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Oxidative stress caused by an imbalance of the production of "reactive oxygen species" (ROS) and cellular scavenging systems is known to a play a key role in the development of various diseases and aging processes. Such elevated ROS levels can damage all components of cells, including proteins, lipids and DNA. Here, we study the influence of highly reactive ROS species on skeletal muscle proteins in a rat model of acute oxidative stress caused by X-ray irradiation at different time points. Protein preparations depleted for functional actin by polymerization were separated by gel electrophoresis in two dimensions by applying first non-reductive and then reductive conditions in SDS-PAGE. This diagonal redox SDS-PAGE revealed significant alterations to intra-and inter-molecular disulfide bridges for several proteins, but especially actin, creatine kinase and different isoforms of the myosin light chain. Though the levels of these reversible modifications were increased by oxidative stress, all proteins followed different kinetics. Moreover, a significant degree of protein was irreversibly oxidized (carbonylated), as revealed by western blot analyses performed at different time points.

INTRODUCTION

For many years free radicals were considered by biologists as only highly reactive species that were harmful to tissues and organisms by causing damage to other molecules, including biopolymers such as proteins and DNA. The discovery of the endogenous generation of nitric oxide (•NO) in mammalian systems and the finding that it participates in specific signal transduction pathways represented an important new paradigm and suggested a possible function in cell communication and signaling processes [START_REF] Thannickal | Reactive oxygen species in cell signaling[END_REF][START_REF] Moldovan | Oxygen free radicals and redox biology of organelles[END_REF][START_REF] Dalle-Donne | Protein carbonylation, cellular dysfunction, and disease progression[END_REF]. This novel role in signal transduction was extended to other reactive nitrogen species (RNS) and more recently to reactive oxygen species (ROS). Both RNS and ROS are constantly generated within cells at low amounts by nonenzymatic and enzymatic reactions, such as: (i) irradiation with UV light or X-rays, (ii) metalcatalyzed reactions, (iii) pollutants in the atmosphere, (iv) neutrophil and macrophage activation
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during inflammation, (v) mitochondria-catalyzed electron transport reactions and other mechanisms [START_REF] Pfeilschifter | Nitric oxide and mechanisms of redox signalling: matrix and matrix-metabolizing enzymes as prime nitric oxide targets[END_REF][START_REF] Droge | Free radicals in the physiological control of cell function[END_REF][START_REF] Maulik | Redox signaling of angiogenesis[END_REF][START_REF] Forman | Redox signaling: thiol chemistry defines which reactive oxygen and nitrogen species can act as second messengers[END_REF][START_REF] Cadenas | Biochemistry of oxygen toxicity[END_REF]. ROS also form a new class of secondary messengers, which activate specific receptors, although they act less specifically than RNS due to their relatively high reactivity.

The balance between physiological function and damage is determined by the relative rates of formation and removal of RNS and ROS. These species are usually removed rapidly before they damage intra-and extra-cellular structures, which leads to cell dysfunction and eventual death [START_REF] Dalle-Donne | Proteins as biomarkers of oxidative/nitrosative stress in diseases: the contribution of redox proteomics[END_REF]. Acute oxidative stress, however, can increase the concentration of ROS species, disturbing the cellular balance between ROS-generating and ROS-scavenging systems. The resulting damage depends on the cell type and the generated ROS species, i.e. more precisely its concentration, half-life, location and duration of production. Highly reactive radical species (e.g.

•OH) will damage almost any molecule in close proximity, whereas less reactive species (e.g.

H 2 O 2 ) can diffuse further and act more selectively on certain functional groups of specific target molecules.

Proteins scavenge about 50-75% of highly reactive radicals, including •OH, due to their high intracellular concentration [START_REF] Chandel | The cellular basis for diverse responses to oxygen[END_REF]. The side chains of proteins are, therefore, reversibly or irreversibly modified by both radical and non-radical species. Irreversible modifications, such as carbonylation of lysine, arginine or proline residues, di-tyrosine formation, tryptophan oxidation and protein cross-linking [11; 12], are generally associated with a permanent loss of function, leading to enzymatic degradation of the damaged proteins [13; 14] or their aggregation [START_REF] Squier | Oxidative stress and protein aggregation during biological aging[END_REF].

