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Abstract
Introduction
In proteomics a paradox situation developed in the last years. At one side it is basic knowledge that proteins are post-translationally modified and occur in different isoforms. At the other side the protein expression concept disclaims post-translational modifications by connecting protein names directly with function.

Discussion
Optimal proteome coverage is today reached by bottom-up liquid chromatography/mass spectrometry. But quantification at the peptide level in shotgun or bottom-up approaches by liquid chromatography and mass spectrometry is completely ignoring that a special peptide may exist in an unmodified form and in several-fold modified forms. The acceptance of the protein species concept is a basic prerequisite for meaningful quantitative analyses in functional proteomics. In discovery approaches only top-down analyses, separating the protein species before digestion, identification and quantification by two-dimensional gel electrophoresis or protein liquid chromatography, allow the correlation between changes of a biological situation and function.

Conclusion
To obtain biological relevant information kinetics and systems biology have to be performed at the protein species level, which is the major challenge in proteomics today.
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Introduction
Many paradigm changes were caused by speciation. The speciation of all materials in chemical elements and the establishment of the periodic system by Mendeleev in 1869 was the beginning of chemical science and modern chemical industry. The ground-breaking work of Carl von Linné, who developed the Systemae Naturae in 1735 [1], was the basis for the theory of evolution by Charles Robert Darwin in his famous book "On the Origin of Species by Means of Natural Selection, or The Preservation of Favoured Races in the Struggle for Life" in 1859 [2] and a big step forward for modern medicine. Today another step forward in life sciences could be the speciation of the proteins into protein species and the acceptance of the protein species as the functional unit.
The vast amount of genomic, transcriptomic and proteomic data now at our fingertips enables us to recognize the tremendous diversity of proteins as distinguishable protein species with different structures and functions. In the 19th century proteins were anticipated as amorphous mass. Only at the beginning of the 20th century did it become clear that the proteins may be distinguished in different individual forms. The amino acids were recognized as the building blocks of proteins and their composition as a characteristic of a certain protein. Therefore, a differentiation became possible by the different content of different amino acids. Chromatography and differential solubility was used to separate and purify proteins with different function. Later it became obvious that the amino acid sequence is important for the definition of the function. Proteins can be distinguished according to their structure and function. In economics the process of the occurrence of new modified forms of one product is termed diversification; in life sciences the same process should be named speciation. The names used to identify proteins show that different polypeptides were named according to the description of their function.
The deciphering of the genetic code revealed that the amino acid sequence is determined in the DNA, and that the amino acid sequence reflects genomic information. Genetics culminated in the deciphering first of the genomes of microorganisms, and in 2002 of the human genome, with predictions of thousands of proteins, from which only a small proportion are experimentally accessible to date. The elucidation of complete DNA sequences and prediction of genes of Haemophilus influenzae [3] and human [4] were landmarks enabling detailed proteomic identification by mass spectrometry. In July 2008 there are 727 microbial genomes sequenced and 1108 are in progress [5]. For eukaryotes there are 23 completed genomes and 474 are in preparation [6].
In microorganisms with small genomes such as Mycoplasma pneumoniae (573 ORFs) proteome coverage of up to 80% [7] was reported. For bacteria with larger genomes (2000 to 4000 ORFs) it can be expected that a sample from one biological situation, prepared and analysed by one procedure, will give access to about 10–50% of the proteins predicted by their genome [8, 9]. In human pancreatic cells 3365 proteins [10] and in mouse brain 7792 proteins, covering about 34% of the predicted mouse proteome [11] were identified. The use of the gathered knowledge presumes optimal data storage and data mining tools, for which a well defined terminology is a prerequisite.
Here we present a critical view on the terminology in proteomics and define the protein species chemically as the smallest unit, which can be correlated to a function. Only with a precise terminology we will be successful in theoretical proteomics and systems biology.
Proteome definition
Improvements in chromatographic and electrophoretic methods resulted as early as 1970 in the separation and characterization of about 60 ribosomal proteins [12]. The combination of two high-resolution methods, isoelectric focusing and SDS polyacrylamide gel electrophoresis allowed the separation of several hundred proteins of a complete organism, the bacterium Escherichia coli [13]. The proteins were separated in a gel and appeared as spots in a two-dimensional pattern. By increasing the size of these gels up to 30 × 40 cm, the resolution was increased to more than 10000 spots per gel [14]. This technique, combined with methods for identification of proteins from gels, such as N-terminal sequencing [15, 16] and mass spectrometry with soft ionization procedures [17–19], made it possible to perform protein analysis at a genomics scale [20]. This was the beginning of a new scientific discipline: Proteomics. The proteome has been defined as the protein complement of the genome [21]. Proteomics is the systematic study of the many and diverse properties of proteins in a parallel manner, with the aim of providing detailed descriptions of the structure, function and control of biological systems in health and disease [22].

