increased glycolysis rates are necessary to ensure sufficient ATP supply to
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feed ATPase (see more in chapter 5.4.5). These changes lead to a slight hyperpolarization of the
inner mitochondrial membrane which favors superoxide anion generation by complex | and Il of
the electron transport chain (increased reduction state). Superoxide anions induce superoxide
dismutase (SOD) to convert Oz to hydrogen peroxide (H203). Enhanced NO and O3 generation
results in a depletion of the glutathione pool and ONOO- formation. Which in turn, induce the
permeability transition pore, resulting in collapse of the membrane potential, swelling, outer
mitochondrial membrane rupture, release of mitochondrial pro-apoptotic factors and cell death.
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Figure 5.14: NO-inhibits complex IV, uncouples the electron transport of the mitochondrial respiratory chain
complexes |, Il and Il and thereby induces superoxide (O2) production. Superoxide can be converted into the
hydrogen peroxide by superoxide dismutase (SOD). In this state, ATP synthase works reversely trying to restore the
normal membrane potential by pumping H* into the intermembrane space by using ATP produced by glucose
metabolism. At higher and prolonged concentrations of NO and at reduced glutathione pool NO and Oz form
peroxynitrite (ONOQO") which in turn reacts with the surrounding proteins by nitration and S-nitrosilation. ONOO-
and maybe NO itself can cause direct induction of the mitochondrial permeability transition pore (PTP) which leads to
mitochondrial depolarization, swelling, membrane rupture and apoptosis. ANT: adenosine nucleotide translocator; Cyt
c: cytochrome ¢; FADH2: flavin-adenine dinucleotide (reduced); NADH: nicotinamide-adenine dinucleotide (reduced);
Q: ubiquinone; VDAC: voltage-dependent anion channel; I, Il, Ill and IV refer to the protein complexes of the electron-
transport chain. (Figure was modified from Moncada et al.; 2002).

In the present study | have found the following mitochondrial phosphoproteins:

Electron transfer flavoprotein subunit alpha, mitochondrial precursor (ETF)
serves as a specific electron acceptor for several dehydrogenases and transfers electrons to the
main mitochondrial respiratory chain via ETF-ubiquinone oxidoreductase (Q in Fig. 5.13). In the
present study a novel phosphorylation site of ETF at Ser-191 was identified. Phosphorylation of
Ser-191, however; was not altered after enhanced NO formation.

The mitochondrial respiratory complex | (NADH-coenzyme Q reductase) is composed from 45
subunits and transfers electrons from NADH to the respiratory chain, thereby serving as a link
between glycolysis, the TCA cycle, fatty acid oxidation, and the electron transport chain.
Interestingly, the mitochondrial respiratory complex | is well known to be inhibited by NO, most
probably mediated by peroxynitrite induced S-nitrosylation and nitration. Peroxynitrite is formed in
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the reaction of nitric oxide and superoxide, which is produced mainly by the mitochondrial
respiratory chain complexes | and Ill. However oxygen normally serves as the ultimate electron
acceptor and is reduced to water, NO induced electron leak to oxygen results in superoxide anion
generation. Therefore, NO started process is self-supporting and leads to huge amount of
peroxynitrite generation, DNA damage, apoptosis or necrosis. Further post translational
modifications of complex | include oxidation, glutathionylation and phosphorylation known to play
important regulatory roles. Pyruvate dehydrogenase kinase (PDH kinase) and PKA-driven
phosphorylation of a few subunits of complex | have been reported. Phosphorylation can regulate
electron flow through complex | and the production of oxygen free radicals (Raha et al., 2002). For
example, under increased energy requirements phosphorylation of NADH dehydrogenase
(ubiquinone) Fe-S protein 4 (Ndufs4) by PKA promotes the NADH-ubiquinone oxidoreductase
activity of complex | and lower the cellular level of ROS (Piccoli et al., 2006; Papa et al., 2008). In
contrast, during starvation PDH kinase phosphorylates complex | possibly at Ndusb7 subunit and
thereby decrease enzyme activity and increase superoxide production (Raha et al., 2002).

Phosphorylation of NADH dehydrogenase | [ubiquinone] alpha subcomplex
subunit 7 (Ndufa7) was found to be increased 1.93 fold at a novel phosphorylation site Ser-84

(Fig 5.14). According to phosphomotif finder, Ndufa7-Ser84 can be phosphorylated by PKA, B-
Adrenergic receptor kinase or G protein coupled receptor kinase |.iNOS derived NO induced
Ndufa7-Ser84 phosphorylation may contribute to the inhibition of the mitochondrial respiratory
complex | and increase superoxide production. Oxidative and nitrosative stress result than in
decreased ATP synthesis, reduced contractility and possibly apoptosis and necrosis.

Cytochrome c oxidase subunit Vb (COX5B), a subunit of the terminal oxidase of the
mitochondrial electron transport (complex IV), was found to be dephosphorylated after SNAP
(NO-donor) perfusion in isolated Myo/- mouse heart. (In 2D-PAGE based analysis as described in
chapter 5.1. Unfortunately, gel free experiments were unable to find COX5B derived
phosphorylated peptides.) Observed COX5B dephosphorylation may contribute to the known
NO induced cytochrome c oxidase inhibition, leading to superoxide leakage from the electron
transport chain (Fig 5.14).

Superoxide dismutase [Cu-Zn] (Sodl) converts the toxic superoxide radical into the
hydrogen peroxide (H207), serving as an alternative process for nitric oxide mediated
peroxynitrite formation and nitrosative stress.