Species not cleared by the cellular system may accumulate at higher concentrations in cytoplasmic inclusions, which link these processes directly to the pathogenesis of several agerelated diseases, such as Alzheimer`s disease, Parkinson's disease, atherosclerosis, and diabetes mellitus [START_REF] Butterfield | Oxidative stress in neurodegenerative disorders[END_REF][START_REF] Beckman | The free radical theory of aging matures[END_REF][START_REF] Sayre | Oxidative stress and neurotoxicity[END_REF][START_REF] Hsiai | Oxidative stress as a regulator of murine atherosclerosis[END_REF][START_REF] Hamblin | Alterations in the diabetic myocardial proteome coupled with increased myocardial oxidative stress underlies diabetic cardiomyopathy[END_REF][START_REF] Firdaus | Analysis of oxidative events induced by expanded polyglutamine huntingtin exon 1 that are differentially restored by expression of heat shock proteins or treatment with an antioxidant[END_REF][START_REF] Norris | Role of oxidative damage in protein aggregation associated with Parkinson's disease and related disorders[END_REF]. Reversible modifications, such as oxidation of methionine or cysteine residues in certain proteins, may have a dual role. Besides modulation of the protein structure (redox
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signaling), which influences protein functions, protein/protein interactions and enzyme activities, they also protect other proteins from irreversible damage by capturing ROS [START_REF] Menon | A redox cycle within the cell cycle: ring in the old with the new[END_REF][START_REF] Barford | The role of cysteine residues as redox-sensitive regulatory switches[END_REF][START_REF] Cooper | Nanotransducers in cellular redox signaling: modification of thiols by reactive oxygen and nitrogen species[END_REF]. The susceptibility of thiol groups to ROS oxidation depends mostly on their microenvironment at the protein surface. Whereas thiol groups of cysteine residues typically have a pK a near 8.5 and are not prone to oxidation within the cytoplasm, some cysteine residues are more acidic due to the close proximity of positively charged residues [START_REF] Ying | Thiol oxidation in signaling and response to stress: detection and quantification of physiological and pathophysiological thiol modifications[END_REF]. These thiolate anions represent the major targets for moderately reactive ROS, as they can be easily oxidized to disulfides (-S-S-) or sulfenic acids (-SOH) [START_REF] Leichert | Global methods to monitor the thiol-disulfide state of proteins in vivo[END_REF]. In consecutive oxidation steps even sulfinic (-SO 2 H) and sulfonic acids (-SO 3 H) can be produced [START_REF] Eaton | Protein thiol oxidation in health and disease: techniques for measuring disulfides and related modifications in complex protein mixtures[END_REF]. All oxidation products up to sulfinic acids can be reduced by enzymatic antioxidant pathways, such as sulfiredoxin (Srx1) in S. cervisiae [START_REF] Biteau | ATP-dependent reduction of cysteine-sulphinic acid by S. cerevisiae sulphiredoxin[END_REF]. Glutathione (GSH) spontaneously reacts with activated thiol derivatives of cysteine residues, for example, -SOH, S-nitrosyl (SNO) or thiyl radical (-S•), to form mixed disulfides (protein-SSG) [30;31].

Protein S-glutathionylation is a reversible posttranslational modification, which protects cysteine residues from irreversible oxidation during oxidative stress. Protein deglutathionylation is efficiently catalyzed by the thiol-disulfide oxidoreductase glutaredoxin (GRx), which accounts for most of the deglutathionylating activity in mammalian cells [30;32]. Oxidation and glutathionylation of cysteine residues can directly regulate protein functions [START_REF] Dalle-Donne | Protein Sglutathionylation: a regulatory device from bacteria to humans[END_REF]. Redox sensitive cysteine residues often stabilize the protein structure by disulfide bonds or coordinate metal ions, or they are part of the active centers of numerous enzymes. They can also participate in redox reactions by transferring electrons (thiol-disulfide exchange reactions) in redox signaling pathways under physiological and also pathological conditions [START_REF] Brosnan | The sulfur-containing amino acids: an overview[END_REF]. Severe oxidative stress can inhibit this part of the cellular proteome.

Skeletal muscle accounts for 40% of mammalian body weight, and at least 25% of the total protein turnover of humans occurs in this tissue [START_REF] Otten | Concepts and models of functional architecture in skeletal muscle[END_REF][START_REF] Schiaffino | Molecular diversity of myofibrillar proteins: gene regulation and functional significance[END_REF][START_REF] Shishkin | Proteomic studies of human and other vertebrate muscle proteins[END_REF]. Specialized proteins, such as actin and myosin, determine the contractile function in muscles. This function is also regulated by many
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other proteins, which provide the structural integrity of sarcomeric units within the myocytes, as well as the energy necessary for muscle contractions [START_REF] Geeves | Structural mechanism of muscle contraction[END_REF]. The high metabolic activity of muscle cells constantly produces ROS and contributes to the pathogenesis of a number of chronic diseases accompanied by muscle wasting, such as different forms of muscle dystrophies, rheumatoid arthritis, chronic heart failure and diabetes [START_REF] Moylan | Oxidative stress, chronic disease, and muscle wasting[END_REF]. Although muscle myofilaments are sensitive to such redox modifications, little is known about oxidation of cysteine residues during muscular oxidative stress. As many muscle proteins are rich in cysteine residues, such as the heavy and various light chains of myosin [START_REF] Sellers | A myosin family reunion[END_REF], it is tempting to speculate that they may effectively capture ROS and prevent severe cellular damages.

Here, we report on analyses of oxidized muscle proteins for a recently established rat model of acute oxidative stress [START_REF] Kuleva | Dynamics of rat hepatocyte histone glycoxidation after general x-ray irradiation[END_REF] by producing highly reactive ROS (especially •OH) using X-ray irradiation. Skeletal muscle proteins were isolated at different time points following irradiation and analyzed for intra-and intermolecular disulfide bridges using a two-dimensional redox SDS-PAGE approach. This approach first separated the unreduced protein pool in the first dimension, then, following in-gel reduction, separated the reduced proteins in the second dimension. Protein spots indicating oxidized species were analyzed by mass spectrometry (MS) following in-gel digestion. Thus, proteins containing reversible cysteine oxidations, as well as irreversible carbonylation of lysine, arginine or proline residues were identified for different time-points.

MATERIAL AND METHODS

Animal model [START_REF] Kuleva | Dynamics of rat hepatocyte histone glycoxidation after general x-ray irradiation[END_REF] -Male Wistar rats were housed in groups of five animals per cage at 22 +/-3°C and 12 h light per day. They were permitted to freely access a granular basal standard diet and water ad libitum. Six month old rats (200-250 g body weight) were irradiated in a PУM-17

X-ray unit (200 kV, 13 mA, 20 cm focal distance) at a dose rate of 1.75 Gy/min for a total dose of 5 Gy per animal. The rats were sacrificed after 3, 9 and 24 h by decapitation. Non-irradiated
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control rats (referred to as 0 h) had the same age and sex. For each of the four time points a group of five animals was studied.