Gene expression and protein expression – a clear definition and a fuzzy term
The connection between genes and proteins is described by the central dogma (Figure 1). The genes are expressed and during this process the genetic information is transcribed from DNA, to RNA and then translated from RNA to proteins. In analogy to the term gene expression the term 'protein expression' was introduced by Wilkins and Gooley, 1997 [23] into the proteome definition: "In proteome projects, which aim to identify and characterize all proteins expressed by an organism or tissue, the identification of proteins is central". Semantically the process of protein expression should start with a protein and result in a modified protein (Figure 2). The term protein expression is however very rarely used in this sense, but tends rather to be used in the context of translation or protein synthesis, which is semantically not correct and further leads to misunderstandings when attempts are made to measure protein expression by two-dimensional gel electrophoresis or liquid chromatography.[image: A13065_2008_Article_49_Fig1_HTML.jpg]
Figure 1The central biochemical dogma.



[image: A13065_2008_Article_49_Fig2_HTML.jpg]
Figure 2The attempt to define the term protein expression within an expanded model of the central biochemical dogma. At present the term protein expression is not clearly defined. It is used in the literature for different steps between RNA and protein species.




The misleading character of this terminology is outlined in the example of a 2-DE analysis of heat-shock protein 27 (Hsp27) from human heart [24] (Figure 3). Hsp27 occurs in 59 spots of this 2-DE pattern. A different position in a 2-DE gel must be the result of a different chemical structure of the protein. It becomes obvious that a single spot cannot represent protein expression in the sense of protein synthesis, because protein synthesis also leads to at least 58 other modified forms of the protein. Attempting to account for all forms of the protein by adding up the intensities of the 59 spots does not really help to solve the problem, because it cannot be guaranteed that other forms of the protein exist, which were not resolved on the 2-DE gel. Additionally and even more importantly, is the fact that it cannot be decided whether the synthesis of the many protein forms was an earlier process or actually caused by the biological effect currently under investigation, or indeed whether the direct synthesis product was degraded or transported out of the cell or even the tissue.[image: A13065_2008_Article_49_Fig3_HTML.jpg]
Figure 3Part of a human myocardial 2-DE pattern. The proteins were blotted onto a PVDF membrane, immunostained with an antibody against Hsp27 (red spots), and counterstained with Coomassie Brilliant Blue R250 (blue spots) [24]. Spot numbers refer to the human heart high-performance 2-DE database [51]. The spot labelled with actin represents a fragment of actin. MLC1, myosin light chain 1, MHC, myosin heavy chain fragment, TPI, triosephosphate dehydrogenase, Cb, alpha-crystallin b chain.




In light of these considerations, it has to be accepted that all that can be measured on a 2-DE gel or in an LC run, is the amount of a protein (LC) or more precisely the amount of a particular form of a protein (2-DE) in a specific biological situation and experimental setting. The particular form of a protein we observe may result from transcripts from indistinguishable genes, indistinguishable parts of genes or from post-translational modifications.

Protein species – the smallest unit of the proteome
As outlined above, the protein expression concept is misleading and ignores the formation of different forms of proteins, each of which may have specific functions. These forms represent a new level of speciation: A protein derived from a given transcript diversifies into different protein species. The term protein species was defined by its chemical structure by Jungblut et al, in 1996 [25] and defines the smallest unit of the proteome. Each covalent chemical modification of a protein leads to a new protein species. The primary synthesis product of translation represents a unique protein species, the initial protein species. This initial protein species may be proteolytically or environmentally processed, modified, and/or transported to organelles or outside the cell, spliced or degraded (Figure 4). For an individual cell the import of a specific protein species must also be considered. Additional protein species may result from nucleotide polymorphism such as different alleles, paralogs or alternative splicing sites. The term protein refers to its coding gene and therefore is the umbrella term for all of the developing protein species.[image: A13065_2008_Article_49_Fig4_HTML.jpg]
Figure 4Extended central biochemical dogma: potential modes of speciation of a protein.