Interestingly, | found Sod| to be slightly (-30%) dephosphorylated at the known phosphorylation
site Ser-99 (Fig. 5.14). Function of this phosphorylation site is not yet to be uncovered. According
to PhosphoMotif Finder, Sod|-Ser99 is postulated to be phosphorylated by casein kinase Il and
pyruvate dehydrogenase kinase. Protein phosphatase 2B is a Sod| binding partner (Agbas et al,,
2007) therefore it is possibly responsible for the observed dephosphorylation after iINOS
activation. Since large amount of iINOS derived NO leads most probably to increased superoxide
and H20; levels and Sod| can be activated by superoxide and H,O» (Inarrea et al., 2007). Thus, the
observed dephosphorylation may contribute to increased Sodl| activity and be involved in the
cardioprotective effects of NO.
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Figure 5.14: Inhibition of cytochrome oxidase by nitric oxide (NO) reduces the electron transport chain and thereby
favors the formation of superoxide anions (O2™) by complex | and Ill of the electron transport chain. Superoxide
dismutase (SOD) converts superoxide anions into hydrogen peroxide (H202), which can activate mechanisms leading
to cell protection of death, depending on its concentration. On the other hand, if SOD is impaired or saturated with
higher amount of superoxide anion, peroxynitrite (ONOO") can be formed in the reaction with NO, resulting in
macromolecular damage and cell death. In present study | could show (in red and blue), that iNOS derived NO induces
dephosphorylation of SOD| at Ser-99 (1.3 times) and of ATP synthase subunit & at Ser-52 (1.54 times). Additionally an
enhanced phosphorylation of NADH dehydrogenase (complex I) o subcomlex, subunit 7 (Ndufa7) at Ser-84 (1.9
times) was found. Furthermore, compared to NOS inhibition with ETU, cytochrome ¢ oxidase (complex IV) subunitVb
(COX5B) was found to be dephosphorylated upon | minute SNAP activation. This data provides the first evidence of
NO induced phosphorylation/dephosphorylation events on the mitochondrial respiratory chain, which may play an
important regulatory role beside protein S-nitrosylation, nitration and simple inhibition by NO binding to the heme
catalytic core.

ATP synthase subunit alpha, mitochondrial (Atp5al), the regulatory subunit of the
mitochondrial respiration complex V, produces ATP from ADP in the presence of a proton
gradient across the membrane.

In the present study | found the novel phosphorylation of Atp5al at Ser-52 to be decrease by 54%,
when NO-production was enhanced. Phosphorylation at this site may influence regulatory subunit
conformation, and thereby ATP synthase activity. Thus, Ser-52 phosphorylation may contribute to
the NO-induced inhibition of the mitochondrial respiration.

5.5.5 GLYCOLYSIS AND PYRUVATE METABOLISM

NO-induced inhibition of the mitochondrial respiratory chain has been shown to lead to an
induction of the glycolytic pathway (Almeida, et al., 2004; Cicad et al., 2004), to ensure sufficient
amount of ATP supply for complex V of the mitochondrial respiratory chain (Fig. 5.14). In the
following a few NO regulated enzyme of glycolysis and pyruvate metabolism will be discussed.
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Phosphoglucomutase-1 (PGMI), is an important regulatory enzyme in cellular glucose
utilization and energy homeostasis, It participates in both the breakdown and synthesis of glucose
by interconversion of alpha-D-glucose |-phosphate (Glc-1P) and alpha-D-glucose 6-phosphate
(Glc-6P) (Fig. 5.17), resulting in an equilibrium of about 95% Glc-6P.The catalytic center of GPMI is
known to be phosphorylated at a serine residue which activates the enzyme (phosphorylated
amino acid residue is not known). Furthermore, PGMI can be activated by p21-activated kinase |
(Pakl) induced phosphorylation at Thr-466 (Gururaj et al., 2004).

The present study shows an enhanced phosphorylation at Ser-117 (+40%) Whether this
phosphorylation site may serve as a molecular switch between NO induced glucose synthesis and
breakdown remains to be determined.

As shown in Fig. 5.17, another glycolytic enzyme, fructose-bisphosphate aldolase A
(ALDOA) catalyses the conversion of D-fructose |,6-bisphosphate to dihydroxyacetone
phosphate and D-glyceraldehyde 3-phosphate. Phosphorylation of ALDOA at Ser-39 was found to
be enhanced [.4 fold. This phosphorylation site is known from brain and tumor based
phosphoproteome studies, however its function is still unclear. Therefore, phosphorylation of
Ser-39 may play an important regulatory role, providing a target of NO-induced enzyme activation
by phosphorylation.
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Fig. 5.17: First steps of glycolysis and glycogenolysis (catabolism of glycogen). Enzymes of key metabolic trafficking
points are shown in red, because they were found to be regulated upon iNOS derived NO release.
Phosphoglucomutase-1 Ser-117 and fructose-bisphosphate aldolase Ser-39 showed a 1.4 times enhanced
phosphorylation after one minute NO activation. Additionally, acylphosphatase, which catabolize an intermediate of
glycerinaldehyde-3-phosphate dehydrogenase is dephosphorylated at Ser-56 by 1.4 times after NO activation. It is still
remain to explore, if NO-regulated phosphorylation sites have enzyme activator or inhibitory effects.
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Acylphosphatase (Acyp2, EC 3.6.1.7) is an enzyme of the glucose and pyruvate metabolism,
which can hydrolyze the phosphoenzyme intermediate acylphosphate to carboxylate and
phosphate (Fig. 5.17). Acylphosphates (R-COO-PO3") are produced by different membrane pumps,
for example by the Ca?*/Mg?*-ATPase of the sarcoplasmic reticulum. Furthermore, acylphosphate is
a product of pyruvate oxidase (from pyruvate), phosphate acetyltransferase (from acetyl-CoA) and
an intermediate product of glycerynaldehyde-3-phosphate dehydrogenase (from glyceraldehyde 3-
phosphate) as well (As shown in Fig. 5.17). Interestingly, acylphosphate has a higher potential to
transfer the phosphate group to an other molecule, than ATP. Therefore, its hydrolysis by Acyp2
breakdown phosphorylation reactions of acylphosphate. Up to date, there is no post translational
modification described for Acyp2.

In the present study | have identified a novel Acyp phosphorylation site at Ser-56 which was
upregulated |1.43 fold when NO-formation was enhanced. Therefore, this newly discovered novel
phosphorylation site may play a role in the NO-dependent regulation of acylphosphate hydrolysis.