Model characterization -Lipid peroxidation was chosen as a marker of oxidative stress and determined in liver, kidney, muscle and plasma samples for all rats by reaction with thiobarbituric acid (TBA) [START_REF] Janero | Malondialdehyde and thiobarbituric acid-reactivity as diagnostic indices of lipid peroxidation and peroxidative tissue injury[END_REF]. Briefly, TBA-reactive substances (TBARS) were determined in the samples using a 0.2 mL of homogenate from 1 g tissue in 10 mL aqueous KCl (1.5%, w/v) or 0.2 mL blood plasma. The samples were mixed with 3 mL phosphoric acid (2% w/v) and 1 mL aqueous TBA-solution (0.8% w/v). The samples were boiled (45 min), then cooled to room temperature (RT) for 15 min. The chromophor was extracted with n-butanol and its concentration was determined by absorption at 580 nm using a molar extinction coefficient of 188,000 M -1 cm -1 .

Protein preparation -Proteins were extracted from muscle tissue with a high salt buffer (0. Peptides dissolved in 60% aqueous acetonitrile containing 0.5% formic acid were mixed with αcyano-4-hydroxy-cinnamic acid (4 mg/mL in 50% aqueous acetonitrile; Bruker Daltonics GmbH, Bremen, Germany), spotted on the sample plate and dried in air. The mass spectra were recorded in reflector TOF (reTOF) mode in the m/z range from 700 to 4000 with a focus mass of 1700 using the 4000 Series Explorer V3.0RC1 software. Typically, 40 individual spectra of 50 laser shots each were accumulated at a fixed laser intensity of 5700. The instrument was calibrated on the same plate using six calibration spots containing the 4700 Analyzer Calibration mixture (Applera Deutschland GmbH). Product ion spectra of selected precursor ions were acquired in reflector TOF/TOF mode at an acceleration voltage of 8 kV, 70% grid voltage, 1.277 ns delay, collision energy of 1 kV and a detector voltage of 2.1 kV. For each spectrum, 60 subspectra of 100 laser shots each at a fixed laser intensity of 6800 were accumulated. Spectra were analyzed with the Data Explorer software package (Version 4.6, Applera Deutschland GmbH) and proteins were identified by the Mascot software package (Matrix Science Ltd., London, UK)
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using the Swiss-Prot database, allowing up to two missed cleavage sites and a mass tolerance of 50 to 100 ppm.

RESULTS

Model characterization

X-ray irradiation of rats at a total dose of 5 Gy, corresponding to the LD 50 , causes immediate and massive oxidative stress to all animal cells, mostly via radiolysis of water molecules generating hydroxyl radicals (•OH), hydrated electrons (e -aq ) and hydrogen radicals (H•) [START_REF] Matsumoto | Estimation of free radical formation by [beta]-ray irradiation in rat liver[END_REF]. These very reactive ROS can react further with oxygen to produce superoxide radical anions (•O 2 -), hydroperoxyl radicals (HO 2 •) and finally hydrogen peroxide (H 2 O 2 ) [START_REF] Riley | Free radicals in biology: oxidative stress and the effects of ionizing radiation[END_REF]. Thus, all important ROS species are produced at relatively high quantities in animal tissues within a few seconds.

The resulting ROS modifications were studied at the protein level after 3, 9 and 24 h and compared to non-irradiated animals (control group at 0 h). These time points were selected in order to study both oxidative protein alterations and the cellular response on these reversible and irreversible modifications.

Polyunsaturated fatty acids incorporated into lipids are rapidly attacked by free radicals, becoming oxidized to lipid peroxides. Most of these end products are stable at 37°C in the absence of transition metal ions and accumulate in tissues and organs. They represent, therefore, a valid parameter which can be used to determine increased levels of free radicals over a certain time span, unlike short lived radicals, which cannot easily be quantified in animals. It should be noted that elevated lipid peroxide levels might be caused either by increased ROS levels, as studied here, or by reduced scavenger concentrations (antioxidants like GSH). X-ray irradiation of the animals will dramatically increase the ROS quantities. This increase will immediately lead to elevated levels of both lipid peroxides (monitored by the TBA assay) and oxidized proteins (studied for muscle proteins), and the consumption of most antioxidants. These lower antioxidant
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ACCEPTED MANUSCRIPT levels will result in higher concentrations of ROS produced within the animals, yielding more lipid peroxides until the scavenger system finally recovers. Moreover, lipid peroxides are secondary oxidants and will also lead to an increase in ROS levels. Oxidative stress caused by these increased ROS levels and decreased scavenger levels was studied for all animals in different tissues (liver, kidney and muscles) and plasma at all three time points (Fig. 1) by quantifying lipid peroxides with TBA. This reaction is commonly used for such studies due to its high sensitivity and simplicity, despite some limitations in the specificity [50;51]. Alternative techniques for lipid peroxidation measurements, such as stable isotope dilution mass spectrometry [START_REF] Nourooz-Zadeh | Urinary 8-epi-PGF2[alpha] and its endogenous [beta]-oxidation products (2,3-dinor and 2,3-dinor-5,6-dihydro) as biomarkers of total body oxidative stress[END_REF], appear more specific but are very time consuming and difficult to establish.

After three hours, the content of TBA-active species had increased in all three organs by 50 to 100% and then returned to the control level after 9 h. Interestingly, a further significant increase, of approximately 250%, was observed after 24 h. The TBA level in the plasma samples remained stable up to the first time point (3 h) before decreasing to 60% (9 h). The TBA level then increased once more to approximately 150% (24 h), i.e. it followed a similar kinetic pathway as the tissue samples.