According to the nomenclature rules of IUBMB [26], the term "multiple forms of the enzyme" should be used as a broad term covering all proteins catalyzing the same reaction and occurring naturally in a single species and the term "isoenzyme" or "isozyme" should apply only to those multiple forms of enzymes arising from genetically determined differences in primary structure and not to those derived by modification of the same primary sequence. Here "isoenzymes" and extended "isoforms" are clearly genetically defined and exclude post-translational modifications. The reduction of multiple forms of an enzyme to a single species is at the end again a genetic definition. But, identical protein species of a certain enzyme isolated from mouse and human should have the same enzymatic properties. To avoid redundancies the pure chemical definition such as the protein species definition, independently of genetic origin (species, strain, individual, allel)) is a prerequisite for a unique terminology of functional proteomics.
Some of the most prominent examples for protein speciation are the histones. Alone for histone H3.2 over 150 different protein species were identified [27] after separation of the intact protein species. A histone code was postulated for different functions of different combinations of modifications [28]. Another example where it becomes obvious that the protein species and not the protein is the functional unit is tyrosine phosphatase 1B (PTP1B) [29]. PTP1B is converted into a sulphenyl-amide species at Cys 215. This oxidized protein species was identified by MALDI mass spectrometry. Oxidation causes large conformational change in the catalytic site that inhibits substrate binding. The oxidation to sulphenyl-amide represents a redox regulation of an enzyme. Other examples for function changes by post-translational modification are the angiotensin-converting enzyme [30, 31] and GAPDH [32]. The speciation and function of the protein species arising from a given gene may be presented by the schema shown in figure 4.
The phenomenon of protein speciation is universal and not restricted to eukaryotes. In mycobacteria for example, in 2-DE patterns of cellular and supernatant proteins we identified 14 and 8 spots containing peptides of HspX [33] and Tuf [34], respectively. In the case of Helicobacter pylori we identified 647 spots containing proteins derived from 356 genes. The mean number of protein species derived from one gene was 2.08 and proteins derived from genes such as groEL, tufB and ureA occurred with 37, 23 and 18 protein species, respectively, on the 2-DE pattern (unpublished data). The real numbers of existing protein species are due to the limitations in detection and identification sensitivity for sure much higher. This is underpinned by the observation that speciation is even more extensively recognized in proteins with high abundance. It has to be considered that analogous to the uncertainty principle in quantum physics, present technology in proteomics may influence the protein species composition. Methylation, oxidation of methionines, tryptophans and cysteines, phosphorylations, amidations and deamidations may be caused by the method of preparation, separation, detection or identification. The native character of a modification has to be confirmed by a combination of several methods.
It becomes clear that the protein species level cannot be ignored when performing comprehensive proteome investigations. An investigation at the protein species level assumes identification with 100% sequence coverage. In mycobacteria the protein species derived from the gene of ESAT6 were found in 8 spots and 4 of these spots were identified with 100% sequence coverage. The modifications leading to speciation were C-terminal truncation and acetylation at the N-terminus [35] (Figure 5). Interestingly the acetylation of ESAT6 inhibits the interaction with another protein, CFP10. This interaction is important for the transfer of the virulence factor ESAT6 out of the bacterial cell into the host cell. In several cases a complete primary structure analysis is already possible by combination of different digestion procedures or using MS-based direct analysis of uncleaved proteins by the top-down approach [36]. One step towards the comprehensive analysis of protein species is the combination of top-down and bottom-up approaches [37–41]. Running et al. investigated ribosomes from the Gram-negative alpha-proteobacterium Caulobacter crescentus. They separated the proteins by a two-dimensional liquid chromatographic system that allowed the analysis of whole proteins by direct coupling to an ESI-QTOF mass spectrometer. In parallel the proteins of the fractions were enzymatically digested and analysed by a number of mass spectrometric methods. Ogorzalek Loo et al. [41] defined a combination of IEF of protein with MS of the intact proteins (top-down) with IEF of proteins or 2-DE with MS of peptides (bottom-up) as side-to-side proteomics. All of these approaches are time-consuming and technological developments are urgently needed to perform a proteome investigation at the protein species level in an acceptable time [42].[image: A13065_2008_Article_49_Fig5_HTML.jpg]
Figure 5Cell culture supernatant proteins of Mycobacterium tuberculosis separated by a narrow range pH gradient between pI 4 and 5 in the first dimension and SDS-PAGE in the second dimension. Spots 1 to 8 were identified as different protein species of ESAT6 with 100% sequence coverage by MALDI-MS [35]. All spots of group A have an acetylated N-terminus. Spot 4 and 8 have a truncated C-terminus.




It is known that proteins with important functions such as ribosomal proteins have highly conserved sequences. Sequence databases contain already information on post-translational modification. In Uniprot this information is annotated for each sequence entry. A change of the basic unit protein sequence to protein species sequence including post-translational modifications should be considered. With the increase in proteomics data at the protein species level the conservation of post-translational modifications can now be investigated. This may help to validate the protein species identification and to elucidate a potential biological role.

A new definition of the proteome
Avoidance of misleading protein expression terminology and awareness of the importance of post-translational modification means that the definition of the proteome has to be expanded by application of the protein species concept. The genome of an organism is with the exception of the rare event of mutation stable during the lifetime of an organism: The egg of a butterfly has the same genome as the butterfly itself. The protein species composition of an organism is however always changing during the development of an organism. The proteome of an organism is thus the sum of all of the protein species occurring during the lifetime of an organism. Here it becomes obvious that even more precision is necessary. The proteome has to be related to an individual. Following with line of thinking it becomes clear that the proteome of an organism cannot exist since each individual is living in different environment and produces an individual proteome. The term proteome has to be defined as:

The proteome of an individual is defined by the sum and the time dynamics of all protein species occurring during the life-time of this individual
Determining the quantitative proteome of an individual would need measurements of the amount of each protein species from birth to death, a task far away from our current technological abilities. With the existing technologies we are able to investigate subproteomes at the organism level, ignoring the differences between individuals. The environmental and genetic influences are reduced as far as possible e.g. by the use of defined culture conditions, analyses at the same age or the use of inbred strains. These subproteomes can be defined in the following way:

The subproteome is defined as the protein species composition of a biological compartment at a certain time and under defined environmental conditions
This definition considers the dependency of the proteome on environmental influences and the strong dynamic character of the proteome. For a more comprehensive analysis at the protein species level, time dependencies have to be included in a differential proteome analysis. Also, all other environmental factors have to be controlled as far as possible. To reach an understanding of biological processes, proteins have to be analyzed at the protein species level to cater for the influence of post-translational modifications on the function. For example, if we wish to gain information on activation of chromatin regions, which is caused by the acetylated protein species of histone 2a, it does not help to measure the concentration of histone 2a (the sum of all histone 2a protein species), but rather the amount of the acetylated H2a protein species has to be determined.