Pyruvate dehydrogenase (PDH) catalyzes the overall conversion of pyruvate (a product of
glycolysis in the cytosol) to acetyl-CoA (rate limiting substrate of the Szent-Gyorgyi-Krebs or TCA
cycle) to NADH (fuel of mitochondrial respiration) and CO; (Fig. 5.18). PDH regulation is crucial
in determining the relative contribution of glucose oxidation to energy production. EI
component of the alpha subunit of Mitochondrial pyruvate dehydrogenase
(Pdhal) is a regulatory subunit of PDH and its phosphorylation by pyruvate dehydrogenase
kinase is known to lead to enzyme inhibition (Korotchkina et al., 2001) .

As depicted in Fig 5.18 the enhanced cardiac NO-formation results in the decreased
phosphorylation of PDH at Ser-232 (-30%) which enhances enzyme activity. Thus, acetyl-CoA, the
rate limiting substrate of the Szent-Gyorgyi-Krebs cycle (TCA cycle), is possibly produced in higher
amounts, leading to a faster TCA cycle rate. Furthermore, the produced NADH serves as a fuel of
mitochondrial respiration, the supply of which could also be improved upon NO stimulation.

ATP citrate lyase (Acly) is a homotetramer that catalyzes the formation of acetyl-CoA and
oxaloacetate in the cytosol, which is the key step for the biosynthesis of fatty acids, cholesterol and
acetylcholine, as well as for glucogenesis (Fig. 5.18). Acly is phosphorylated by GSK-3 on Thr-446
and on Ser-450 and Ser-455 by PKA and Akt. Phosphorylation on Ser-455 abolishes the
homotropic allosteric regulation (activation of protein by an effector molecule at a site, which
differ from protein’s active site) by citrate and enhances the catalytic activity of the enzyme
(Potapova et al., 2000).

In the present study NO increased the phosphorylation of Acly at Ser-455 by 60 %, which to all
likelihood enhanced the catalytic activity of this enzyme. Bauer et al. (2005) reported that Acly
knockdown cells (in growing hematopoietic cells) display impaired glucose-dependent lipid
synthesis, elevation of mitochondrial membrane potential and decreased cytokine-stimulated cell
proliferation. Therefore, NO-induced increased Acyl activity may lead to cardiac hypertrophy in
iINOS overexpressing, myoglobin deficient double transgenic mouse hearts. Furthermore,
decreased mitochondrial membrane potential could depress ATP synthesis by complex V of the
mitochondrial respiratory chain, leading to impaired cardiac energetics and reduced contractility.
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Figure 5.18: Figure 5.13: Citrate-malate-pyruvate shuttle in the cell. NO activation resulted in the acetyl-CoA producing
pyruvate dehydrogenase dephosphorylation at Ser-232. Thereby NO enhances enzyme activity and production of the
TCA cycle’s rate limiting substrate. On the other hand, NO enhances ATP citrate lyase phosphorylation at Ser-455 and
thereby activates the enzyme. Thus, changes in the phosphorylation state of key-enzymes by NO enhances metabolic
activity and ensures sufficient supply of glycolytic ATP to fuel the reversal working mitochondrial ATPase under
nitrosative stress.

Taken together, chapter 5.4.4 and 5.4.5 provides clear evidence for iINOS derived NO induced
changes in the phosphorylation state of proteins of mitochondrial respiration, glycolysis and
pyruvate metabolism.The function of most of the modulated phosphorylation sites are not known,
but dephosphorylation of pyruvate dehydrogenase at Ser-232 and phosphorylation of ATP-citrate
lyase at Ser-455 enhances catalytic activity of the enzymes.This novel information fit well to already
published data by Almeida et al., (2004) and Cicad et al. (2004), where NO-induced inhibition of
cytochrome c oxidase and the mitochondrial respiratory chain was found to induce the glycolytic
pathway, to compensate decreased respiratory ATP production and protect cells from apoptosis.
This processes are mediated by the energy charge-sensitive AMP-activated protein kinase (AMPK),
resulting in induced GLUT3 mediated glucose uptake and activation of 6-phosphofructo-2-kinase/
fructose-2,6-bis-phosphatase (PFK2). Similar processes, such as AMPK mediated PFK2-Ser466
phosphorylation and enzyme activation were described in the heart in response to ischemia
(Marsin et al., 2000).
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Figure 5.19: NO-induced downstream processes led on one hand to reduced cardiac contractile force and decreased
ATP consumption, on the other hand to inhibited cytochrome C oxidase and mitochondrial respiration, thus reduced
ATP production. Increased AMP/ATP (by 42.72%) and ADP/ATP (by 17.27%) level induces AMP kinase which in turn
activates PFK2 and possibly other glycolytic enzymes like fructose-bisphosphate-aldolase and phosphoglucomutase-|.
NO activated furthermore enzymes of pyruvate metabolisms like pyruvate-dehydrogenase and ATP-citrate lyase
mediated by phosphorylation or dephosphorylation. In summary, there is a decreased cardiac energy (phosphocreatine
-11.34%, ATP -3.34%) pool due to the still huge needs of contraction (I ATP/myosin/contraction, decreased by 30%)
and slightly inhibited mitochondrial respiration and ATP production (28-34 ATP/glucose depending on cellular
condition) in opposite to the small compensatory mechanism of activated glycolytic (2 ATP/glucose) and pyruvate
metabolic (rate limited step of the TCA cycle, 2 ATP/glucose) processes. Additional anaerobic ATP production from
ADP and phosphocreatine (pCr) is implied by the decreased pCr pool (-11.34%)

Interestingly, phosphorylation of 5-AMP-activated protein kinase subunit beta-2
(AMPK-B2) was found to be decreased at Ser-38 (-37%) after NO stimulation. Under this
conditions, AMP/ATP level was measured to be increased by 42.72% and ADP/ATP by 17.27%
(Godecke et al., 2003), both of which activate AMPK. pSer-38 is known from phosphoproteome
studies (Dephoure et al., 2008; Daub et al., 2008) but its function is remains to be explored.