Other markers commonly used to judge oxidative stress are the total content of reactive carbonyl groups (aldehydes and ketones) in a sample (i.e. present in proteins and small molecules), and the quantities of di-tyrosine. The level of reactive carbonyl groups present in the total muscle protein preparation increased to 300% (3 h) before decreasing to 150% (9 h) and then increasing again to 250% (24 h) (data not shown). The content of di-tyrosine in the total muscle protein extract increased, relative to the control, to 150% within 3 h and was then stable over the 
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functional activity after 24 hrs to about 80% of the control sample. The polymerization assay is especially meaningful, as actin is an early target of cellular oxidative stress and closely resembles the redox state of a cell [START_REF] Dalle-Donne | The actin cytoskeleton response to oxidants: from small heat shock protein phosphorylation to changes in the redox state of actin itself[END_REF].

Cysteine oxidation studied by diagonal redox PAGE

Protein preparations depleted in actin were prepared from skeletal muscle by actin polymerization. This preparation did not affect the band pattern of any other proteins in SDS-PAGE analyses, nor their relative intensities. The same was true for heat denaturation prior to sample loading on the SDS-PAGE (Supplement, Fig. S1). For all time points, the depleted supernatants were adjusted for protein content and analyzed by combining a non-reducing SDS-PAGE in the first dimension with a reducing SDS-PAGE in the second dimension (diagonal redox SDS-PAGE) (Fig. 2). The applied two-dimensional approach was highly reproducible with respect protein migration and silver staining allowing a relative quantification of the gels at different time points (Supplement, Fig. S3). Proteins detected outside the diagonal line migrate with different velocities in either dimension and thus have higher molecular masses (i.e.

oligomers formed by intermolelecular disulfide bridges), or smaller Stokes radii due to more compact structures (i.e. intramolecular disulfide bonds). These oxidized species appear on the left side (lower mobility in the first dimension) and the right side (higher mobility in the first dimension) of the diagonal, respectively. In the control samples most proteins migrated in both dimensions at similar speeds, as indicated by the relatively high intensities along the gel diagonal (Fig. 2). Only a few minor spots were detected along horizontal lines on either side of the diagonal, such as spots falling into areas 7 to 9 as marked in Figure 2 by rectangles. All spots within a rectangle should contain the same proteins, migrating in the first dimension with different velocities as heterooligomers due to intermolecular disulfide bonds (Fig. 2, left side), or as cyclic monomers (Fig. 2, right side). Therefore, the intensities of these areas, which represent the oxidation degree of a certain protein, were used to study the ROS influence on each protein.
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Quantification of individual spots was not very reliable due to the low resolution in some areas of the gel, i.e. areas 1, 7, 8, 9 and 14, which possessed partially overlapping spots at later time points (Fig. 2). The intensities of single spots would only be helpful, if proteins linked to each other could be identified from the gels, i.e. which proteins were present in the heterooligomers of the first dimension. This information, however, could not be retrieved from the gel data due to the relatively low resolution along the diagonal. Therefore, we quantified the complete areas as indicated by the rectangles in Figure 2. The spot pattern changed significantly following irradiation. On the left side of the diagonal the spot intensities had typically increased for all areas two-to five-fold within 9 h. Only the spots present in area 2 increased by a higher amount, i.e. almost 200 times (Table 1). Spots indicative for intramolecular disulfides (Fig. 2, right side) increased over all time points with spot no. 1 increasing approximately 56 times within 24 h.

Furthermore, a series of spots appeared after 3 h following irradiation in the high mass range at the left upper corner of the gel (spot area 14, Fig. 2) and continued to increase up to 24 h. These spots were most likely formed by high molecular mass aggregates that were not completely reduced before the second dimension (see below). Enzymes can probably not reduce these highly oxidized and cross-linked proteins, which mark them for enzymatic degradation in the cell.

Identification of oxidized proteins and spot quantification

All intensive spots present in all 14 areas, as indicated in figure 2, were excised and digested with trypsin to identify the proteins present. Protein identification was then performed by combining a peptide mass fingerprint (PMF) in MALDI-reTOF-MS with a product ion spectrum in MALDI-TOF/TOF-MS mode (Table 2). For overlapping or unresolved spots, several neighboring positions along the lines were picked and analyzed accordingly. In this way it was confirmed that all areas contained only one protein distributed over several spots. Only area 14, in the upper mass range (Fig. 2), contained three different proteins: creatine kinase M chain, actin and β-enolase. Spot areas 10 to 13 containing phosphoglucomutase-1, serum albumin,
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phosphoenolpyruvate carboxykinase and serotransferin, respectively, were chosen as control proteins, as these spots were well resolved and showed identical spot intensities for all time points (Table 1, Fig. 2). These internal standards also confirmed the protein quantities determined by the Bradford assay. The gel-to-gel intensity variations of these standard spots were below 20%, indicating that all intensity changes over a factor of 1.5 could be considered as significant. Most spot areas that changed their intensities over time contained proteins that belong to three groups: contractile muscle proteins, proteins regulating contractile muscle functions and enzymes involved in energy metabolism (Table 1). The most prominent effects were detected on the left side of the diagonal (Fig. 2), i.e. spots corresponding to proteins with at least one intermolecular disulfide bridge. The highest spot intensities were obtained for contractile muscle proteins (group 1) on both sides of the diagonal. The intense spots, with apparent molecular masses of approximately 45 kDa, corresponded to α-actin (spot area 7), which had increased 3.5 fold at 3 h relative to the control, and even more for the later time points, as can be clearly seen from the gel images (Fig. 2). As these intense spots were already saturated due to the small dynamic range of silver staining, it was not possible to determine the increase more accurately. Myosin light chains were detected in spot areas 1 to 3 on both sides of the diagonal, with each isoform showing different oxidation kinetics (Tables 1 and2). Oligomers of the skeletal muscle isoform of myosin light chain 1 (spot area 2, Fig. 2) detected only as faint spots in the control, showed the most dominant changes of all studied proteins. Within 3 h their intensity had increased by around 45 fold and after 24 h these spots had an almost 400 fold higher intensity than the control. The corresponding monomer, cyclized via cystines, had increased only two fold at the first time point, with only minor changes after 24 h. When considering the total spot intensities (Table 1), the cyclic monomer was detected in the control at quantities approximately 50 fold higher than the oligomerized versions. After 24 h this ratio changed dramatically and the oligomerized version was around three times more intense. The disulfide-bridged dimer of the slow-twitch muscle B/ventricular isoform of myosin light chain 1
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(spot area 3, Fig. 2), was only visible at the left side of the gel after 9 hours; while another spot, indicating a disulfide bridged monomer, gradually increased in intensity from 3 to 24 h. The skeletal muscle isoform of myosin regulatory light chain 2 (spot area 1, Fig. 2) showed the same kinetics for the intermolecular disulfides, whereas the cyclic version was detected only after 9

and 24 h at similar spot intensities.

