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If I had to change the title of my talk from “Why proteins have to die so we shall live”, I would have called it “How to de-convolute the mystique of the Nobel Prize”.  So let me try and de-convolute the route to the Nobel Prize into small pieces, simplifying it, showing that there are no miracles.  Yet, let me also add that I firmly believe that the driving force in science should not be the will to win prizes, but to contribute to society.  Research is an everlasting wonderful journey that we should enjoy for the beauty of it and for the rewards it brings to society.  Prizes should not be an aim for themselves, and I suggest the new title only as a metaphor for my aim during this presentation to take a complex process and decompose it to small components – from an idea thru unraveling the basic mechanisms and onto human diseases and drug targeting.    

Yet, we cannot detach ourselves completely form the Prize. People are genuinely interested - what does it take to get a Nobel Prize, because when one looks at the list of achievements and awardees, and the Prize was first awarded in 1901, 107 years ago, it is quite clear that it reflects, at least in the sciences - physics, chemistry and medicine/physiology - a mirror image of the development of human society in this century.  On the list are: the structure of DNA that explained the secret of genetic transmission, novel imaging techniques such a MRI and CT, sensitive methodologies for detection and analysis of macromolecular components such as radioimmunoassay and determination of nucleic acids and protein sequences, etc.   The first prize in physics was awarded to Wilhelm Conrad Roentgen for the invention of X-rays and their utilization for medical imaging.  So it is a rich collection of major breakthroughs and milestones that accompany us as human beings which explains the unprecedented prestige of the Nobel Prize.  I am not going to further allude on the Nobel Prize but rather use the example of our own discovery as a paradigm for an important discovery that had a major impact on biology and medicine.  I am going to de-convolute our own pathway into the discovery and how it evolved.  Typically, when scientists take the podium in a scientific lecture, they start their presentation with a brief description of the problem they study, the state-of-the-art of the research or where it stands now, and they go on to describe their recent results.  But when we try to describe a major biological system, we need to go back in history and ask what was known before us, what were the milestones other researchers achieved before and on which we built, how we decided to choose the problem, what was the experimental system we selected and why, and how we de-convoluted the complex pathway to smaller and manageable components.  It is important to describe the benefits of the study to human beings and the lessons learnt.  In our case the study led to better understanding of many disease mechanisms, mostly neurodegenerative disorders and malignancies, and as a result to the development of   an efficient anti-cancer drug with many more that are on the horizon.  So, we are discussing a   practical problem.  I shall try to describe to you the process – and through my own history, maybe as an example, attempt to provide you with the secret not so much to success but rather for how one can make a progress.  I should emphasize however that not all studies are immediately applicable or applicable at all.  Critically important studies led to better understanding of the universe, for example, so we should not attempt at all to identify important research with our ability to translate it to our benefit.  Research that leads to expansion of our knowledge and may or may not be applied is equally important. 
I was born in Israel, a young and small country of seven million people.  Unfortunately it is still involved in battles for its very existence and has not enjoyed a single day of peace.  Nevertheless, due to the talent of its people, it is a highly developed country with excellent universities that grew, during its sixty years of existence, five Nobel Laureates in sciences, economy and literature.  The universities graduate excellent engineers, scientists, teachers, economists and physicians that have developed highly sophisticated high tech and bio tech industries.  They converted the country along the last three decades from a farmland to a high-tech land exporting more than fifty billion dollars a year of human knowledge products.   
My parents immigrated from Poland, they luckily left Europe before the Holocaust and settled in Palestine that was then part of the British Empire. The country became independent 1947.  The motto at home was “all you have to do is to study.”  We were a low middle class family, my father was a clerk in a law office and later became a salaried lawyer in the same office, and my mother was an English teacher.  The house was loaded with books; we were drowning in an ocean of them.   