5.5.6 TRANSCRIPTIONAL REGULATION FROM THE VIEW OF NO SIGNALING

The study was performed on a failing heart with cardiac hypertrophy. It is therefore not surprising
that | have found changes in the phosphorylation pattern of various proteins active in
transcriptional regulation.
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Histone deacetylase 4 (HDAC4) acts by deacetylating lysine residues at the N-terminal part
of core histones H2A, H2B, H3 and H4. Histones are chief protein components of chromatin, and
act as spools around DNA winds. Therefore its regulation by HDAC4 plays an important role in
transcriptional control, cell cycle progression and developmental events. Backs and his colleges
(2006) reported, that phosphorylation of HDAC4 by CaMKIl results in hypertrophic growth in
cardiac myocytes by reactivation of the fetal gene expression program.This process can be blocked
by a signal-resistant HDAC4 mutant.

In the present work, Isoform | of Histone deacetylase 4 (HDAC4) was found to be enhanced
phosphorylated by 1.8 times at Ser-562, after one minute of NO stimulation.

Interestingly, HDAC4 region 529-657, locating around the NO regulated phosphorylation site
Ser-562 has been shown to be CaMKlIl-responsive. Additionally, Little at al. (2007) reported
HDAC4 Ser-210 residue as a special target of delta B isoform of calcium/calmodulin-dependent
protein kinase Il (CaMKlldeltaB). Unfortunately, the authors did not examine CaMKIl effects on
Ser-562 residue. For this site NetPhosK (http://www.cbs.dtu.dk/services/NetPhosK/ ) predicts CKII
(Casein kinase Il) as the most presumptive responsible kinase, although the shown CaMKII
phosphorylation sites at Ser-467 and Ser-632 of HDAC4 are also predicted for other kinases, for
PKA and for RSK, respectively. The phosphomotif finder; a more recent kinase/phosphatase motif
prediction program, predicts that Casein kinase Il (CK2), G protein-coupled receptor kinase | and

B-Adrenergic Receptor kinase could be responsible for Ser-562 phosphorylation. The known
CaMKIl target site Ser-632 is predicted to be phosphorylated by Casein kinase | and Il, and by G
protein-coupled receptor kinase |, whereas which is likely to the other known CaMKIl target site
Ser-467 there is no matching kinase. This search indicates the limitations of current kinase
prediction programs based on known and predicted kinase substrate motifs.

Taking together, INOS derived NO induced phosphorylation at Ser-562, which is mediated most
likely by CK2 or CaMKIl kinase and plays a role in the pathophysiology of hypertrophic gene
expression processes in iINOS*/myo” mouse heart (Fig. 5.19).
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Figure 5.19: NO-induced phosphorylation at Ser-562 (red) on a background of known kinases and phosphorylation
sites of Hdac4 (modified from Yang & Seto, 2008).
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Isoform 2 of Glucocorticoid receptor (Nr3cl) is a transcription factor that binds
glucocorticoid response elements as a modulator of other transcription factors. Furthermore, it
affects inflammatory responses, cellular proliferation and differentiation and acts as a coactivator of
STAT5-dependent transcription after growth hormone stimulation, therefore it has an essential
role in body growth control. Glucocorticoid receptor becomes hyperphosphorylated in the
presence of glucocorticoid, its phosphorylation level at Ser-21 1 is correlates with its transcriptional
activity.

iNOS derived NO induced Nr3cl phosphorylation at Thr-159 by [.6 times, which is an already
known phosphorylation site in mouse Nr3cl and have no homologues in the human receptor
(Bodwell et al., 1991). This phosphorylation site is located in a consensus sequence for proline-
directed kinase and p34cdc2 kinase and possibly have a role in protein transactivation. Krstic et al.
(1997) identified rat Nr3cl Thr-171 (identical to Thr-159 in the mouse Nr3cl) as MAPK target.

Very recently, activated steroidgenesis and increased glucocorticoid levels were described in
hypertrophied hearts. In addition, glucocorticoid have potential to augment cardiac hypertrophy
and progression of heart failure via glucocorticoid receptor (Ohtani et al., 2009). Thus, NO induced
glucocorticoid receptor phosphorylation and activation most likely contribute to the observed
pathological phenotype (hypertrophy) of the iNOS*/myo”- mouse hearts.

Further transcription factors regulated by iNOS derived NO include the following:

« The DNA binding Chromobox protein homolog 3 (Cbx3), which is phosphorylated
during interphase and possibly hyperphosphorylated during mitosis by PIMI, was found to be
enhanced phosphorylated at Ser-95 by 2.2 times.

. Cysteine and glycine-rich protein 3 (Csrp3), missense mutations of which segregating
with hypertrophic cardiomyopathy (HCM), dilated cardiomyopathy (DCM) and mild skeletal
muscle disease in humans (Geier et al., 2008). Interestingly, mice lacking Csrp3 develop
cardiomyopathy, additionally, NO induce Csrp3 downregulation in failing hearts (Heineke et al.,
2003). | have found that there is an enhanced Csrp3 phosphorylation after NO stimulation at the
novel phosphorylation sites Ser-95 and Ser-117 by 1.69 and 1.9 times, respectively. These may
inactivate Csrp3 protein and thereby may contribute to the pathophysiology of heart failure.

. Isoform | of Hepatoma-derived growth factor-related protein 2 (hdgfrp2), was
found to be increased phosphorylated at the Akt substrate Ser-659 by 1.7 times by NO.This site
is located close to the C-terminal and was also found to be phosphorylated in tumors (Zanivan
et al., 2008).

« LIM domain only 7 (Lmo7) protein containing an alponin homology (CH),a PDZ and a LIM
domain regulates transcription of many genes, and may transmit mechanical signals from focal
adhesions. Animal model with deletion in the Lmo7 gene showed muscular degeneration and
growth retardation, furthermore, Lmo7 is upregulated in several types of cancer, showing its
potential in growth regulation. NO induced Lmo7 phosphorylation at Ser-813 by 1.7 times and
dephosphorylation at Ser-822 by .43 times.
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5.5.7 APOPTOSIS AND NO

As already mentioned in chapter 1.4.4, NO induced mitochondrial dysfunction leads to oxidative
(02, H2O2, OH, etc.) and nitrosative (ONOO-) stress, which in turn reacts with surrounding
proteins, DNA and lipids by oxidation and by S-nitrosylation. Downstream signaling of this
processes lead to apoptosis and cell death.