Kinetic modeling of the proteome
As early as 1979, changes to protein patterns in response to stress or starvation stimuli were analyzed in Escherichia coli [43]. The field of physiological proteomics emerged from these investigations and was further developed to visualize protein concentrations depending on the time after a stimulus. Presenting a series of 2-DE gels from different time points after a stimulus results in some kind of film showing the dynamics of each of the protein species represented on the 2-DE pattern [44]. To reach the systems biology level, the influence of the time dimension is indispensable.
In general, a protein species may undergo 4 different kinetic processes (Figure 6): (1) generation, including de novo synthesis as well as import into the system under study, (2) chemical modifications including attachment or detachment of functional groups, partial proteolysis and protein splicing, (3) exchange between compartments whereby binding to a macro-molecular structure (e.g. membrane) or encapsulation into an oligomeric protein complex such as the multimeric AMP-activated protein kinase [45] represents a specific form of compartmentation, (4) removal including complete proteolytic degradation and export from the system under study.[image: A13065_2008_Article_49_Fig6_HTML.jpg]
Figure 6Illustration of the basic processes that may affect the dynamics of monomers. In this example, the monomer p1,0 is taken and transferred into the monomer p2,0 by chemical modification. p2,0 splits up into the monomers p3,0 and p4,0 (partial hydrolysis). p4,0 forms a trimer (compartment c = 3) with the dimer (compartment c = 1) constituted by the monomers 5 and 6. The trimer undergoes a chemical modification of its subunit 4 which is converted into the monomer 7. The trimer containing the monomers 4, 6 and 7 can be either degraded or decomposed into its monomeric subunits p4,0, p6,0, and p7,0.




We denote an arbitrary protein species consisting of a single polypeptide chain (monomer) by pi,c where the index i = 1,..., NP counts the number of all possible monomeric protein species and the index c = 1,..., NC counts all possible protein compartments. By compartments we mean either a separate reaction space (e.g. cell organelle) and/or a macromolecular complex (e.g. ribosome) including the respective protein species.
The time-dependent change of the various protein species Pi,c is described by the following set of kinetic equations:[image: A13065_2008_Article_49_Equ1_HTML.gif]

 (1)


Here the 4 additive terms at the right-hand side refer to the following processes a protein species may undergo: generation (synthesis), degradation (proteolysis), chemical modification and compartmental exchange. The quantities gi,c, di,c, ti,c:i,c' and qi,c:i',c denote the rate constants for these processes.
The first term on the right-hand side of equation (1) denotes the rate with which the protein species pi,c is produced per time unit. This rate depends on cellular mRNA levels and various regulatory events at transcriptional and post-transcriptional level so that in general gi,c will change over time.
The second term in equation (1) gives the degradation rate of pi,c As the molecular mechanisms determining the life span of proteins are still poorly understood the degradation is commonly treated as a first-order decay process, i.e. the degradation rate is proportional to the concentration of the protein species.
The sum in the third term of equation (1) covers all compartments c' which can communicate with compartment c. The first expression within the bracket refers to incoming processes, i.e. transitions of protein species pi,c from any compartment c' to compartment c, thereby increasing its concentration in c. The second expression in the bracket refers to outgoing processes, i.e. transitions of pi,c from compartment c to compartment c' thus decreasing its concentration in c.
The fourth term in equation (1) refers to all protein species that can be either derived from or converted into pi,c by chemical modification. Similar as in the sum of the third term, the two expressions in the bracket denote incoming and outgoing processes, i.e. increase of the concentration of pi,c due to chemical conversion pi,c → pi,c or decrease of the concentration of pi,c due to chemical conversion pi,c → pi,c
In the general equation system (1) many reaction rates are actually zero. For example, de novo synthesis of a protein species may take place either in the cytosol or the ER and generates the chemically non-modified form, i.e. the term gi,c is different from zero only for c = cytosol or c = ER and i referring to the non-modified species. Likewise, the transition rate ti,c:i,c' is different from zero only for adjacent compartments c and c', which are directly connected by a transport process.
Note that in the more simplistic case where compartmentalization and chemical modification of protein species are neglected equation (1) reduces to[image: A13065_2008_Article_49_Equ2_HTML.gif]

 (2)


which for a sufficiently short time interval Δt = t - t0 is solved by
pi ≈ pio + (gi -dipio)Δt
with pio being the concentration of the species at time t0. Equation (3) has been originally proposed by Julka and Regnier [46]. Thus, equation (1) represents an extension of equation (2) to finite time scales under inclusion of compartmentalization and chemical conversions of protein species.
In a slightly more complex situation where any gene is associated with two protein species that are converted into each other by reversible phosphorylation of a single residue, the general equation (1) reduces to[image: A13065_2008_Article_49_Equ3_HTML.gif]

 (4)


with px and py denoting here the non-phosphorylated and phosphorylated species, respectively. The transition rates ty,x and tx,y depend on the activities of the specific protein kinases and phosphatases involved in the chemical modification. Note that the two equations (4) are coupled: De-phosphorylation py → px occurring during time span Δt appears as an additional generation process of px and additional degradation process of py. Likewise, phosphorylation px → py appears as an additional generation process of py and additional degradation process of px. As long as the phosphorylation does not occur co-translationally, gy will be zero so that the generation term in the second equation for py will be given by the phosphorylation rate ty,x pyo.