Thus the drive to study was strong.  I went to elementary school and then to high school.  In Israel everybody has to serve in the military, it is an obligatory national service, which is very positive in a way because it is kind of an entry ticket to the Israeli society.  At the age of eighteen, all youngsters start their military service, men for three years and women for two.   Yet, the army allows those who are interested and able to postpone their service and study first in different universities professions that are in need, like medicine or engineering.  So I decided to join this program and study medicine in the Hebrew University of Jerusalem.  
I must admit that while majoring in high school in biology I did not have at that time a strong sense of what it takes to study science or to become a scientist.  In addition, there was a strong pressure at home to study medicine.  It has been the dream of Jewish mothers for generations that their children will become physicians or lawyers.  I am not certain I understand the reason, but this has been the tradition for centuries.  So after graduating high school in 1995, I applied to the only medical school in the country at that time in the Hebrew University of Jerusalem.  I was accepted, but gradually I started to realize that clinical medicine was not my real dream and   I may want to try a different direction.  The medical school allowed students to take a year off and study towards a Master degree in basic clinical sciences.  Among all the basic courses I took as a medical student I felt I liked biochemistry, I decided to take a year off and try biochemical research.  During the year I studied the mechanism of generation of fatty liver induced by carbon tetrachloride.    In retrospect this year has been the most critical in my entire career, as at its end I felt that basic research in biochemistry is what I really want to do for the rest of my life.  I felt that I discovered a new love and realized that biochemistry is going to be my wife – the other wife, for the rest of my life.   Since I had an obligation to serve in the military as a physician, I returned to the medical school to complete my studies and graduated as a physician.  I then served three years as a military physician, partially as a combat physician. I was recruited to service in October of 1973 when the Day of Atonement (Yom Kippur) War erupted.  It was a horrendous war; Israel was surprised by the Syrian and Egyptian armies due to a failure of the Israeli intelligence.  Yet, by courage and determination of the soldiers in the battlefield and having dedicated field commanders and excellent pilots and navy officers we were able to avert our initial inferiority in a series of tricky and courageous battles.  I was then a military physician in the Israeli navy serving on a missile boat.  I completed three years of exciting and interesting military service.  Let me summarize it by saying that the service has been my best school and a wonderful entry license into the Israeli society.  
Following my military service I still hesitated and had no clear direction – it was not obvious to me whether I want to be a “real” practicing clinical physician as my mother wanted me to be or to be a scientist, a “faked doctor”.  I decided to become a scientist, but the decision was not an easy one.  Along my military service and for a short period after I spend exciting two years making night and weekend on-calls in the surgical emergency room and in the operating theater, and surgery was an attractive option.  I realized however I have to make a decision, and I decided finally to become a student again - I enrolled into the graduate school of the Technion and decided to carry out a Ph.D. thesis with Avram Hershko with whom I later shared the Nobel Prize.   During fascinating five years in the graduate school we discovered the ubiquitin proteolytic system, and these years have become the best in my entire scientific career.  I made the right decision at the right time, choosing the right mentor and the right place to carry out my research.   
There is a lesson in this short story, for parents, for children and for students.   We are living in an era in which people are in a hurry.  They are in a hurry to develop their careers, they are in a hurry to make money, they are in a hurry many times to nowhere or to places they have not thought of.   From my lesson we can learn that one does not have to hurry, but rather follow his/her instincts and do whatever he likes to do, change direction if he feels he has not made the best career choice, even though it looks as if it is going to cost him time.  At the end you will make that time and more importantly enjoy for the rest of your life doing what you like to do.  The idea is to think whether we are pushed to do what we do not want to do or driven there unknowingly.  I could have ended up in medicine, but I would not have been as happy as I am in science.  I would have been bothered forever by the thought that I missed an opportunity.  So I decided, after having a profession already, to change direction and to become a student again, to spend additional five years in graduate school.  I was married at the time and we had a son, and this was a heavy responsibility, but nevertheless I decided not to develop a career in a direction I was not convinced I am happy with.  I think the lesson is not to surrender to pressures and to take the time to decide what is the best for you; and if you regret your initial choice, there is still time to make a second one, we live long enough to enjoy for decades a second and even a third choice in our career.  The basic principle is to try and convert the hobby into a profession, to make your employer or anybody pay you for your hobby.  If you reached that target, you will forever be happy.   

One can and should make choices in life, changing career routes, even if it takes additional five or seven years, as there is still enough time to develop a complete successful career, even making it to the top, if there is a peak.  Starting almost all over again is not prohibitive, as at the end one does not lose time.  Trial and error is a legitimate way even in long term career planning, not only in short term puzzle solving.  I feel this is a very important lesson.  Many young people are approaching me for advice, inquiring about development of their careers, wondering what is contemporary these days and what is not.  After having a feeling to which direction they incline and discussing a few options with them, I always tell them “take your time, do not worry making mistakes, and moreover do not hesitate to make a back turn if you feel you did, if you feel you are not happy.  Take your car, drive it back to where you started and start all over again, nothing will happen, you will just gain, and you cannot lose”.  
So I started a second career as a graduate student, where along with my mentor Professor Avram Hershko and our collaborator in the USA Professor Irwin Rose we discovered the ubiquitin system.  It took the scientific community more than a decade to appreciate the importance of the system and for many scientists to join in. It took even longer to unravel mechanisms of diseases related to the system and then for drug companies to join efforts to develop drugs.  The first years were exciting as we were working almost in isolation, with no competition, being able to discover almost the entire set of principles and mode of action of the different components of the system.    Now the field is crowded and highly competitive, and under the dazzling light of the Nobel Prize we lost some of the beauty and naivete of the first years which I miss.  The Prize is a nice recognition on which we are very proud, but one should take it in the right proportion, life is not about prizes and recognition, but about discoveries, curiosity, passion in what we do, contribution to society and self satisfaction.  Therefore I want to de-convolute the achievement and get to the roots and components of the discovery, showing you what was behind and how relatively simple it was.    

After completing my graduate studies I continued my training as a post-doctoral fellow at the Massachusetts Institute of Technology in Cambridge, Massachusetts.  I worked in the Department of Biology under tutelage of Professor Harvey Lodish, one of the leading cell biologists of our generation.  I spent almost four years in Boston and then faced another decision.  I had several job offers in the United States, but I declined them all and decided to go back to my country, like many of you here, Dr. Toby Fabian from the Faculty of Chemistry, the President of the University and others.  It is tempting to stay in the United States, but I thought that if I want to have an impact on my country, to contribute to my people and society, I should return.  I felt comfortable in the USA, but it was not my home where my cultural and historical roots are.  I liked America, but I thought that I am missing my language, my culture, my family, the small place where I grew up, the reason for which my parents left Europe and came to establish a country in 1947 and then fought for it all their life, the country in which I fought myself and that for its existence my friends shed their blood and sacrificed their lives.  I thought that I would have a greater impact there, and we made a decision to return.  As you can see, I did not make a mistake.  One can climb high even in a small country with limited resources.    
In retrospect I am happy about this decision, because I had and still have a measurable  impact in Israel on research, on high school and university education and on the growth of public awareness for the importance of education in general and that in science and technology in particular for the economy and the welfare of the society.  As a Nobel Laureate new gates were opened for me.  I am lecturing almost once a week to high school children, to students, to teachers and at many other different public forums.  I am trying to excite them, to serve as a role model for them, to show them it is possible.  In a country of seven million people you can have a true impact.  And I am sure that in the Philippines, where the education system is still growing, people who were educated in the United States and are returning may not enjoy the resources of Stanford, MIT, Harvard and Columbia Universities, but on the other hand they can have a significant impact on their country.  So I returned to Israel in 1984, established my own research group in the Technion which is our leading engineering school that has also a Faculty of Biology and a School of Medicine (where I am a faculty member).  I have been there ever since.  So it is more than twenty years now that I am back, and I have a successful and high quality group of students and fellows, I am educating graduate students, post-doctoral fellows and physicians who continue to develop their own careers in Israel and abroad.  I now harvest the fruits of the trees I planted two decades ago, and it gives me a wonderful feeling.   