Although the present study successfully identified 15 phosphoproteins playing a role in apoptosis,
only one protein, called Protein NDRG2 showed significant changes in its phosphorylation level
after one minute of NO-stimulation. Therefore, induction of apoptotic proteins are likely to be
brought about by other post translational modifications like S-nitrosylation. Additionally,
phosphorylation changes may take place at a later point of time.

Isoform | of Protein NDRG2 or N-myc downstream-regulated gene 2 (Ndrg2) plays a role
in hypoxia-induced apoptosis, mediated by HIF-1 (Wang et al., 2008). Furthermore, NDRG2 is not
expressed or strongly down-regulated in various cancer types. Recently, it was shown, that induced
NDRG?2 expression suppressed NFKB activity and attenuates invasive potential of highly malignant
tumor cells (Kim et al., 2009).

Phosphorylation of NDRG2 peptide near to the protein C-terminus was found to be enhanced at
Ser-330 and at Thr-334 by 1.6 times after one minute NO stimulation, while other phosphorylation
sites at Ser-318, Ser-339 and Ser-361 were not affected. Ser-330 and Ser- 334 were both described
as AKT kinase substrate, additionally, Ser-334 can be targeted by SGK| (serum- and glucocorticoid-
induced kinase 1) in skeletal muscle (Murray et al., 2004).

Interestingly, NDRG2 phosphorylation by SGKI transforms the protein into an excellent substrate
for GSK3, at Ser342, Ser352 and Ser361 in the repeat region. Thus, one minute NO stimulation
resulted in an intermediate state of NDRG2 phosphorylation, which primes it for phosphorylation
by GSK3 at a later point of time.

5.5.8 BEYOND NO INDUCED PHOSPHORYLATION - KINASES AND PHOSPHATASES

In order to obtain an even broader overview about the observed phosphorylation/
dephosphorylation processes induced by iINOS derived NO, predicted kinases for each up- or
downregulated phosphorylation sites were collected using PhosphoMotif Finder.

Two groups were generated according to the iNOS derived NO induced changes in the
phosphorylation level. Fig. 5.20 shows number of predicted kinases of enhanced (up, orange) or
decreased (down, blue) phosphorylated sites, after normalization. As one can see, Calmodulin
dependent protein kinase 2 and 4, casein Il kinase, chkl kinase, PKA, PKC and pyruvate
dehydrogenase kinase has a much higher frequency in the group of enhanced phosphorylated
peptides, than in the decreased phosphorylated group. On the other hand, DNA dependent protein
kinase and MAPKAPII has a higher frequency in the dephosphorylated group, similarly to the two
predicted phosphatases SHPI and TC-PTP.
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Figure 5.20: Summarized chart of predicted kinases (according to Phosphomotif Finder) of regulated phosphorylation
sites upon one minute iINOS-derived NO release. Blue color shows predicted kinases of peptides with decreased
phosphorylation (kinases were possibly inactivated leading to protein dephosphorylation), orange color shows
predicted kinases of peptides with enhanced phosphorylation (possibly increased kinase activity). To obtain comparable
results, number of predicted kinases and phosphatases were normalized according to the number of up (50) and
downregulated (34) peptides. Interestingly, calmodulin dependent protein kinase 2 and 4, casein |l kinase, PKA, PKC and
pyruvate dehydrogenase shows a higher frequency in the group of enhanced phosphorylated peptides, therefore,
possibly iNOS derived NO release lead to its activation.

Pyruvate dehydrogenase kinase shows the strongest changes between the increased and
decreased phosphorylated groups. This kinase can be stimulated by ATP, NADH and acetyl-CoA
and inhibited by ADP, NAD+, CoA-SH and pyruvate. Thus, the perfusion using pyruvate containing
Krebs-Henseleit buffer very likely inhibited pyruvate dehydrogenase kinase. Following L-arginine
activation of iINOS possibly induced various processes leading to pyruvate dehydrogenase kinase
activation and phosphorylation of predicted downstream targets like 60S acidic ribosomal protein
PO or multidrug resistance associated protein |.

Casein 1l kinase (CK2) showed also an increased frequency in the group of enhanced
phosphorylated peptides. CK2 is a serine/threonine-selective protein kinase, that is implicated in
cell cycle control, DNA repair, but also can regulate circadian rhythm and other cellular processes.
Interestingly, activation of this kinase by angiotensin |l can lead to cardiac hypertrophy (Hauck et
al., 2008). Additionally, the angiotensin Il producing angiotensin-converting enzyme,
somatic isoform precursor (ACE) was found to be dephosphorylated at the C-terminal
only known phosphorylation site Ser-1305 (-23%), after one minute of NO stimulation.

Calmodulin inhibitor (CaMIl) and calmodulin kinase inhibitor induced Ser-1305 dephosphorylation
is known to activate ACE cleavage secretion (Chattopadhyay et al., 2005). Interestingly, a
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5. DISCUSSION

hypertrophic transcription factor Histone deacetylase 4 (HDAC4) was enhanced
phosphorylated in a CK2 kinase substrate motif located Ser-562, by 1.8 times after one minute
iNOS activation (see more about in chapter |.4.6).

Taking together, iINOS derived NO induced angiotensin |l production, which in turn activated CK2
mediated hypertrophic signaling possibly due to HDAC4 phosphorylation at Ser-562 in double
transgenic iINOS*/myo~~ mice (Fig. 5.21).

Ser-1305 Ser-562
0.76 ¢ 1.8 T

0»‘»-»@---»3»@
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Fig. 5.21. Possible mechanism of hypertrophy development in iINOS*/myo”" mouse heart. Nitric oxide induced the
major cardiac growth factor angiotensin Il (Ang IlI) production by dephosphorylation and activation of angiotensin
converting enzyme (Ace) at Ser-1305. Upon hypertrophic stimuli via angiotensin Il, casein kinase 2 (CK2) dependent
phosphorylation induces histone deacetylase 4 (HDAC4) phosphorylation at Ser-562 (predicted by PhosphoMotif
finder and hypothesis after Force, 2008) which in turn may result in enzyme activation and hypertrophic growth.