Systems biology
Systems biology attempts to integrate data from diverse high-throughput technologies, such as genomics, transcriptomics, proteomics and metabolomics using bioinformatics. Even with the high sensitivity of today's proteomics methods, proteome coverage is low compared to microarray technology. The reasons could be that not all of the transcribed genes are translated at a certain time point or that the dynamic range of protein amount reaching up to 12 and more orders of magnitude is not covered by the currently available proteomic technologies. The low correlation between DNA microarray and proteomics data [47] has also implicated extensive molecular control at the level of translation and post-translational modification. These discrepancies are caused by the factors which influence the dynamics at the proteomic level [46]. We have developed a more exact terminology which will help us to understand the dynamics of proteomics in more detail. If one accepts the protein species as the functional unit of the proteome, it becomes clear that it is impossible to assume a simple, linear relationship between the level of an mRNA and the amount of its encoded protein or even one of its encoded protein species. For the understanding of a cell or an organelle genomics, transcriptomics and proteomics complement each other.
Proteomics has to consider a series of parameters, which have to be clearly separated for systems biology. Here already the sample preparation decides which part of the proteome will be covered. Prefractionation into different cell compartments or protein complexes and solubilization decide which protein classes are investigated. Deregulating the system by physical or chemical parameters, e.g. by influencing the protein species composition by temperature or by a drug has to be performed under controlled conditions ensuring that no other parameters are influencing the system. A main limitation for a clear definition of the sample, which is analysed, is the purity of it. An eye lens can be prepared without substantial impurities, whereas a certain area of the brain is difficult to prepare without contamination of surrounding areas. Quantification may be achieved by optical density measurements on 2-DE gels or by MS peak area determination using label-free quantification [48]. Parallel quantification in one gel or one LC run is supported by fluorescence [49] or isotope labelling [50]. For quantification only the procedures separating the protein species before digestion have the advantage that the quantity of the protein species can be determined.
Since classical proteomic approaches (excluding shot-gun or bottom-up approaches) alone provide mainly information on the relative amount of protein species and only in certain cases information about the activity of these protein species, it is necessary to complement classical proteomic approaches by metabolomics and interaction studies to reach the functional level of the biological system under investigation. Surely the attempt of a clear terminology in proteomics will help to contribute to the deciphering of biological systems.


Conclusion
Proteomics developed very fast within the last 15 years and large scale investigations at the protein level are possible. Principally a complete structure analysis of each protein species separated is already possible. Today the challenge in proteomics is to reach 100% sequence coverage and identification of all post-translational modifications within each protein species in higher throughput. Protein speciation has to be realized experimentally and for theoretical considerations. This will clearly improve data mining to understand biological phenomena based on proteomic investigations.

Acknowledgements
The authors thank Anna Walduck, The University of Melbourne, Dept. of Microbiology and Immunology, for her editorial help.

References
1.
Linnaeus C: Systema naturae sive regna tria naturae systematice proposita per classes, ordines, genera, & species. 1735, Stockholm , Salvius, 12

2.
Darwin CR: On the Origin of Species by Means of Natural Selection, or The Preservation of Favoured Races in the Struggle for Life. 1859 , London , John Murray, 1st edn

3.
Fleischmann RD, Adams MD, White O, Clayton RA, Kirkness EF, Kerlavage AR, Bult CJ, Tomb JF, Dougherty BA, Merrick JM, McKenney K, Sutton G, FitzHugh W, Fields C, Gocyne JD, Scott J, Shirley R, Liu L-I, Glodek A, Kelley JM, Weidman JF, Phillips CA, Spriggs T, Hedblom E, Cotton MD, Utterback TR, Hanna Mc, Nguyen DT, Saudek DM, Brandon RC, Fire LD, Fritchman JL, Fuhrmann JL, Geoghagen NSM, Gneham CL, McDonald LA, Small KV, Fraser CM, Smith O, Venter JC: Whole-genome random sequencing and assembly of Haemophilus influenzae Rd. Science. 1995, 269: 496-512. 10.1126/science.7542800.CrossRef

4.
International Human Genome Sequencing Consortium: Finishing the euchromatic sequence of the human genome. Nature. 2004, 431: 931-945. 10.1038/nature03001.CrossRef