So that is for the background.  As you may see it is not much different than that of many of you – undergraduate and graduate education and then a post-doctoral training and the beginning of an independent career in a university, starting to climb up the academic, but mostly the scientific ladder.  A critical element that should be emphasized here is mentorship.  All along I had excellent mentors, first and foremost, as a graduate student - Avram Hershko, and during my post-graduate studies – Harvey Lodish.  There is something in the spirit of teachers that guide you and in the way students learn at the graduate level.  At that stage it is not frontal teaching anymore, the art of teaching and learning is similar to the relationship between an apprentice and his master.   It is similar to training in surgery.  Nobody can teach you how to operate; one has to have the basic talent in his hands.  With that as  a base one has to follow a good surgeon working - holding the scalpel, trying to make as long cuts as possible without lifting it, as once you lift it and you put it back, you are damaging the tissue, starting a new cut.   One has to follow the good surgeon using his fingers as these are the most sensitive tools that we have.  Mostly, one has to follow a surgeon’s behavior during a crisis, massive bleeding, and learn to control such situations.  As I emphasized, adding to the basic talent it is mostly teaching by apprenticeship.  And in science it is not much different.   I followed the way my teachers think, design experiments and controls, critically read the literature, make decisions at crossroads, and if you understand these principles, you are on.   Having good teachers is a critically important element of success.

When I decided to enroll into graduate school I knew that an important element will be to select my mentor.  I interviewed several and felt that Avram will be the right choice for me.  Mostly because he was interested in a problem that almost nobody was interested in at the time – and this is the question of how cellular proteins are degraded, how we destroy our own proteins. 
Destructive processes are not interesting for most people.  When one looks in cities and sees bulldozers destroying old buildings, we know something new will emerge, we do not care about the destructive process, the cleaning of the rubbles.  The same goes for scientists, very few studied protein degradation at that time, most cared about construction, how we synthesize our proteins, or in more professional words how the genome is translated into the proteome, how we use the genetic information embedded in our nucleic acids and translate it into the proteins that make our body – the functional and structural proteins.  Destruction and garbage disposal were not interesting.  There were very few scientists who were interested in this process, though it was obvious it is specific and regulated, as in order to balance production, proteins must be destroyed, and only inactive and proteins that are not needed anymore should be removed.   
Choosing to study protein degradation was in a way kind of a planned strategy.  If you are in a small country with limited resources, you are not going to ride the highway, because on the highway you are doomed to collide head-on with the big competitors in science, the Americans.  You are in a battle against the best universities - Stanford, MIT, Harvard, Columbia, Southwestern, all these world leading institutions.  If you are in a small place, you have to be even more original than you have to be just being a good scientist.  You have to think of a whole subject few others think of.  You have to choose one which is important, but that it will take the competitors some time to realize it is, meanwhile you will leave them behind.   Avram thought about protein degradation and started to work on it when he was a post-doctoral fellow.  During that time he corroborated the finding that the process requires energy, which suggested it may have unique characteristics, as thermodynamically, proteolysis is exergonic - generates energy and does not consume it.  Colleagues warned us we are going to “commit suicide”, to study something that is probably not important.   The result is we discovered a complex mechanism that is involved in regulation of numerous cellular processes, and that has been converted into a major platform not only for researchers, but also for those who study disease mechanisms and for developing drugs.    
So, what are proteins?  Proteins are the machines on which the body runs.  There are in general two types, structural, that make the bones, the muscle and the skin, for example, and functional – that serve as catalysts and regulators of the numerous biochemical reactions occurring all the time in the body.  They are involved in digestion of food and in energy inter-conversions and in the complicated communication with the environment, receiving and processing of signals – auditory and visual as well as smell and taste signals, maintenance of equilibrium in space during walking, running, sitting and even sleeping, etc.  If one tries to describe life in a simplistic way, it is composed of two dimensions. The vertical dimension is the genetic material that we inherit from our parents and transmit to our children, and the horizontal dimension is our current present life, and this dimension is driven by proteins.  Obviously, even in the horizontal dimension the proteins are synthesized all the time based on the genetic information each of us is carrying.  The human body is made of about 25,000 different proteins.  We can think about the complexity of protein action if we try to analyze the simplest possible question: “What is your name?”, and you answer me – “My name is Fabian.”  This is an awfully complicated process of which we understand mechanistically only small fragments  - the wave sounds of the one who asked us traverse the air onto our auditory machinery, where they are being processed by the brain into a meaningful problem, and an answer is being composed that is now being transmitted via the brain to the mouth muscles now being translated again into a meaningful audible signal that becomes information once it hits the one who asked, and the whole process starts now on the other side, who has to remember, in addition, the question he asked and why and in what context it was asked.   From this simple example you can imagine how complex proteins and their functions can be.  And there are numerous examples, form the heart beat to the lung function and from the kidney filtration mechanism thru the digestive process in the gut, the endocrine and reproductive system, the immune system, all are made and function and understand one single language, that of how proteins talk to one another.         
We do not understand all the processes, but we know they are all driven by proteins.  Receptors for hearing and vision and taste and smell are all proteins.  Interestingly, most of our basic activities that are driven by proteins are occurring unconsciously, involuntarily, behind us, we are not aware of them, we cannot control the heart, we cannot control oxygen binding to hemoglobin or the activity of the digestive tract or the action of the kidney or hearing or seeing.   Other higher activities are also automatic, like walking and standing still.  Standing still, as simple and automatic as it may seem, is complicated.  We do not need to see the surroundings in order to keep us balanced.  Information is being sent from pressure/gravity/pain sensors to our brain centers and is translated into the appropriate muscles tones that hold us upright, and these activities are all carried out by proteins.  This information can tell us precisely where each of our fingers are at any moment, and again it is automatic and carried out by proteins.   We think pro-actively only of a very few of our activities, mostly those that are involved with high functions of the brain, creativity – lecturing, solving problems, planning, designing, composing music, writing.  Our body is an awfully complex machine, and it is all due to our numerous wonderful different proteins.  We never think of our daily life it this way, but this is life – an orchestra of 25,000 proteins playing successfully the wonderful symphony of life, without a conductor, and for so many years.    How wonderful. 
It is difficult to realize and admit, but all our high activities, our intellectual activities, from the simplest ones - like going to the grocery store or carrying out the simplest tasks to the most complicated ones like writing, sculpting, designing, building, inventing, discovering, composing - occupy only a small part of our proteins activities and repertoire.  The entire culture we have developed as human beings generating and enjoying music, poetry, performing arts, the wonderful achievement of medicine, science and technology, research, communication, architecture, distinct cultures of different peoples - all involve a thin layer of proteins.  A few proteins are involved in these activities compared to those involved in other, subconscious activities.  In addition, even for those few, the brain proteins for example, we are not much different genetically in our protein composition from one another or from the cow, the monkey or the mouse or even from remote old creatures like the birds or the alligator.   Needless to say that the wonderful development of human society we have witnessed along generations has also been affected by environmental factors, and identical twins grown under different conditions may mature into completely different adults.  Yet, the proteins involved are very interesting – their identity and mode of action and regulation.  This thin layer is the most challenging one, as we have no access to it and we do not understand how it acts, yet, it is clear that all its activities are biological in nature, as once we die, all these activities are dead as well.   So, what is in the mind of a scientist, or an architect, or a sculptor or a composer – we are generations from understanding it, which is frustrating on one hand, but challenging on the other.       

