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Proteins are the most diverse and beautiful molecular entities in biology. They carry out the functions of the body with elegance and economy. Proteins impart structure to an organism, from hair to tendons and they orchestrate a vast network of biochemical functions in every cell. As hormones, they signal from one part of the body to another and networks of proteins are the principal means of cellular information processing. Malfunction of even one kind of protein can cause disease – just think of diabetes where the absence of the small protein insulin makes it impossible to let liver and muscle tissues know that they should take up blood sugar after a meal. Cancer is essentially a malfunction of protein networks in which over-active regulatory proteins do not stop giving the commands for the cells to grow and divide – usually due to a mutation in the genes that carry the blueprint for those proteins. 

The science of genetics has propelled the concept of genes into public consciousness, largely on the basis of elegant genetic screens and the powerful technologies of gene sequencing and gene manipulation. The success of genetics has been so overwhelming that it has led to the impression that genes and how they differ between us are all that matters. This view is incorrect scientifically and continues to contribute to misguided policies and politics. 


In analogy to the genome, the collection of all proteins in a biological entity is called its ‘proteome’. The relationship between proteome and genome is that each gene specifies the instructions for making one or more proteins with the precise sequence of amino acids specified in the genetic code. Analysis of the proteome is much more difficult than the analysis of genes and the RNA message molecules that they produce. As a consequence, proteomics has lagged behind genomics. However, this is now changing and technological advances in the analysis of proteins are now advancing many areas of biology.
My own entry into this field came by working with the late John B. Fenn of Yale University as a Ph.D. student. He had come up with a technology called ‘electrospray’, in which proteins are dissolved in a liquid that is then induced to disperse into miniscule charged droplets that evaporate rapidly. This leaves charged proteins in the gas phase, where they can readily be subjected to mass spectrometry – ‘making elephants fly’ as John used to say. MS is an incredibly powerful technology that tells us about the mass of molecules with parts-per-million accuracy, their abundance and – after smashing the molecules into pieces in the mass spectrometer in a procedure called MS/MS because it involves two stages of MS, it can even reveal their chemical structure. Electrospray for proteins is an example of a technology that came from an entirely unexpected direction in basic science to solve a central problem in biology, biotechnology and biomedicine. John Fenn was awarded a share of the Nobel Prize in Chemistry in 2002 for its development and it is now the basis of a billion dollar industry. 

TECHNOLOGY DEVELOPMENT IN PROTEOMICS
For more than 20 years, my group and others have built on electrospray as one of the central technologies to make the dream of proteomics come true – to characterize proteins, protein complexes and proteomes to near completeness. In contrast to the human genome, which is largely fixed before birth, the proteome is highly dynamic and each gene can give rise to many different forms of proteins. Furthermore, they can be modified to be activated and they interact with each other and with other molecules in the cell. Therefore, proteomics – the science of studying proteins at a large scale – is an ongoing quest that will never be ‘finished’. Not long ago, many thought that even the basic challenge of analyzing at least one representative of all the proteins in an organism is impossible. 

An important milestone was reached not long after I joined the Max-Planck Institute of Biochemistry in Martinsried, when we combined developments in the preparation of proteomic samples, MS technologies and the bioinformatic analysis of the massive amounts of MS data and obtained the first complete proteome – that of the yeast model species. This breakthrough, which we proudly presented in Nature in 2008 after more than half a year of work, was enabled by the extraordinary scientific and social environment found at Max-Planck and the generous and long-term support by the Society. Since that time, technological advances in proteomics have proceeded at an exponential pace and today we can do the same analysis in a few hours – even for the more complex human cellular proteome.  Many important biological discoveries have already been obtained on the basis of electrospray and MS – some of them contributing to Nobel Prizes in other fields. Nevertheless, it is only now that MS-based proteomics has really become sufficiently complete in its coverage, sensitivity and ease of use that we can routinely characterize entire proteomes in great depth; so from an applications point of view it is the beginning rather than the end for the field. The reach of MS-based proteomics is extraordinary. It now sheds new light on diverse areas such as cancer biology, protein network architecture, the regulation of the circadian clock and the diagnosis of health or disease by MS-analysis of a single drop of blood.  
MS-based proteomics is mainly driven by the underlying technology. The Max-Planck Institute of Biochemistry prides itself on having been at the very forefront of these developments for many years. These include efficient and automatable sample preparation methods, the best possible separation of a very large number of peptides that are generated in each experiment (often hundreds of thousands), the mass spectrometric technology itself and not least the informatics and bioinformatics associated with optimal interpretation of the data. Over more than two decades, technological progress has been exponential at least in some of its aspects and this shows no sign of slowing down. Apart from the direct influence on the basic science that we and others pursue with proteomics, the development in technology is immediately beneficial to the companies that we collaborate with, including a spin-out from our institute. 