5.
Complete Microbial Genomes. [http://​www.​ncbi.​nlm.​nih.​gov/​genomes/​lproks.​cgi]

6.
Eukaryotic Genome Sequencing Projects. [http://​www.​ncbi.​nlm.​nih.​gov/​genomes/​leuks.​cgi]

7.
Jaffe JD, Berg HC, Church GM: Proteogenomic mapping as a complementary method to perform genome annotation. Proteomics. 2004, 4: 59-77. 10.1002/pmic.200300511.CrossRef

8.
Taoka M, Yamauchi Y, Shinkawa T, Kaji H, Motohashi W, Nakayama H, Takahashi N, Isobe T: Only a small subset of the horizontally transferred chromosomal genes in Escherichia coli are translated into proteins. Mol Cell Proteomics. 2004, 3: 780-787. 10.1074/mcp.M400030-MCP200.CrossRef

9.
Eymann C, Dreisbach A, Albrecht D, Bernhardt J, Becher D, Gentner S, Tam LT, Buttner K, Buurman G, Scharf C, Venz S, Völker U, Hecker M: A comprehensive proteome map of growing Bacillus subtilis cells. Proteomics. 2004, 4: 2849-2876. 10.1002/pmic.200400907.CrossRef

10.
Metz TO, Jacobs JM, Gritsenko MA, Fontes G, Qian WJ, Camp DG, Poitout V, Smith RD: Characterization of the human pancreatic islet proteome by two-dimensional LC/MS/MS. J Proteome Res. 2006, 5: 3345-3354. 10.1021/pr060322n.CrossRef

11.
Wang Y, Wang H, Li CY, Yuan F: Effects of rate, volume, and dose of intratumoral infusion on virus dissemination in local gene delivery. Mol Cancer Ther. 2006, 5: 362-366. 10.1158/1535-7163.MCT-05-0266.CrossRef

12.
Kaltschmidt E, Wittmann HG: Ribosomal proteins. XII. Number of proteins in small and large ribosomal subunits of Escherichia coli as determined by two-dimensional gel electrophoresis. Proc Natl Acad Sci USA. 1970 , 67: 1276-1282. 10.1073/pnas.67.3.1276.CrossRef

13.
O'Farrell PH: High resolution two-dimensional electrophoresis of proteins. J Biol Chem. 1975 , 250: 4007-4021.

14.
Klose J, Kobalz U: Two-dimensional electrophoresis of proteins: an updated protocol and implications for a functional analysis of the genome. Electrophoresis. 1995 , 16: 1034-1059. 10.1002/elps.11501601175.CrossRef

15.
Vandekerckhove J, Bauw G, Puype M, Van Damme J, Van Montagu M: Protein-blotting on Polybrene-coated glass-fiber sheets. A basis for acid hydrolysis and gas-phase sequencing of picomole quantities of protein previously separated on sodium dodecyl sulfate/polyacrylamide gel. Eur J Biochem. 1985, 152: 9-19. 10.1111/j.1432-1033.1985.tb09157.x.CrossRef

16.
Aebersold RH, Teplow DB, Hood LE, Kent SB: Electroblotting onto activated glass. High efficiency preparation of proteins from analytical sodium dodecyl sulfate-polyacrylamide gels for direct sequence analysis. J Biol Chem. 1986, 261: 4229-4238.

17.
Tanaka K, Waki H, Ido Y, Akita S, Yoshida Y, Yoshida T: Protein and Polymer Analyses up to m/z 100 000 by Laser Ionization Time-of-Flight Mass Spectrometry. Rapid Commun Mass Spectrom. 1988 , 2: 151-153. 10.1002/rcm.1290020802.CrossRef

18.
Karas M, Hillenkamp F: Laser desorption ionization of proteins with molecular masses exceeding 10,000 daltons. Anal Chem. 1988, 60: 2299-2301. 10.1021/ac00171a028.CrossRef

19.
Fenn JB, Mann M, Meng KC, Wong SF, Whitehouse CM: Electrospray ionization for mass spectrometry of large biomolecules. Science. 1989, 246: 64-71. 10.1126/science.2675315.CrossRef

20.
Jungblut P, Wittmann-Liebold B: Protein analysis on a genomic scale. J Biotechnol. 1995, 41: 111-120. 10.1016/0168-1656(95)00006-C.CrossRef

21.
Wasinger VC, Cordwell SJ, Cerpa-Poljak A, Yan JX, Gooley AA, Wilkins MR, Duncan MW, Harris R, Williams KL, Humphery-Smith I: Progress with gene-product mapping of the Mollicutes: Mycoplasma genitalium. Electrophoresis. 1995 , 16: 1090-1094. 10.1002/elps.11501601185.CrossRef

22.
Patterson SD, Aebersold RH: Proteomics: the first decade and beyond. Nature Genet. 2003, 33: 311-323. 10.1038/ng1106.CrossRef

23.
Wilkins MR, Gooley AA: Protein Identification in Proteome Projects. 1997, Berlin Heidelberg New York , Springer-VerlagCrossRef

24.
Scheler C, Muller EC, Stahl J, Muller-Werdan U, Salnikow J, Jungblut P: Identification and characterization of heat shock protein 27 protein species in human myocardial two-dimensional electrophoresis patterns. Electrophoresis. 1997, 18: 2823-2831. 10.1002/elps.1150181518.CrossRef