This gives you the general context of where we are in the problem.  We were interested in how the body’s proteins are destroyed, and the question is why to destroy them at all? If they are functional and carry out all the complex functions we have been talking about, then why to destroy them? 
First about some quantitative aspects, the extent of destruction.  We are destroying daily approximately 5% of our proteins and replace them with new ones, which means that within a month we are replacing almost all our proteins.  This intensive exchange rate raises many interesting questions.  First, how are our high functions such as memory, emotions, creativity and imagination (our software), preserved despite replacement of the proteins that may be responsible for carrying out these functions (the hardware)?  Unfortunately, science does not have access yet, it is not equipped with the tools it needs to dissect these questions.  Other four interesting questions to which we have partial answers to are: (1) Why are we involved in such massive turnover? (2) What is the system that catalyzes degradation? (3) What happens if the system does not function properly – what are the resulting diseases? and (4) Can we treat these diseases?       

We destroy our proteins because of three reasons.  The first is quality control, the second is control of processes and the third is to maintain the morphogenetic and differentiated state of tissues that is altered in many malignancies.  What is quality control? Proteins are complex in structure and therefore sensitive to different exogenous effects.  They are subject to high temperature, chemical modifications, etc., and are therefore damaged, denatured and misfolded.   As a result they are losing their function, become harmful and must be disposed of.    Take for example a piece of fresh meat or a container of milk that you leave by mistake on the table in the morning on the way to work.  When you return home in the afternoon, the only thing you can do with the meat or milk is throw them away.  They changed color, they smell badly, they cannot be used anymore.  Why?? Because their proteins have undergone temperature-dependent denaturation.   The piece of meat is in most cases a piece of muscle that was taken from the cow or the chicken or the pig or the fish – and as we all know it cannot exist for long at room temperature.   Now think about our body which is not at room temperature, but rather at 37 degrees.  This is an awfully high temperature, think about such temperature outside, it is very hot.  If we would have left the meat or milk at 37 degrees, its rate of deterioration would have been much faster.   The proteins in the piece of meat that we left on the table are not different from the proteins in the muscles of our body.   Our muscle proteins also misfold and lose their activity at the high body temperature and at a high rate:  daily we are catabolizing approximately 5% of our proteins. 5% of our proteins are disposed daily, because they misfold or undergo chemical changes that inactivate them and they have to be replaced.  That means that within less than a month, almost every single protein molecule in our body has been destroyed and replaced by a new one.   
It is amazing indeed.  When we look in the mirror we see daily the same face, not realizing that after 20 days all the protein components have been exchanged, so chemically the face and as a matter of fact the entire body are different, and the face and body we see in the mirror after 20 days are not the same, they are completely different.  In a rate of 5% a day we have been gradually, along one month, replaced the entire repertoire of proteins.   The body temperature, the oxygen in the air as well as other effectors are deleterious and lead to misfolding and inactivation of our proteins. One can wonder why our creator has generated us in such a high temperature or in a high oxygen-containing atmosphere.  It appears that this is the price we have to pay for being the highly developed organisms we are.  Under these conditions of high temperature and high oxygen the efficiency of the numerous biochemical reactions that catalyze all the processes in our complex body is optimal.  The energy production as well as the development of our organs and systems is highly efficient under these conditions.  The high body temperature of 370C and the high oxygen in the air we breathe (21%) are harmful.   Many people take anti-oxidants as an additive to their diet.  If the atmosphere would have contained less oxygen and the outside temperature would have been lower, I suspect we would not have developed to the same degree we have.  It appears that 37 degrees is a marginal temperature, probably the highest evolution could have taken us.  At 38 degrees we are already sick, at 39 even sicker, and at 42 we die.  So it is probably 37 degrees where the price of life as reflected in protein misfolding is high, but the efficiency of reactions is optimal and the two are balanced, thus this is the temperature chosen for us by the evolutionary pressures.  Below it the evolution of mammals would have been slow, and above the price of life would have been too high to pay, basically intolerable.  
It is interesting to think that our lives span a temperature range of merely 5 degrees, actually much less, about 1 degree, between 36.6 and 37.4.  The temperature range between 38 and 42 belongs to disease not to health.  We are living a healthy life on a very narrow bridge of less than one degree.  As you can see, evolution is walking on an extremely thin thread.  What happens above 37 degrees is that many proteins become denatured, and at 42 degrees certain critical proteins are irreversibly misfolded and inactivated.  There is a mechanism in living organisms that assists proteins to refold, a set of proteins called chaperones that are responsible for quality control.   However, at a certain point refolding becomes impossible.  One can cook or fry an egg, but the reverse, converting a cooked or fried egg back to a row egg is impossible, and the temperature-denatured proteins must be removed, and so are proteins that have been damaged by other effectors.     