As a further sign of increased CK2 activity, known CK2 substrates were found to be enhanced
phosphorylated like histidine rich calcium binding protein at Ser-272 (+60%) and at Ser-474
(+30%), sarcalumenin at Ser-304 (+30%) and at Ser-442 (+60%) and nuclear ubiquitous casein and
cyclin-dependent kinases substrate at Ser-58 and at Ser 61 (+109%).

The summarized data of predicted kinases (Fig. 5.20) show an enhanced frequency of protein
kinase A (PKA) and protein kinase C (PKC) in the group of enhanced phosphorylated peptides by
a factor 2.27 and 2.55, respectively.

In addition, enhanced phosphorylation of protein kinase C, & (PKC-x or Prkca) was found
at Ser-319 (+96%) while phosphorylation of Ser-226 was slightly (-22%) decreased after NO
stimulation, providing a further factor of PKC regulation upon iNOS derived NO release. However,
there is no information about the functional relevance of this phosphorylation sites.

The fact, that PKC is a calcium stimulated enzyme but it can be also activated by diacylglycerol
(DAG), the synthesis of which is stimulated by the NO/cGMP/PKG signaling pathway, gives
additional evidence for enhanced PKC-& activation after one minute iNOS derived NO release.

PKC-« is the dominant PKC isoform in mouse and rabbit cardiac muscle and its activity and
expression is known to be increased in the failing heart. Interestingly, hearts of mice lacking PKC-&
contract more forcefully under resting and B-adrenergic-stimulated conditions than hearts with
PKC-a. On the other hand, PKC-& overexpression depressed systolic function and contractility in
both intact hearts and isolated cells (Braz et al., 2004). Functional changes occurs due to PKC-«x
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5. DISCUSSION

induced phospholamban (PLB) dephosphorylation at Ser-16 mediated by protein phosphatase |
(PP1). Dephosphorylated PLB inhibits SERCA Ca2* uptake into the SR, leading to reduced Ca?*
pools for the next contraction resulting in depressed contractility.

In addition, PKC-& -null mice crossed with a cardiomyopathy model lacking cysteine and glycine

rich protein (CSRP3) showed a normal phenotype, indicating a PP| independent PKC-& signaling in
cardiomyopathy.

As described in chapter 5.4.2, iINOS derived NO release resulted in increased phosphorylation of
PLB Thr-17 and in no changes of the doubly phosphorylated (Ser-16 and Thr-17) PLB peptide. This
may indicate that Ser-16 dephosphorylation occurs concomitantly with induced Thr-17
phosphorylation, resulting a non-changed intensity of the doubly phosphorylated peptide. Thus,
PKA target Ser-16 phosphorylation site could have been dephosphorylated upon PKC-& induced
PPI.
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Figure 5.22: Nitric oxide (sGC) activates soluble guanylyl cyclase (sGC) converts guanylyl triphosphate (GTP) into
cyclic guanylyl monophosphate (cGMP). This inhibits phosphodiesterase Il (PDEIlIl) cyclic adenosine monophosphate
(cAMP) conversion into adenosine monophosphate (AMP). Increasing cAMP levels activate protein kinase A (PKA),
which can phosphorylate for example myosin binding protein ¢ (MYPC3) the ryanodine receptor (RYR2) and
phospholamban (PLB). iNOS derived NO release followed phosphoproteome study showed an enhanced
phosphorylation (red) of PKA at Ser-83, of MYPC3 at Ser-273 (cardioprotective) and of RYR2 at Ser-2808, Thr-2810
and Ser-2811 (induce Ca?* release into the cytosol). Additionally, the NO/cGMP/PKG pathway can activate
diacylglycerol (DAG) synthesis over phospholipase C (PLC) which in turn induce PKCx and its downstream signaling
like MYPC3 phosphorylation at Ser-273 and protein phosphatase | (PPI) activation which in turn dephosphorylates
PLB at Ser-16. Interestingly, the CaMKIl target PLB-Thr-17 showed an increased phosphorylation after iNOS derived
NO release, which suppresses SERCA2A inhibition by PLB, and result in an induced Ca?* transport into the
sarcoplasmic reticulum (SR). Interestingly, SERCA2A phosphorylation (gray) was not affected upon iNOS derived NO
release. Endogenous SR enzyme casein kinase Il phosphorylates Ca?* storage proteins sarcalumenin (SRL) and histidine
rich calcium binding protein (HRC), which may enhance its Ca?* binding capacity.
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On the other hand, CaMKIl induced PLB phosphorylation at its target site Thr-17, resulting in
possibly increased SERCA activity. Furthermore, Thr-17 phosphorylation by CaMKIl is known to be
induced by electrical spacing in a frequency dependent manner (Hagemann et al, 2000).
Furthermore, similar to my results, Said et al. (2003) measured also about two times increased
Thr-17 phosphorylation and a decreased or non changed Ser-16 PLB phosphorylation in an
ischemia-reperfusion model only one minute after reperfusion. This paper shows also that Thr-17
phosphorylation is essential for the mechanical recovery of cardiac functions. Thus, as a secondary
effect, CaMKll-activation and PLB Thr-17 phosphorylation may contribute to the new steady state
by partial functional recovery of the depressed heart function induced by NO stimulation.

According to a recent publication, PKA induced PLB phosphorylation at Ser-16 and subsequent
increased SERCA Ca?* load does not increase SR calcium release (Kawashima et al., 2009). Possibly
phosphorylation of the neighbor site Thr-17 may also not influence SR calcium release, which
would result in reduced cytosolic CaZ* concentrations and increased SR calcium storage. In
support of this hypothesis, | identified four enhanced phosphorylation sites in the Ca2* ion binding
region of two SR Ca?* binding proteins, histidine rich calcium binding protein (HRC) and
sarcalumenin (SRL). Hereby, the additional negatively charged phosphate groups have most likely
enhanced the binding capacity of the proteins to positively charged calcium ions. Interestingly,
changes in the phosphorylation level are almost the same, indicating that the same upstream kinase
may targets these sites. In support of this hypothesis, phosphorylation sites HRC-272 and SRL-
Ser442 both are located in a casein kinase 2 substrate motif and increased similarly, by factor 1.63
and 1.59 respectively. Interestingly, an early study described HRC and SRL as CK2 target within the
SR, but without the identification of the phosphorylated amino acid residues (Shoshan-Barmatz et
al., 1996). This study shows also, that both HRC and SRL associate with the ryanodine receptor 2
(RYR2) therefore, possibly regulate RYR2 mediated Ca?* release into the cytosol.