25.
Jungblut P, Thiede B, Zimny-Arndt U, Muller EC, Scheler C, Wittmann-Liebold B, Otto A: Resolution power of two-dimensional electrophoresis and identification of proteins from gels. Electrophoresis. 1996, 17: 839-847. 10.1002/elps.1150170505.CrossRef

26.
UBMB: Nomenclature of Multiple Forms of Enzymes. [http://​www.​chem.​qmul.​ac.​uk/​iubmb/​misc/​isoen.​html]

27.
Garcia BA, Pesavento JJ, Mizzen CA, Kelleher NL: Pervasive combinatorial modification of histone H3 in human cells. Nat Methods. 2007 , 4: 487-489. 10.1038/nmeth1052.CrossRef

28.
Jenuwein T, Allis CD: Translating the histone code. Science. 2001, 293: 1074-1080. 10.1126/science.1063127.CrossRef

29.
Salmeen A, Andersen JN, Myers MP, Meng TC, Hinks JA, Tonks NK, Barford D: Redox regulation of protein tyrosine phosphatase 1B involves a sulphenyl-amide intermediate. Nature Genetics. 2003 , 423: 769-773.

30.
Thimon V, Metayer S, Belghazi M, Dacheux F, Dacheux JL, Gatti JL: Shedding of the germinal angiotensin I-converting enzyme (gACE) involves a serine protease and is activated by epididymal fluid. Biol Reprod. 2005, 73: 881-890. 10.1095/biolreprod.105.042929.CrossRef

31.
Kessler SP, Senanayake P, Gaughan C, Sen GC: Vascular expression of germinal ACE fails to maintain normal blood pressure in ACE-/- mice. Faseb J. 2007, 21: 156-166. 10.1096/fj.06-6678com.CrossRef

32.
Hara MR, Snyder SH: Nitric Oxide-GAPDH-Siah: A Novel Cell Death Cascade. Cell Mol Neurobiol. 2006

33.
Mattow J, Jungblut PR, Schaible UE, Mollenkopf HJ, Lamer S, Hagens K, Müller EC, Kaufmann SHE: In search for a novel tuberculosis vaccine: Identification of proteins from Mycobacterium tuberculosis missing in Mycobacterium bovis BCG strains. Electrophoresis. 2001, 22: 2936-2946. 10.1002/1522-2683(200108)22:14<2936::AID-ELPS2936>3.0.CO;2-S.CrossRef

34.
Mattow J, Schaible UE, Schmidt F, Hagens K, Siejak F, Brestrich G, Haeselbarth G, Müller EC, Jungblut PR, Kaufmann SHE: Comparative proteome analysis of culture supernatant proteins from virulent Mycobacterium tuberculosis H37Rv and attenuated M. bovis BCG Copenhagen. Electrophoresis. 2003, 24: 3405-3420. 10.1002/elps.200305601.CrossRef

35.
Okkels LM, Muller EC, Schmid M, Rosenkrands I, Kaufmann SH, Andersen P, Jungblut PRC: FP10 discriminates between nonacetylated and acetylated ESAT-6 of Mycobacterium tuberculosis by differential interaction. Proteomics. 2004 , 4: 2954-2960. 10.1002/pmic.200400906.CrossRef

36.
Roth MJ, Forbes AJ, Boyne MT, Kim YB, Robinson DE, Kelleher NL: Precise and parallel characterization of coding polymorphisms, alternative splicing, and modifications in human proteins by mass spectrometry. Mol Cell Proteomics. 2005 , 4: 1002-1008. 10.1074/mcp.M500064-MCP200.CrossRef

37.
Borchers CH, Thapar R, Petrotchenko EV, Torres MP, Speir JP, Easterling M, Dominski Z, Marzluff WF: Combined top-down and bottom-up proteomics identifies a phosphorylation site in stem-loop-binding proteins that contributes to high-affinity RNA binding. Proc Natl Acad Sci USA. 2006, 103: 3094-3099. 10.1073/pnas.0511289103.CrossRef

38.
Running WE, Ravipaty S, Karty JA, Reilly JP: A top-down/bottom-up study of the ribosomal proteins of Caulobacter crescentus. J Proteome Res. 2007, 6: 337-347. 10.1021/pr060306q.CrossRef

39.
Millea KM, Krull IS, Cohen SA, Gebler JC, Berger SJ: Integration of multidimensional chromatographic protein separations with a combined "top-down" and "bottom-up" proteomic strategy. J Proteome Res. 2006, 5: 135-146. 10.1021/pr050278w.CrossRef

40.
VerBerkmoes NC, Bundy JL, Hauser L, Asano KG, Razumovskaya J, Larimer F, Hettich RL, Stephenson JL: Integrating 'top-down" and "bottom-up" mass spectrometric approaches for proteomic analysis of Shewanella oneidensis. J Proteome Res. 2002, 1: 239-252. 10.1021/pr025508a.CrossRef