There are benefits for living at a relatively high temperature of 37 degrees and a high concentration of oxygen (21%), but it is costly:  Proteins are damaged and have to be removed.  In order to destroy them, we need to have a scavenger mechanism, and the system must be highly specific:  It has to recognize only the damaged proteins and spare the healthy and functional ones.  It is a system that is responsible for quality control.  In principle, such systems ensure the quality of products – they detect and sense damaged products and sort them out, sparing the functional ones.  If such a system in the body will not function properly, damaged proteins will not be removed.  Indeed, there is an entire group of diseases that are due to accumulation of such proteins, among them are certain neurodegenerative diseases - sub groups of Parkinson and Alzheimer diseases, spinocerebellar ataxias, Huntington chorea and others.  In all these diseases mutated and misfolded proteins are not removed properly, accumulate in the brain and cause damage.  It should be stressed however that in most cases a defect in the removing system is not the primary cause, but rather the formation of these aggregated proteins that maybe excessive and affect the function of the system.          
Another reason of why we degrade our proteins is the necessity to control processes.  I shall use a simple example.  During the winter, in many places, once the temperature drops, many people are infected by the influenza virus.  As a matter of fact, in my own country, Israel, hospitals are   flooded with influenza patients, mostly old people.  What happens typically in the disease is that patients are developing antibodies that neutralize the virus and are subsequently cured.  After two miserable weeks of fever, coughing, but mostly muscle aches, patients develop antibodies and recover.  The antibodies are specific to the strain of the virus that infected us, but not against other strains of the influenza virus and certainly not against other pathogens like the Polio virus or the Pertussis bacteria.  In all developed countries and in many developing countries vaccines are being used against Polio, for example, which is also based on immunization with an attenuated pathogenic virus, kind of mimicking the disease, allowing the body to develop a  much weakened disease, in most cases sub-clinical, but nevertheless one that allows the body to immunize itself.  So the body “knows” to develop specific antibodies against specific pathogens/antigens when they are needed.   The process is mediated via activation of specific immune cells, each can make a specific antibody.  The immune cells are activated via a signaling mechanism that involves both extracellular ligands and intracellular transmitters, all are proteins that are activated, among many other factors, by the specific pathogenic antigens.   In order to turn on the “factory” of antibodies, to allow their synthesis, the signaling pathway is activated, partially by post-translational modifications such as phosphorylation and partially by de novo synthesis of the message-carrying, signal-transmitting proteins.  Many of the proteins that are involved in transmitting the signal and turning the production of antibodies on are called transcription factors, they are responsible for the synthesis of further downstream proteins.   Once the disease is “defeated”, there is no need any more in antibody synthesis, and we can turn the “factory” off.  How we do it?? By destroying the signaling proteins and the transcription factors. Unlike the denatured/non-functional damaged proteins the proteins that are being destroyed here are “healthy” functioning proteins, but we do not have them anymore.  Thus, in order to control processes, turning off antibodies production, for example, we need to destroy the responsible proteins.  Interestingly, the antibioses themselves are decaying – via destruction – but since they were secreted from the cell and circulated in our blood, their degradation is mediated by a different mechanism – they are taken up to the cell and destroyed in the lysosome, so their degradation belongs to a process designated for degradation of extracellular proteins, while we discuss in this lecture the mechanism we discovered and that destroys intracellular proteins that have never left the cell.  The “healthy” proteins destroyed are regulatory intracellular proteins involved in antibody production by the immune cells that are not needed anymore. Once we do not, antibody production ceases, as the invading pathogen was defeated.  There are other important cellular processes where “healthy” proteins are destroyed, such as during the cell cycle, when “brake” proteins are degraded and “gas” accelerating proteins are synthesized in order to allow the cell to move from one step to another along the cell division process, or when “gas” accelerating proteins are degraded and “brake” proteins are synthesized in order to halt the cell from moving from one stage to another.  Again, these are healthy proteins that control processes, and their alternate degradation and synthesis are needed in order to allow the processes they regulate to occur.      
So far we have learnt that proteins are (i) dynamic, and (ii) that there are two important reasons why they are dynamic – removal of damaged proteins and control of processes.  We still have three missions ahead of us:  (iii) Talk about the system that carries out the destructive mission, (iv) learn the consequences of aberrations in the system, or in other words, what are the diseases that can result if the system does not function properly, and last (v) a practical question people ask us, if there is a disease, how can we cure it? How can we develop drugs to treat it?  
Thus, protein degradation is an extremely important process, but scientists did not realize it until the early or even mid-1970s.  While we could not have predicted the development of the field, we, along with a handful of other scientists, suspected, because of some peculiar characteristics of the process such as energy requirement, that it may be an interesting and important subject to study and decided in the late 1970s to unravel the mechanisms involved.  Another reason, as I noted already, was that very few scientists studied this area, and we – working in a small country with limited resources - did not want to compete, head on, with the big laboratories in the USA and Europe that studied more “main stream” subjects such as regulation of gene expression and protein synthesis.      