Among the second group of proteins, which regulate the actin-myosin interaction during muscle contraction, the spot intensities of the β-chain of tropomyosin (spot area 6, Fig. 2) altered the most (Table 1). The intramolecular disulfides, present at a high level in the control, were almost completely lost after irradiation in favor of the oligomers, which were detected weakly after 3 h and with around three fold increased intensities after 9 and 24 h. Both β-enolase (spot area 9, Fig. 2) and triosephosphate isomerase (spot area 4, Fig. 2), which are both glycolytic enzymes, did not form any detectable cyclic versions at any time point. The spot intensities had increased slightly after 3 h. For β -enolase the intensities on the left side had increased further at 9 h and then stayed constant to 24 h. Triosephosphate isomerase was constant at approximately the same level after 9 h and later dropped to about 65% of the control level. The oligomeric versions of the M chain of creatine kinase (spot area 8, Fig. 2), an important enzyme of the energy metabolism in muscle tissues, had already been detected in the control at a relatively high level already, but increased by 1.5 fold after irradiation. This strong increase of the spot intensities continued, but it was not possible to quantify these spots due to saturation effects and partial overlapping with actin (spot area 7, Fig. 2). There was also one poorly resolved spot on the left side of the diagonal with increasing intensities over all time points which could not be quantified (Fig. 2).

Interestingly, there was also a low molecular mass version of creatine kinase detected at 30 kDa (spot area 5) on both sides of the diagonal. Whereas the oligomerized forms, i.e. cross-linked aggregates, increased over all three time points at a very low level, a relative intense spot appeared on the right side, which increased even further at 24 h (to 6 fold above the control).
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The protein aggregates detected on the diagonal line above an apparent molecular mass of 100 kDa (spot area 14) contained actin, creatine kinase and β-enolase according to the mass spectrometry data (Table 1). However, it cannot be ruled out that other proteins weren't present in these aggregates. The presence of actin in these aggregates was further confirmed by an immunoblot (data not shown). The low resolution in this part of the gel due to the low mobility of large proteins, did not allow any further conclusions from this data to be drawn, especially as further proteins could have been present in the background.

Protein carbonylation

Next we looked for protein carbonylation as an irreversible oxidation product in the muscle protein preparations. Carbonylation is a general and often used biomarker for severe oxidative protein damage [3; 54; 55], formed by oxidation of proline, arginine, lysine and threonine residues or reaction of cysteine, lysine and histidine residues with aldehydes or other reactive carbonyl derivatives [START_REF] Dalle-Donne | Protein carbonylation in human diseases[END_REF]. Thus the protein mixture was separated again by diagonal redox SDS-PAGE and blotted onto a PVDF membrane. The reactive carbonyl groups were labeled with DNPH and detected with an anti-DNP antibody (Fig. 3). The corresponding proteins were identified by matching the blot to the gel (Table 2). A few protein spots containing actin (spot 7), creatine kinase (spot no. 8), phosphoglucomutase-1 (spot 10), serum albumin (spot 11), and phosphoenolpyruvate caboxykinase (spot 12) were visible in the control samples (Fig. 3), indicating a low level of these oxidized species, which may indicate the relatively high oxidative stress in muscles. These spot intensities were only slightly influenced by irradiation, considering the lower reproducibility of immunoblots. For skeletal muscle, isoforms of myosin light chain 1 (spot 2), triosephosphate isomerase (spot 4), tropomyosin β-chain (spot 6), creatine kinase (spot 8) including its low molecular mass versions (spot 5), and α-actin (spot 7) (Fig. 3, Table 2), appeared intense after 9 h with a slight decrease after 24 h. Interestingly, the carbonylated
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versions were mostly detected along the diagonal line with only a few faint spots at either side, although oxidized cystine-containing versions of all these proteins were detected in the gels.

Spots on the left side of the blot, indicating intermolecular disulfide bridges, were only detected for creatine kinase, actin and tropomyosin.