A triple phosphorylated (pSer-2808, pThr-2810 and pSer-2811) peptide of RYR2 showed an
increased signal intensity after iINOS derived NO release. Ser-2808 phosphorylation is known to
reduce binding affinity of the channel-stabilizing subunit calstabin 2, resulting in leaky RYR2 and
progressive cardiac dysfunction after myocardial infarction (Wehrens et al., 2006). Although the
functional relevance of the other two novel phosphorylation site, pThr-2810 and pSer-2811 is not
known, their phosphorylation most likely contributes to the pSer-2808 induced RYR2 activation.
Therefore, RYR2 hyperphosphorylation and diastolic calcium ‘leak’ most likely contribute to
impaired contractility upon iINOS derived NO release and to heart failure development in iNOS*/
myo”- mouse hearts.

cAMP dependent protein kinase (PKA) I-alpha regulatory subunit (PKAlx or
PKARIA) is activated by cAMP, a signaling molecule, which is important for a variety of cellular
functions. Activated PKA transduces its signal through phosphorylation of downstream target
proteins. PRKARIA interacts with AKAP4, its complex with RFC2 may be involved in cell survival.
NO is known to inhibit cAMP degradation thereby leading to an enhanced PKA activity. On the
other hand, PKA can be phosphorylated by PKG-1 at Ser-99 (Ser-100 in mouse; Hashimoto et al.,
1981) but it is not phosphorylated by the catalytic subunit of cAMP-dependent protein kinase.
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Using LTQ Orbitrap, | could identify an increased (+42%) Ser-83 PKA I« phosphorylation after one
minute of NO stimulation. While phosphorylation of Isoform 2 of cAMP-dependent protein kinase
catalytic subunit alpha at Thr-190 and of cAMP-dependent protein kinase type ll-alpha regulatory
subunit at Thr-96 did not change. As a sign of increased PKA activity, an enhanced protein
phosphorylation was measured at phosphorylation sites which are known PKA targets, like
pSer-273 (+250%) of myosin binding protein C and Ser-2808 (+40%) of ryanodine receptor 2.
However, this sites can be phosphorylated by other kinases, like PKC as well.

Dual specificity mitogen-activated protein kinase kinase 4 (EC 2.7.12.2) (MAP
kinase kinase 4) (MAPKK 4) is also known as APK/Erk kinase (SEKI), or Jun kinase kinase
(JNKK). In response to various cellular stresses and inflammatory cytokines, SEK| activates the
MAP kinase homologues SAPK, JNK and p38MAPK (Yan et al., 1994; Fleming et al., 2000).
Interestingly, SEK| expression is significantly reduced in heart failure patients and it has a key role
in preventing the transition from an adaptive to maladaptive cardiac hypertrophy (Liu et al., 2009).

After one minute iINOS derived NO release SEK| was found to be dephosphorylated at Ser-255
by 2.7 times. Decreased phosphorylation could occur due to oxidative stress which inhibits MAP
kinase kinase kinase | (MEKKI) by site-specific glutathionylation in the ATP-binding domain (Cross
et al,, 2004). Additionally, MLK3 kinase mediated Ser-255 phosphorylation results in enzymatic
activation (Deacon et al, 1997). Therefore, NO induced dephosphorylation inactivates SEKI,
suppresses stress-activated signal transduction and may play a role in pathological hypertrophic
remodeling.
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Figure 5.23: NO induced dephosphorylation of Phosphatidylinositol 4-kinase beta (Pi4kb) and thereby most likely
decreased its activity to produce phosphatidylinositol-1,4,5,-trisphosphate (PIP3). Thus, reduced PIP3 concentration
leads to a decreased phosphoinositide-dependent kinase-1 (PDK) and Akt activity. Which led to a decreased mitogen-
activated protein kinase kinase kinase 3 (MEKK3) phosphorylation at Ser-340 (1.61 times). Additionally, reduced Akt
activity leads to a depressed inhibition of SEK| pathway (by phosphorylation at Ser80, not measured). On the other
hand, MLK3 kinase target Ser-255 was found to be decreased phosphorylated by 2.7 times, which leads to decreased
SEK activity and depressed downstream processes which play a role in proliferation, differentiation and inflammation.
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Mitogen-activated protein kinase kinase kinase 3 (Map3k3 or MEKK3) is a protein

kinase of the STEI | family. MEKK -4 are important regulators of NF-KkB transcription factor which
is an essential mediator of pro-inflammatory signals involved in immunity (Matitau et al., 2008).
Similar to SEKI, MEKK3 is phosphorylated and activated also by MLK3 and additionally by TAKI.
MEKK3 induces activation of mitogen-activated protein kinase kinase 5 (MEKS5) by
phosphorylation.

iNOS derived NO release resulted in dephosphorylation of Ser-340 by -61% which may decrease
protein activity. Ser-340 is substrate of Akt (according to Phosphosite Plus, (2008) MS CS 5389), the
key molecule in the signaling cascade of physiological hypertrophy which is suppressed by p38
MAPK (Taniike et al., 2008). Therefore, NO may induce p38 MAPK activity which in turn decrease
Akt mediated Ser-340 MEKK3 phosphorylation leading to suppressed MEKK3 activity and
downstream signaling,

Interestingly, phosphorylation of an other MAPK enzyme Isoform 3 of Mitogen-activated
protein kinase 14 at Thr-180 (+35%) were not strongly influenced by iINOS derived NO
release.