41.
Loo R, Hayes R, Yang Y, Hung F, Ramachandran P, Kim N, Gunsalus R, Loo JA: Top-down, bottom-up, and side-to-side proteomics with virtual 2-D gels. International Journal of Mass Spectrometry. 2005, 240: 317-325. 10.1016/j.ijms.2004.10.013.CrossRef

42.
Hoehenwarter W, Ackermann R, Zimny-Arndt U, Kumar NM, Jungblut PR: The necessity of functional proteomics: protein species and molecular function elucidation exemplified by in vivo alpha A crystalline N-terminal truncation. Amino Acids. 2006, 31: 317-323. 10.1007/s00726-005-0377-4.CrossRef

43.
Herendeen SL, VanBogelen RA, Neidhardt FC: Levels of major proteins of Escherichia coli during growth at different temperatures. J Bacteriol. 1979, 139: 185-194.

44.
Hecker M, Volker U: Towards a comprehensive understanding of Bacillus subtilis cell physiology by physiological proteomics. Proteomics. 2004 , 4: 3727-3750. 10.1002/pmic.200401017.CrossRef

45.
Hardie DG, Carling D, Carlson M: The AMP-activated/SNF1 protein kinase subfamily: metabolic sensors of the eukaryotic cell?. Annu Rev Biochem. 1998, 67: 821-855. 10.1146/annurev.biochem.67.1.821.CrossRef

46.
Julka S, Regnier F: Quantification in proteomics through stable isotope coding: a review. J Proteome Res. 2004, 3: 350-363. 10.1021/pr0340734.CrossRef

47.
Washburn MP, Koller A, Oshiro G, Ulaszek RR, Plouffe D, Deciu C, Winzeler E, Yates JR: Protein pathway and complex clustering of correlated mRNA and protein expression analyses in Saccharomyces cerevisiae. Proc Natl Acad Sci USA. 2003, 100: 3107-3112. 10.1073/pnas.0634629100.CrossRef

48.
Wang W, Zhou H, Lin H, Roy S, Shaler TA, Hill LR, Norton S, Kumar P, Anderle M, Becker CH: Quantification of proteins and metabolites by mass spectrometry without isotopic labeling or spiked standards. Anal Chem. 2003, 75: 4818-4826. 10.1021/ac026468x.CrossRef

49.
Unlu M, Morgan ME, Minden JS: Difference gel electrophoresis: a single gel method for detecting changes in protein extracts. Electrophoresis. 1997, 18: 2071-2077. 10.1002/elps.1150181133.CrossRef

50.
Gygi SP, Rist B, Gerber SA, Turecek F, Gelb MH, Aebersold R: Quantitative analysis of complex protein mixtures using isotope-coded affinity tags. Nat Biotechnol. 1999, 17: 994-999. 10.1038/13690.CrossRef

51.
Heart High-Performance 2-DE Database. [http://​web.​mpiib-berlin.​mpg.​de/​hp-2dpage/​]



Authors' contributions
Peter R. Jungblut has developed the concept, has written the text, and contributed with Figures 1 to 5. H.G. Holzhütter has contributed with the kinetic modeling and Figure 6.
R. Appweiler has revised critically the text. H. Schlüter contributed to the concept and revised critically the text.


OEBPS/A13065_2008_Article_49_Fig2_HTML.jpg
m-RNA expression

Gene . : .
. Protein synthesis Posttranslational

Xpression . .

expressio A modification
r N
A

r N\
-

J

g
Prgtein expression?

. Y .
Protein expression?

A . 7
~"

Protein expression?






OEBPS/sidebar.gif





OEBPS/A13065_2008_Article_49_Fig5_HTML.jpg
TOVd-SdS





OEBPS/contact.gif





OEBPS/A13065_2008_Article_49_Fig6_HTML.jpg
® e 0 6

)
P6,1
8., .,
@
P3,0
|
@
generation
modification

compartmental exchange

degradation






OEBPS/A13065_2008_Article_49_Fig3_HTML.jpg
E £ < SDS-PAGE

o

658 . C754  (goo MHC
585558497 899 ™

28 | 0‘1 w8 § 4 M
I & . 1
by A‘C"‘ JC% (*7!0
MLCI
\
24 |
C384 387 Cb\
LI ;
:
C88S
3 .
18 |
5.0 5.8 Bl T

pl





OEBPS/A13065_2008_Article_49_Equ1_HTML.gif
ne
Gie ~ dicPic + o [ ticicPic - b

i, cPie ]+ ﬁ[ it cPi e = O i Pise |





OEBPS/A13065_2008_Article_49_Equ3_HTML.gif
Px = Prxo * [ [Bx + tyPyo ) = [ + typio ) ] At

By = Byo + [[By + tysPyo) - [y + tybyo ) At





OEBPS/A13065_2008_Article_49_Fig4_HTML.jpg
immigration

Ribosome mndlﬁcxtlon —

bxs [ =

degradation
=== AAS

Nigration

protein splicing





OEBPS/A13065_2008_Article_49_Equ2_HTML.gif





OEBPS/A13065_2008_Article_49_Fig1_HTML.jpg
-

Transcription