DISCUSSION

Even at rest muscles continuously generate a complex set of ROS and RNS [START_REF] O'neill | Production of hydroxyl radicals in contracting skeletal muscle of cats[END_REF][57][START_REF] Kolbeck | Increased Superoxide Production during Fatigue in the Perfused Rat Diaphragm[END_REF]. During contractile activity the ROS and RNS levels increase rapidly, leading to relatively high intracellular concentrations. As muscles have to deal with such oxidative stress regularly, they represent an ideal subject for studying the underlying molecular processes, including alterations of protein expression and oxidative protein modifications. In recent years, the influence of oxidants and reductants on reversible and irreversible protein modifications has been investigated by many groups in cellular models. J.P. Brennan et al. [START_REF] Brennan | Detection and mapping of widespread intermolecular protein disulfide formation during cardiac oxidative stress using proteomics with diagonal electrophoresis[END_REF], for example, studied the effects of diamide, hydrogen peroxide, N-acetylcysteine, and di-nitrophenol on Calcium-tolerant ventricular myocytes isolated from the hearts of male Wistar rats. They identified almost 100 proteins forming disulfide-bridged dimers and oligomers at higher levels in response to oxidative-stress. Similar observations were reported for skeletal muscle proteins both in-vitro and in-vivo, which again have been linked to muscular dystrophies and muscle dysfunctions [START_REF] Tidball | The role of free radicals in the pathophysiology of muscular dystrophy[END_REF]. The underlying molecular mechanisms, however, are still poorly understood in-vivo. From these studies a clear picture slowly emerges, showing that cysteine-containing proteins play a dual role as scavengers of oxidative species and initiators of cellular signaling systems. Our rationale for studying oxidative protein modifications in skeletal muscles is based on the rapid increase of ROS production during muscle contractions and the relatively high steady state levels
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of oxidative species in active muscles. Furthermore, muscle proteins can be easily prepared in large quantities with a low sample complexity, which simplifies the analyses and allows an easier identification of oxidized proteins, even if they are present in low concentrations.

Importantly, the influence of chemical oxidants added to muscle proteins has been studied by several research groups in cell cultures and animals by direct injection in organs, such as the heart [START_REF] Canton | Oxidative modification of tropomyosin and myocardial dysfunction following coronary microembolization[END_REF].

Microinjections in animals, however, have the disadvantage that the oxidative species act mostly outside of the cells and enter the cells slowly, while diluted in the organ or the body. Thus, it is only possible to study ROS with weak or intermediate reactivity, such as H 2 O 2 , but not those with high reactivity. Here, we used a recently reported rat model [START_REF] Kuleva | Dynamics of rat hepatocyte histone glycoxidation after general x-ray irradiation[END_REF] that relies on X-ray irradiation to produce highly reactive ROS within the animals during a very short (5 s) time interval. This method provides a well defined starting point for the experiment. A high ROS reactivity will immediately modify all kinds of biomolecules within all cellular compartments. A burst of oxidative species mostly neutralizes the cellular scavenging systems, giving additional information as to how tissues deal with severe stress conditions and how fast they can recover.

Such assumptions about the in-vivo model were confirmed by conventional stress parameters, i.e. lipid peroxidation products and reactive carbonyl groups, for liver, kidney and muscle tissues, as well as plasma. These global parameters for oxidative stress displayed similar kinetic pathways. Elevated levels of both oxidation parameters were observed at 3 h (indicating very high ROS levels during irradiation), which then returned close to control levels (9 h) before increasing again (24 h). This pattern is typical for an unspecific three-phase stress reaction triggered by the initial ROS burden [START_REF] Iu | Current problems of chemical radiation protection of organisms[END_REF]. First, cell antioxidant defense mechanisms are initialized and amplified to deal with oxidative stress (3 h time point). In the second phase the cell antioxidant machinery works at full strength to reduce reversible oxidations and to prevent further biomolecular oxidation (9 h). In the case of severe oxidative damage (as induced here),
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the antioxidant system is no longer able to deal with the damage and also becomes impaired. In the third phase (24 h), ROS produced within the cells (here muscles) will yield lipid peroxides and protein carbonylation. Di-tyrosine formation followed a different kinetic pathway that further supports these assumptions. Di-tyrosine is formed mostly by highly reactive radicals present only during irradiation and for a very short time period afterwards. Thus, the di-tyrosine level increases rapidly and reaches its peak before being analyzed for the first time (3 h). Its level then decreases as the proteins degrade and are replaced with freshly expressed versions. The functional protein assays also support the conclusions drawn from these unspecific oxidative stress markers (Supplement, Fig. S2). The studied protein functions were severely affected within the first few hours, before being slowly restored and almost reaching the functional activities obtained for the control levels after 24 h. The analysis of the skeletal muscle proteins at different time points over one day should show which proteins are prone to oxidation, what percentage of them is modified, how fast the cell can return reversible modifications, or clear non-reversibly modified proteins and how it relates to the global stress parameters.

The ROS impact on the protein level was clearly seen on the 2D-gel images, as both the number of spots and the spot intensities increased on both sides of the diagonal after irradiation. These increases indicate a fast disulfide formation for most dominant muscle proteins. Interestingly, this was not a sudden effect, but the spot intensities increased gradually over several hours. This delayed response at the protein level can be attributed to two different effects. First, that the highly reactive ROS produced initially will oxidize surrounding biomolecules if possible. Less reactive primary oxidation products, with a longer half life, will then oxidize other biomolecules more site-specifically, such as free thiol groups to sulfenic acids, which again could react with thiol groups within the same protein (intramolecular disulfides) or surrounding proteins (intermolecular disulfides). The second explanation for the delay considers a role for the antioxidant system of the tissue. The high quantities of ROS induced by irradiation reduce or
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even abolish the ROS scavenging system. Thus ROS produced during muscle activity cannot be cleared in the cell and will continue to slowly oxidize muscle proteins over the following hours.

This could explain the slow and continuous increase of oligomers and cyclic monomers before the ROS scavenging system recovers after 9 h, preventing further disulfide formations, or can even reduce the proteins. Additionally, protein degradation by the ubiquitin-proteasome is also affected by oxidative stress [START_REF] Grune | Degradation of oxidized proteins in mammalian cells[END_REF]. No matter what process dominates, the analyzed oxidation processes were highly reproducible. Furthermore, the oxidation products and their ratio were neither affected by the preparation, nor the storage conditions at -80°C for more than one year (data not shown).