CANCER PROTEOMICS
The last ten years have made it increasingly clear that cancer is a very heterogeneous disease at every level. For instance, cells in the tumor are genetically diverse and harbor different mutations that contribute to malignancy. Nevertheless, many cancer types follow a set developmental path from benign growth to aggressive stages and metastasis. Biopsies of these stages are obtained and interpreted by pathologists, who classify the tumors into different grades each with their different prognoses. Our group has worked with oncologists to help in this classification. For instance, we have analyzed the proteome of a blood cancer called large B-cell lymphoma, which are very difficult to classify by microscopy, and shown that they can clearly be categorized by MS. In colon cancer, we have quantified more than 10,000 different proteins in the progression of adenoma, through carcinoma and metastasis. This first view of the evolving proteome of colon cancer showed that the tumors largely use the same set of proteins and that the difference in the later stages is largely in the quantity of proteins expressed. 
Very recently, and working with collaboration partners at Chicago University, we asked if we could determine a difference between women with ovarian cancer that would respond to chemotherapy and those that would not. Indeed, we found a protein that was more highly expressed in the tumors of women with a good response to the chemotherapy. Using ‘interaction proteomics’ (see below), we deduced a function of this protein in the repair of DNA damage and we also determined that the immune system can be made to react to cells expressing this protein. One strategy is now to try to induce expression of the protein in the women that did not respond to chemotherapy initially, something that we have already shown to work in principle in cells in the petri dish. 

PROTEIN NETWORK ARCHITECTURE
The proteins in the cell do not perform their functions alone. Rather they constantly ‘talk to each other’ by interacting with other proteins, sometimes in large structures called protein complexes or protein machines. An example of such machines are the ribosomes, which are the factories in each cell that actually string together the proteins from individual amino acids and which themselves consist of dozens of specialized proteins. Likewise, there is a protein “machinery” called the proteasome, which is charged with disposing of proteins by chopping them into small pieces. 
Determining this cellular interaction network is very important and fruitful because we can learn much about the function of a protein when we know which other proteins it works with. Here proteomics comes into the picture because it allows us isolate a protein of interest together with the proteins that have an affinity for it – its interaction partners. Doing this affinity proteomics experiment with all the different proteins of the cell one after another generates the interaction network of who can interact with whom. Our group has performed several such experiments, which has allowed us to gain novel insights into the network structure of the proteome. It turns out that relatively few proteins are members of protein machines like the ribosome and proteasome described above. Instead, most proteins interact relatively weakly and transiently with each other and this architectural feature is crucial to stabilize the network of the cell. 
Proteins also bind to other large or small molecules in the cell. For instance, proteins called transcription factors interact with the DNA, where they determine which genes are turned on or off in any given situation – a direct illustration of how the proteome works side by side with the genome. Such transcription factor complexes can now efficiently be sequenced by MS-based proteomics. This helps to obtain insights into the process of development from embryonal stem cells to specialized or differentiated cells. Likewise, we have discovered new proteins that help to repair the DNA after it has been damaged by radiation or by chemicals. 