I shall take you to a brief tour through the system that we discovered, describing the principles and not the details.  The system we discovered is composed basically of two elements, it is operating in two steps.  One can use a metaphor and describe it as a legal system that is made of the juridical/judging echelon – the court and the executing body – the police and prison authorities.  The court is the body that decides whether the suspect should be acquitted or punished, and the police and prison authorities execute the decision of the court – let it be jailing the criminal, executing him/her or seeing to it that he will pay a heavy fine.  The cell also degrades its proteins in a two step process.  First the cell makes a decision about the target protein, whether it is useful or useless, whether it should live or die.  The decision is made by covalently attaching to it a “death marker”, which is a small protein called ubiquitin.  The Swedish Chemistry Nobel Committee called this marker or tag the “kiss of death”.  The protein to which ubiquitin is attached is not dead yet, it is still alive, but it now has ubiquitin tagging it, it has the court decision made already concerning its fate.  We have identified the enzymes that catalyze this covalent modification, deciphered their mechanism of action and proposed a model according to which the tagging of a target substrate by numerous ubiquitin molecules signals it for degradation by a downstream protease – the scissors that cut it into amino acids - that will not recognize untagged proteins.  The scissors serve as the executing body of the cell.  Following degradation of the substrate ubiquitin recycles to tag additional proteins.  Interestingly, like the ability to appeal the court decision that is built into our juridical system, the cell has also evolved an “appeal” system, through which the “death tag” can be removed prior to destruction of the protein.  We assume that this occurs if the protein re-folds, re-gains its function, so it should not be destroyed.           

Basically ubiquitin is a bridge - a bridge for destruction, a recognition element in trans for the protease/the scissors, as we designate it in a professional language.  It is a very useful bridge – it is a glue that binds the target protein to the scissors, bringing the two partners together.  At the end of the process – the target protein is destroyed, and the body is relieved from a molecule, an element it does not need. 

I want to proceed now and describe the implications of aberrations in the system to our health, or in other words, the involvement of the system in the pathogenesis of diseases.  How are aberrations in protein destruction related to the development of human diseases?  We briefly discussed the accumulation of unwanted, misfolded and non-functional proteins, but I shall now describe the mechanistic linkage between the system and human diseases in more detail.   
What happens when the system does not function properly – when it degrades a protein excessively or slower than it should - is exactly what happens when any other system fails.  The living organism – in our case the human body - is in a dynamic state of exchange, but all parameters and components are kept within a defined quantitative range.  So are glucose, calcium, sodium and potassium, and so are our blood pressure, heart and respiration rates, oxygen saturation in our blood, etc.  An important parameter is our body weight.  Quantitative deviation in any of the numerous biochemical and/or physiological parameters indicates that there is a change behind, at times a pathological change that may reflect the development or existence of a disease.   

The same is true for the many of the several thousands proteins of which our body is composed.   Their level is kept under tight control.  It should be re-emphasized that proteins are synthesized and degraded all the time, they are in a dynamic steady state, but their level, their concentration, remains steady and is characteristic to the particular time (a stage in the cell cycle, for example) and physiological condition.  The level of many proteins can change under varying conditions, along the cell cycle, following stress, during fasting and re-supplementation of nutrients, but as noted, it is well defined under particular states.  Aberration in the proteolytic process that may lead to either excessive degradation of certain proteins with a subsequent decrease in their level, or a slower than normal degradation of others and increase in their level, can lead to development of diseases.  As noted, in that respect proteins are not different from any other biochemical or physiological parameter.  Increased degradation can occur, for example, when the ubiquitin conjugation machinery is induced, while reduced degradation can occur when there is an inactivating mutation in one of the components of the ubiquitin system machinery or in the recognition motif in the target substrate to which the conjugating enzyme binds.            
Degenerative brain diseases can serve as good examples.  In almost all neurodegenerative diseases such as Alzheimer, Parkinson, and Huntington abnormal proteins that otherwise should be degraded accumulate in the brain and cause damage.  In some cases researchers have demonstrated a direct defect in the ubiquitin system, and in other cases the system is involved indirectly – mostly the aggregated proteins formed, because of their particular characteristics, cannot be trapped and digested by the proteasome/scissors - the cutting machinery.  Typically these proteins are conjugated by ubiquitin, but the proteasome fails to degrade them.   