Disulfide formation depends on several parameters, such as the flexibility of local protein structures or protein domains, surface accessibility, distance to other cysteine residues in the same or a second molecule, and mobility of the whole protein. Thus, oxidation and reduction will follow different kinetics based on the intrinsic properties of each protein and the microenvironment of each molecule. Following this rationale, the slow formation of intramolecular disulfides results from the relatively stable protein structures (of a single protein, or more likely within a protein complex), which usually prevents direct contact among the cysteine residues in one molecule. Finally, the turnover of each protein will determine how long an oxidized protein exists, if it is not reduced before by enzymes or via S-glutathionylation.

Thus, the half life of a protein, i.e. its clearance rate, will determine how fast it will be replaced by its unoxidized version.

Only a few in vivo studies on oxidative stress exist which can be directly compared to our data.

A recent report relies on intracoronary infusion of microspheres to induce oxidative stress in heart muscles of anaesthetized pigs and dogs [START_REF] Canton | Oxidative modification of tropomyosin and myocardial dysfunction following coronary microembolization[END_REF]. Biopsy samples taken from these microembolized areas after six or eight hours showed a 2.6 fold higher content of dimerized
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tropomyosin than samples from remote heart areas of the same animal. The myocardial function of the dogs recovered completely within 6 days and the disulfide content of tropomyosin returned to its normal level. This fits well with our observations that the oligomerized tropomyosin increased about 3.8 fold within 9 h to recover partially after 24 h. Although the higher oxidation status of tropomyosin in our model may come from a higher oxidative stress, it was also shown for troponin C that the oxidation degree is higher in fast skeletal muscles than in cardiac myofibrils [START_REF] Putkey | Formation of inter-and intramolecular disulfide bonds can activate cardiac troponin C[END_REF].

In this study a total pool of leg skeletal muscle was used without discriminating for different muscle fiber types. Different oxidation dynamics obtained for different myosin light chain isoforms can be explained by their location and function. Fast-twitch muscles are more prone to oxidants than slow-twitch muscles [64; 65], which is most likely due to a lower superoxide scavenging capacity [START_REF] Anderson | Type II skeletal myofibers possess unique properties that potentiate mitochondrial H 2 O 2 generation[END_REF]. Fast-twitch muscles also show a more rapid decline during aging than slow-twitch muscles [START_REF] Thompson | Skeletal muscle adaptations with age, inactivity, and therapeutic exercise[END_REF]. These observations fit well with our data, where most disulfides were formed by myosin light chain 1 from skeletal muscles, and at a much lesser degree by the slowtwitch muscle B/ventricular isoform of myosin light chain 1.

The rapid, strong increase of oligomerized α-actin species observed at all time points was expected, as actin is an early target of cellular oxidative stress and closely resembles the redox state of a cell [START_REF] Dalle-Donne | The actin cytoskeleton response to oxidants: from small heat shock protein phosphorylation to changes in the redox state of actin itself[END_REF]. Cys272 especially is easily oxidized to sulfenic acid, slowly forming an intramolecular disulfide bond with Cys374, which alters the structure and exposes Cys17 to forming intermolecular disulfides (numbering for the bovine sequence) [START_REF] Shartava | A posttranslational modification of beta-actin contributes to the slow dissociation of the spectrin-protein 4.1actin complex of irreversibly sickled cells[END_REF]. This cystine also acts as a cellular sensor for oxidative stress by regulating cell death in yeast [START_REF] Farah | Conserved actin cysteine residues are oxidative stress sensors that can regulate cell death in yeast[END_REF]. Similarly, disulfides formed in the myosin head region of actomyosin alter the structures of both myosin and actin [START_REF] Prochniewicz | Changes in actin structural transitions associated with oxidative inhibition of muscle contraction[END_REF], which reduce the actin dynamics in the presence of ATP.
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As well as the reversible modifications we also identified reactive, irreversible carbonyl modifications at all time points. In the control sample, these modifications were mostly visible in the higher mass range of the diagonal for creatine kinase, actin, phosphoglucomutase-1, serum albumin and phosphoenolpyruvate carboxykinase. As the spot intensities of the last three proteins were only at an intermediate level in the gels, the strong signals obtained in the blots indicate a high carbonylation degree in the control samples for all three, compared to other dominant proteins, such as actin or myosin. It should be noted, however, that spot intensities in a silver gel do not necessarily reflect the real protein ratios. The same applies to immuno blots, as some carbonylated epitopes might be masked by the protein structure, despite the denaturing gel electrophoresis conditions. Regardless of these limitations, the similar intensities of all three proteins in both the gels and blots indicate that these proteins are most likely carbonylated at a high level.

The carbonylation pattern changed completely for the irradiated rats. The spot intensities of proteins detected in the control animals did not change much, whereas several other spots in the lower mass region appeared after 9 h. Interestingly, most carbonylated protein versions were detected directly on the diagonal, although some of them were smeared to either side. Actin and creatine kinase were especially dominantly modified, with several sharp spots occurring on the left side, in addition to the most intense spot at the diagonal (spots 7 and 8). As discussed above, these spot intensities can only be judged individually for each protein when considering the ratios of the spot intensities detected in the gel and the blot. Considering these ratios, the disulfide-containing species of actin and myosin appear to be carbonylated at a lower degree than actin and myosin focused on the diagonal. Thus, disulfide formation probably reduces carbonylation of the same protein in-vivo, and effectively protects proteins under regular ROS conditions from irreversible modifications. For proteins detected in lower quantities, left or right of the diagonal, however, the carbonyl-modifications might be just below the detection limits.
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Thus, the absence of these spots does not necessarily indicate that the disulfide-bridged protein versions are not carbonylated.
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Proteins identified in spots 1 to 14 of the diagonal SDS-PAGE (Fig. 1) by peptide mass fingerprints (PMF) and tandem mass spectrometry (MS/MS). Samples were digested with trypsin and analyzed on a MALDI-TOF/TOF-MS. Scores provided by MASCOT for the PMF and the resulting sequences, as well as the sequences identified by MS/MS, are shown. The fluorescence intensity indicates that actin polymerization was 72% (3 h sample), 33% (9 h sample) and 64% (24 h sample). Activation of myosin Mg2+-ATPase by alpha actin was also lower than for the control, reaching only 88% (3 h sample), 55% (9 h sample) and 80% (24 h sample) of the non-irradiated control. Interestingly, both assays indicate the strongest functional impact on actin after 9 h, whereas the preparations obtained 3 and 24 h after irradiation were closer to around 90% activity of the control sample.
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  subsequent two time points. The effects of the elevated ROS levels on protein function in the muscle protein preparations were studied by an actin polymerization assay (Supplement, Fig. S2, panel A) and a myosin Mg 2+ -ATPase activity assay (Supplement, Fig. S2, panel B). Both assays confirmed increasing functional disturbances for the first 9 hrs and a partial recovery of the A C C E P T E D M A N U S C R I P T