Phosphatidylinositol 4-kinase beta (Pi4kb) phosphorylates phosphatidylinositol (Pl) in
the first committed step in the production of the second messenger phosphatidylinositol-1,4,5,-
trisphosphate (PIP3). Pi4kb is located at the mitochondrial and rough endoplasmic reticulum
membranes. Ser-294 is a known PKDI| and 2 target, phosphorylation of which is protected by
P14KllIbeta-14-3-3 interaction which stabilizes lipid kinase activity (Hausser A, et al., 2006).

| could identify dephosphorylation of the novel phosphorylation site Thr-292 by -41% after one
minute of NO stimulaiton. Since Thr-292 is very close to Ser-294, phosphorylation of these sites
may have similar roles in enzyme activation. Therefore, iINOS derived NO induced
dephosphorylation may contribute to a decreased enzyme activity, and reduced PIP; production,
which leads to suppressed PIP3-PDKI (phosphoinositide-dependent kinase-1)-Akt (v-Akt murine
thymoma viral oncogene or PKB, protein kinase-B)-pAKT signaling (Scheid et al., 2002). Therefore,
it seems to be a logic consequence, that phosphorylation of Akt targetes like MEKK3 Ser-340 and
titin Ser-814 were also decreased. On the other hand, further Akt targets like isoform | of
hepatoma-derived growth factor-related protein 2 at Ser-659 (+70%, Akt target), ATP citrate lyase
at Ser-455 (+60%, target of PKA and Akt) and isoform | of protein NDRG2 at Ser-330 and at
Thr-334 (+60%, Ser-330 is Akt target, Thr-334 is Akt and SGKI target) were identified with an
increased phosphorylation rate. However, other kinases could also be responsible for the observed
phosphorylations after iNOS derived NO release.

5.6 SUMMARY

The present study gives the first global account of the NO-induced changes in the heart
phosphoproteome. | was able to identify 826 phosphorylation sites (246 novel), in 772
phosphorylated peptides, of which 69 were upregulated (16 novel) and 50 downregulated (31
novel). This regulated phosphorylation sites are located in proteins playing a role in Ca?*
homeostasis, cardiac contractility, glucose and pyruvate metabolism, mitochondrial respiration and
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transcriptional regulation. Furthermore, phosphorylation state of some kinases and phosphatases
like PKA, PKCaq, SEK 1, MEKK3, Pi4kb and PP2A were also altered.

Fig. 5.24. shows a summary of the observed targets of NO-regulated protein phosphorylation sites
in double transgenic iINOS*/myo” mouse heart. iINOS derived NO most likely bound to the heme
catalytic core of cytochrome C oxidase, which can explain the decrease in mitochondrial O3
consumption (-16.4%) and ATP synthesis such as the decrease of the ATP pool (-3.3%) and the
pCr/ATP ratio (-11.3%). Since under such conditions the AMP/ATP ratio (+42.7%), the ADP/ATP
ratio (+11.3%) and the P/ATP ratio (+55.8%) were increased, changes in the cellular AMP and ADP
pool might have activated AMP kinase, leading to increased ATP production by activation of
glycolysis and TCA cycle by stimulation of pyruvate metabolism. Additionally, | found altered
phosphorylation level of mitochondrial proteins like complex I, IV,ATP synthase and SODI.
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Figure 5.24: Schematic overview of iNOS derived NO induced changes in the cardiac phosphoproteome after one
minute activation by L-arginine coperfusion. RC: respiratory chain, CC: Krebs Cycle, NKA: sodium potassium pump,
NCX: sodium calcium exchanger, Cayl.2: L-type calcium channel, PLB: phospholamban, SERCA: sarcoplasmic reticulum
Ca?* ATPase, Srl: sarcalumenin, RyR2; ryanodine receptor

Interestingly, activity of proteins involved in calcium homeostasis like SERCA2A and RYR2 was
induced by increased phosphorylation of PLB at Thr-17 (by CaMKIl) or by RYR2 PKA
phosphorylation. This should result in increased Ca?*-cycling, possibly as a part of compensatory
mechanism against NO-induced decreased contractility (-30%). On the other hand,
dephosphorylation of additional proteins of Ca?* homeostasis like Ahnak and L-type calcium
channel Ca,l.2-B2, may decrease Ca?* current lca. and might have served as mediator of iINOS
induced negative inotropic effects.
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Proteins of the contractile apparatus like myosin-6 and myosin binding protein ¢ (by PKA) showed
very strong changes in their phosphorylation state upon iINOS derived NO release, which may
have additionally altered the contractile state. Surprisingly, in myosin-6, a major contractile protein
of the mouse heart, | could identify 21 novel phosphorylation sites underlining the importance of
protein phosphorylation in cardiac contraction. Additionally, the main cardiac gap junction protein
connexin-43 which conducts electrical signals and is therefore important for cardiac rhythm
generation was found to be enhanced phosphorylated. Furthermore, numerous transcription
factors, some of which are involved in development of cardiac hypertrophy, were also altered.

Taking together, this study has identified numerous novel NO-dependent phosphorylation sites,
which are likely to influence up- and downstream processes.While some phosphorylation sites can
be directly related to the cardiodepressant action of NO, the functional relevance of many novel
phosphorylation sites remain to be elucidated.
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6 OUTLOOK

Future studies must examine the functional relevance of the identified novel phosphorylation sites
e.g. by targeted point mutations of proteins. Generation of phosphorylation site specific antibodies
or introducing multiple isotope label would enable to establish time courses to better understand
phosphorylation kinetics in up- and downstream processes. The application of multiple labeling will
certainly further increase sample complexity and this makes it indispensable to use mass
spectrometer with high mass accuracy such as LTQ Orbitrap XL.

In addition to iINOS activation by L-arginine, targeted pharmacological activation or inhibition of
relevant kinases such as AMPK, PKA, CK2, pyruvate dehydrogenase kinase, PKCx and phosphatases
like PP2A could enable to test the role of downstream processes of INOS derived NO.

Improving speed, sensitivity and mass accuracy of mass spectrometers, new fragmentation methods
and introducing automated data analysis technologies will open another horizon for the analysis of
biological processes. The growing need for understanding complex proteomics data will hopefully
lead to improved computational modeling and prediction of signaling pathways in a systems biology
approach.
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