The group of diseases that has been studied the most as for its relationship with aberrations in the ubiquitin system is cancer.  Malignant transformation typically results from cells that divide in an uncontrolled manner and generate tumors, but also acquire the capability to metastasize, to migrate to remote destinations where additional tumors are developing.  Malignant cells also evade the body’s quality control mechanisms: The damage that causes them to divide in an uncontrolled way is not sensed by the damage checkpoint pathway that typically would have eliminated them.  Normally cells of many tissues, like the gastrointestinal tract and bone marrow, divide rapidly.  Thus every 2-4 days we replace all our white blood cells as well as the lining of our intestine.  The way these cells are replaced is via cell division.  In the intestine, in the bottom of the crypts, cell are dividing, and their division push old neighboring cells to the top of the crypts where they shed, so at the end of the day the crypt keeps its size, and the number of cells remain constant.  Cell division rates keep pace with cell death to keep the cell mass constant.  Tumors evolve when cells divide at a speed that exceeds their death.  Cancer is a relatively “novel” disease to which we were exposed mostly in the 20th century as life span increased, almost doubled.  The reason is that the incidence of malignancies increases with age:  They are rare in the first 4-5 decades of life, and then increase sharply.  In the 19th century people didn’t die of cancer, simply because they died earlier of other diseases – mostly infectious diseases.  The current average life span in countries in the developed world is 75-80 years, people are living significantly longer than at the turn of the century, and cancer is therefore an “epidemic” of the 20th century.  There were several reasons for this increase of life span at the 20th century.  One is the discovery of antibiotics, others have to do with public health - understanding the importance of personal hygiene, development of sewage systems, development of community health systems, sanitation of water and so on.  The progress in research and medicine, the development of novel drugs and surgical techniques and the understanding of the importance of sterility – have also contributed to the extended life span we all witness.  The development of preventive medicine and public awareness of health – the realization that smoking is dangerous as well as the introduction of healthier diets and the utilization of preventive drugs such cholesterol-lowering drugs and aspirin to prevent blood clotting – have resulted in a dramatic reduction in the incidence of heart and cardiovascular disorders which also contributed to the extension of life span.    
As a side comment, and before dissecting the role of the ubiquitin system in the pathogenesis of malignant transformation, I would like to say that old age is hard if not impossible to define, not to say it is politically incorrect to define it.  At the turn of the century, when the average life span was 40-50 years, and many people died of simple infections or in wars, they dreamt of becoming old, living 4-5 decades.  Now they dream of living 80-90 years, so the quest for longer life has been and will always be relative and will continue to be part of human life.  With the advancement of medicine and the unraveling of an increasing number of mechanisms of diseases along with the development of novel drugs, life expectancy will increase and with it the definition of old age will keep on changing – it will increase steadily.  We are pushing the upper limit of the definition, and we shall keep doing it.  Maybe one day, being 80 years old will be regarded as a relatively young age, the middle of life.  One major limit will be the defeat of diseases.  We defeated or at least learnt the principles of defeating infectious diseases (though we are in a danger that many will return, and in a more dangerous form), which gave us probably a couple of additional decades of life.  We now need to defeat cancer and then neurodegenerative disorders.  It is possible however that behind the corner there are other diseases waiting for us, diseases that we have not discovered yet, as we have not lived long enough to be affected by them.   The curve of life expectancy is still linear, and every year of life we increase our chances to live one month longer.  We have not reached yet the plateau of life expectancy, on the contrary, it does not show signs of flattening, of leveling off, it is still climbing and in a linear manner.   People that are being born today will probably live on the average 5-7 years longer than we do.  It is an interesting observation and moreover an exciting one.   Via broadening of our knowledge, using advanced science and technology and at the same time not forgetting social and psychological implications and ethical and moral principles, we are heading for longer and longer lives and hopefully of higher quality.       
As noted, cancer is prevalent at what we define now as more advanced old age – its incidence starts to increase slowly at the 4th decade of life and increases faster as age progresses.  We see malignancies in children and young people as well, but as tragic as it is, it is relatively a rare disorder in these age groups, and in most cases, unless when the frequency is high in a certain place due to some environmental problem like exposure to radioactive irradiation (the explosion in the Chernobyl nuclear reactor), statistically it is not a major public health problem.  
So, what is cancer, and how is it related to our discovery of the ubiquitin proteolytic system?  Metaphorically and in an oversimplified approach, one can compare the living cell to a car.  In the car we have an engine, and the movement of the car is controlled by the gas and brake pedals.  Without these two elements the car is useless:  Without the gas pedal it will not move, and without the brakes it will not stop.   When we want to accelerate we press on the gas pedal, and when we want to slow, on the brake pedal – never on the two simultaneously.  Normal cells are in a way similar to cars.  Dividing and resting cells express at the proper time two groups of proteins, tumor suppressors and cell cycle inhibitors that allow them to rest, to stop dividing, and growth promoting proteins and oncoproteins that stimulate cell division.  Under normal conditions cell cycle inhibitors will stop the cell division at certain points along the cell cycle according to their specificities, while the tumor suppressors will do it following cell stress or damage, not allowing a cell with an injury, like DNA damage, to continue dividing, carrying the defect to the daughter cells.  It is clear why one can compare the cell cycle inhibitors and tumor suppressors to the brakes of the car and the growth promoters to its gas pedal.      
The tumor suppressors belong to an interesting group of quality control check point proteins, the most important is clearly p53.  This protein’s role is to detect damage, a DNA break for example.  Once damage is detected, p53 will become stable, its degradation will slow down dramatically and its steady state level will increase, and it will stop the cell division.  It will then activate mechanisms of repair.  Once the damage is repaired, the tumor suppressor will become unstable, and it will be degraded.  Its level will decrease, and the cell will regain its dividing capacity.  If the damage is irreparable, the tumor suppressor will induce cell death – apoptosis.  This quality control mechanism is critical to our health, as alterations of all kinds occur incessantly in our genetic material – the DNA - and affect millions and more of cells daily.  These cells must be equipped with a highly efficient quality control mechanism, as if the damage escapes detection and the cell continues to divide, cancer may evolve.  
If the ubiquitin system does not function properly and degrades at an increased rate cell cycle inhibitors or tumor suppressors, the cell will be depleted of its brakes and will divide in an increased uncontrolled level.  In other words a tumor may evolve.  This is similar to a car that lost its brakes and continues riding in an uncontrolled manner, crossing red traffic lights.  Similarly, if the cell rids itself via accelerated degradation of the tumor suppressor p53, it will lose its quality control mechanism and will continue to divide carrying a damaged genetic material, a break in the DNA, for example.  Such a situation can be compared to continuing driving a car despite having a problem in the engine or other critical system, the steering wheel, for example. This may also lead to the development of cancer, as the damage may be transmitted to the daughter cells.  One example of a malignancy that develops following rapid degradation of p53 is the human papillomavirus (HPV)-induced uterine cervix carcinoma.   The virus encodes a protein, E6, that associates with p53, generating a loose complex with it.  This complex in which p53 appears in a novel form unrecognized by the ubiquitin system misleads the system to identify p53 as a foreign/abnormal/misfolded/non-functional protein that should be destroyed.  The virus evolved this strategy as a measure to ensure its propagation and replication.  Otherwise, without removing p53 the cell would have identified the invasion of the virus and would have activated the p53 check point pathway that would have either repaired the damage caused by the integration of the viral DNA in the cellular DNA or would have eliminated the virus-invaded cell by forcing it to commit suicide (apoptosis – programmed cell death).  Neutralizing the p53 pathway is a strategy developed by the virus to ensure its replication with no interference.  The loss of the p53 pathway leads to the development of cancer which serves the “purpose” of the virus, providing him with “safe” cells in which it can replicate.  
At the other side of the equation are the cell growth-promoting factors, the gas pedals of the car.  Slowing or inhibiting their degradation will lead to their accumulation, which may result also in the development of cancer.  These proteins are called also oncogenic proteins, as their excessive activity may lead to the generation of an oncos – tumor in Greek.  One of these proteins is the Epidermal Growth Factor Receptor - the EGF-R - a cell surface molecule that its activation by a specific ligand, the Epidermal Growth Factor (EGF), stimulates cell division.    Following activation and signaling the EGF-R is entering the cell where it is degraded.  This is the way the cell regulates its activity, by removal of the protein after it completed its function.  If for some reason the protein will not enter the cell and be degraded, it will continue to signal in an uncontrolled manner which may result in malignant transformation.  Another such protein is -catenin, an active transcription factor involved in the development and differentiation of the intestinal epithelial lining.  -catenin level is low at most times and is regulated by its rapid degradation.  A mutation in its degradation signal or in the machinery that recognizes it and targets it to degradation will stabilize it, resulting in increased transcriptional, in many cases in malignant transformation.  If we want to use again the car metaphor, we may think of a car where the gas pedal is being used in an uncontrolled manner.