Fig 1 .

 1 Fig 1.Time dependence of TBA-active compounds in liver, kidney, muscle and plasma samples determined in rats 3, 9 and 24 h following X-ray treatment. Average values are given for nonfrozen tissue samples of five male Wistar rats analyzed in parallel relative to a control sample, which was prepared from a group of non-irradiated animals set to 100%. The experimental details of the assay are described in the Material and Methods section.

Fig 2 .

 2 Fig 2.Diagonal redox SDS-PAGE of muscle protein preparations from male Wistar rats depleted in actin, obtained from the control group (A) and animals sacrificed 3 (B), 9 (C) and 24 h (D) following X-ray treatment with a total dose of 5 Gy. The protein mixtures were separated by diagonal redox SDS-PAGE using T=12% gels and visualized with silver nitrate. The presented gels are representative of five independent analyses.

Fig 3 .

 3 Fig 3. Carbonylated muscle proteins prepared from male Wistar rats were visualized on a PVDFmembrane with an anti-DNP antibody using samples from a non-irradiated control group (A) as well as 3 (B), 9 (C) and 24 h (D) after X-ray treatment with a total dose of 5 Gy. The muscle protein extracts were separated by diagonal redox SDS-PAGE, electroblotted on PVDF membranes and derivatized with DNPH before incubation with an anti-DNP antibody. The western blots were visualized with DAB. Blots representative of three independent analyses are shown.

  Fig.1

  

  

  

Table 1

 1 Relative spot densities for areas 1 to 14 from diagonal SDS-PAGE for different time points following irradiation. Average values from at least two gels stained in parallel are shown.

			Left to the diagonal				On the diagonal			Right to the diagonal
	Spot	Control #	3 h*	9 h*	24 h*	Control #	3 h*	9 h*	24 h*	Control #	3 h*	9h*	24 h*
	1	11000±590	0.53±0.07	4.83±0.54	0.17±0.05					2200	8.28±1.1	42.61±2.34	56.65±4.8
	2	800±56	44.60±11.06 177.75±12.3 373.17±22.8					40000	2.06±0.25	1.60±0.15	2.92±0.13
	3	6000±37	1.21±0.71	3.43±0.97	0.61±0.19					22000	1.33±0.14	1.25±0.21	2.30±0.23
	4	15000±78	1.69±0.12	1.86±0.27	0.65±0.18								
	5	4500±103	1.30±0.39	2.93±0.42	3.78±0.59					3700	1.07±0.17	4.93±0.98	6.24±1.1
	6	1200±45	0.98±0.28	3.84±0.49	3.21±0.81					44000	0.31±0.07	0.13±0.06	0.23±0.05
	7	135000±300	3.5±0.8	n.c.	n.c.								
	8	372000±257	1.5±0.55	n.c.	n.c.								
	9	94000±320	1.32±0.19	2.72±0.28	2.88±0.39								
	10					37000	1.01±0.26 0.93±0.18 0.63±0.11				
	11									66000	0.68±0.2	0.76±0.12	0.63±0.19
	12					22000	1.06±0.17 1.24±0.23 0.97±0.17				
	13									22000	1.25±0.12	1.26±0.15	0.88±0.17
	14	24000±127	0.99±0.27	2.40±0.38	3.17±0.59								
	# Average spot densities taken from two gels (calculations performed with the TINA software package).			
	* Relative spot intensities for different time points following irradiation normalized to the spot density of the control, i.e. ratios >1 indicate
	stronger spot intensities.										

ACCEPTED MANUSCRIPTthree replicas, the relative spot intensities among the different time points gave good reproducibility.

Actin polymerization [START_REF] Koffer | Activation of myosin ATPase by actin isolated from cultured BHK cells and the effect of gelsolin[END_REF] -For protein samples dissolved in extraction buffer the polymerization was initiated by adding 100 mM KCl. Light scattering was measured at a 90° angle in a fluorescent spectrophotometer (Varian Hitachi MF-3, Japan) at 350 nm every minute for the first 5 min and then every subsequent 5 min for the following 60 min.

Actin-activated Mg 2+ -ATPase activity of myosin [START_REF] Kuleva | Change in the functional properties of actin by its glycation in vitro[END_REF]-Actin (6 µg) and myosin (54 µg), purified from rabbit muscle, were dissolved in ATP/Tris-buffer (150 mM Tris-HCl, pH 7.6, 15 mM MgCl 2 , 6 mM ATP), incubated (30 min, 37°C) and precipitated with TCA. Ammonium molybdate dissolved in 5 mol/L 2M aqueous HCl was added to the supernatant to a final concentration of 2.5% (w/v). The mixture was incubated (6 min, 37°C) and the absorption recorded at 660 nm. The inorganic phosphate produced by the ATP hydrolysis was quantified against a phosphate dilution series after subtraction of the background. 
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