REGULATION OF THE CIRCADIAN CLOCK AND OF NEURODEGENERATION
Almost all species have intricate mechanisms to regulate their circadian clock. We are all familiar with some of the detrimental effects of a deregulated clock such as jet lag and insomnia but they also include higher likelihood of metabolic diseases, obesity and depression. Great advances have been made in uncovering the protein complexes that constitute the molecular machinery of the circadian clock. However, relatively little was known about how this molecular clock exerts its functions on the broader network of cellular proteins. Many studies have been performed to measure rhythmic gene and even rhythmic protein expression but the effects were relatively small. However, the functions of proteins are not only regulated by their amount but also by their activity status. When small molecules such as phospho-groups are attached by specialized proteins called kinases, these so-called post-translational modifications influence the behavior of proteins in many ways. Because they change the mass of proteins and peptides, post-translational modifications are readily and very specifically detected by mass spectrometry. Applying this flavor of proteomics, called ‘phospho-proteomics’, we discovered that the activity patterns of the thousands of proteins is tightly coordinated in a circadian manner. Specifically, large-scale phosphorylation changes tune the metabolic machinery of the body. This makes sense, because the organism needs to adapt to the availability of food during day and night. We expect that this global knowledge of protein activation status in the circadian rhythm will teach us much about protein function in general and that it will also be useful in medical applications.
We have now successfully applied our phospho-proteomics technology in many different areas, among them to study neurodegeneration. In the inherited form of Parkinson’s disease a protein kinase called LRRK2 is mutated and overactive. Chemical inhibitors to LRRK2 already exist but it was not known what the proteins are that LRRK2 targets for phosphorylation – an essential piece of information if we want to use the inhibitors as drugs in patients. Using mouse models and chemical tools provided by a consortium of researchers, we discovered that the relevant substrate is a class of proteins called Rab proteins. Rabs are studied intensively in Marino Zerial’s group at the Max-Planck institute in Dresden and we can now bring a large body of basic cell biological knowledge of Rabs to potential therapeutic approaches against Parkinson’s disease. 

PLASMA PROTEOME PROFILING
Humans have about six liters of blood, which consists of blood cells and many proteins that are either present because they have a specific function in the circulation or because they are released from the organs that are perfused by this body fluid. At a regular medical checkup or when diagnosing a disease, the concentration of one or more proteins in the blood is often measured. For instance, malfunction of the liver is routinely diagnosed by the levels of liver enzymes in the blood. There are dozens of these ‘protein biomarkers’, which can help indicate particular diseases and treatment options. However, most of them were discovered decades ago and despite keen interest by doctors and pharmaceutical companies, only very few new biomarkers are currently being developed. Furthermore, the methods used in the clinic today can generally only detect one type of protein at a time. 
The attraction of using proteomics to measure many different proteins in the blood and thereby diagnose disease, has been clear for many years. However, the technological hurdles to plasma analysis are daunting. The greatest one is the large difference in protein concentration between the most abundant proteins and the least abundant ones – the ‘dynamic range’ problem. About half of the protein mass in the plasma – the liquid portion of blood – consists of a single protein called albumin and more than 99% is taken by a few very abundant plasma proteins. In contrast, very low level hormones, such as messenger proteins of the immune system, are sometimes present in concentrations that are ten orders of magnitude less. A few years ago, with the latest advances in MS-based proteomics in hand, we decided to revisit the analysis of the plasma proteome. We wanted to do this in a straightforward and rapid manner, potentially allowing the analysis of plasma proteomes in many different conditions. 
Starting with only a single drop of blood, easily obtained from a finger prick, and employing new MS scan modes that we have recently developed, we can now analyze about 1000 different proteins very rapidly. Currently, we are scaling up this technology and we have already applied it to measured several clinical studies dealing with weight loss. The protein patterns can then be correlated to existing patient data and to the clinical data that doctors routinely determine. It turns out that the plasma proteome contains a wealth of data that can be used to classify the patients. In the future, as more and more correlations of protein patterns with disease and health states are established, the ‘plasma proteome profile’ may become a very broad indicator of a person’s condition. We are also working on making the technology as robust and economical as possible, so that it can be applied very broadly to diagnose disease at early stages and – as importantly – to help individuals to stay healthy in the first place. 

CONCLUSION

Largely driven by technological and conceptual advances in MS-based proteomics, it is now possible to obtain a broad and unbiased picture of the proteome of biological systems. In its different forms, this technology is a powerful means to elucidate biological functions. Not only will this be interesting in its own right but it will also help to redress the balance between genomics – as defined by the largely unchanging genome that we have from birth – and the dynamic state of an organism at any time, its phenotype as reflected by its proteome. Furthermore, the examples given above clearly show that the time is now ripe for proteomics to have large role in translating basic science to medical applications. Indeed, if the current successes in the analysis of body fluids such as the blood are sustained then MS-based proteomics may fundamentally improve medical practice through better diagnosis. 
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