In summary, if the degradation of tumor suppressors or cell cycle inhibitors is accelerated - a situation similar to a car that loses its brakes or in the case of decreased degradation of growth promoting proteins - a situation comparable to utilization of the gas pedals in an uncontrolled manner, in both conditions the cells will be divided rapidly, resulting in the formation of tumors.  Obviously this is an over simplistic view of an awfully complicated disease we are still far from understanding.  Yet, even this simple explanation can shed light on the relationship between the ubiquitin proteolytic system and pathogenesis of malignancies.     
We now know why we degrade our proteins, we know how they are degraded – by the ubiquitin system, and we know what happens when the system does not function properly.  Last, we shall try to answer the question of whether defects in the system are curable – are there drugs on the market or in the pipeline that can treat ubiquitin system-related diseases?  Yes, there is one successful drug already on the market, and it appears that because of the critical roles the system plays in innumerable cellular processes, many more will be developed in the future.  The drug - Velcade (Bortezomib) - was developed by Millennium, an American Pharmaceutical Company, and has been used initially against multiple myeloma, a malignancy of the immune cells in the bone marrow.  The drug is a highly efficient and specific inhibitor of the proteasome.  It is a boronic acid derivative that resembles a tri-peptide and it attacks nucleophilically the threonine proteolytically active resiudes in the catalytic sites of the enzyme, one in each of the enzymes six sites.  Inhibition of the proteasome can have many consequences.  It can inhibit degradation of cell cycle inhibitors and cyclins that are supposed to be degraded at certain points along the cell cycle allowing the cell to progress from one stage to another along the cell cycle:  Inhibition of their degradation may stop cell cycle and division.   Inhibition of the proteasome can also lead to accumulation of abnormal/misfolded/denatured proteins that should otherwise be removed by the ubiquitin system, and their accumulation may elicit a stress response resulting in programmed cell death.  In this case the damage inflicted on the cells by the accumulation of the damaged/misfolded proteins, and that leads to their killing, is desired, as the cells are cancerous.  Also, inhibition of the proteasome may prevent activation of NF-B, a strong anti-apoptotic/anti-death transcriptional regulator, thus sensitizing the cells to different stress stimuli that elicit the apoptotic response that is not counteracted now by NF-B.  In cells where the degradation of wild type p53 is accelerated decreased degradation may lead to an increase in the level of the tumor suppressor, which can now resume its normal functions.  Thus, inhibition of the proteasome can via diverse pathways have pleiotropic effects that appear to boost the cells’ brakes.  Different cells demonstrate different sensitivities to the inhibitory drug, and their response maybe dependent on the pathway that is most affected and on particular sensitivities to alterations in certain pathways.  In the case of multiple myeloma cells, which is a leukemia of immune cells, there monoclonal expansion of a cell that secretes to the circulation a specific immunoglobulin can serve as a biomarker for the disease and its severity: The higher the level of the globulin in the circulation, the higher is the mass of the tumor that occupies the normal bone marrow space and suppresses its normal functions.  Decrease in the level of the circulating immunoglobulin suggests a favorable response to the treatment and is being used to assess its efficiency.  Examination of the bone marrow also serves to demonstrate efficient response.   The number of malignant cells drops and normal progenitors of red and white blood cells appear and repopulate the bone marrow, allowing resumption of its normal functions – production of mature hemoglobin-carrying red blood cells and white blood cells that are involved in defense against foreign invaders such as bacteria and viruses.  All these parameters show a dramatic improvement in the patient with multiple myeloma I am using as an example in this presentation, and treatment with Velcade has indeed revolutionized the fate of patients with this deadly disease.    

The drug is being used - though still on an experimental base - in a different though a related disease - also of immune cells - Non-Hodgkin’s Lymphoma.  In the patient presented the tumor that is localized in the right gate of the lung shrunk significantly following treatment - from 2.5 x 1.2 cm to 0.4 x 0.4 cm.  

If I summarize this major part of the lecture, driven by pure curiosity, we started our journey 30 years ago trying to discover the way the cell degrades its own proteins.  Now, three decades later, it turns out that the system, due to the work of numerous scientists worldwide, is much broader in its scope than our wildest dreams.  It contains more than 1,000 components, almost 5% of the human genome, and it is involved in the regulation of numerous basic cellular processes.  Equally if not more important yet other researchers, based on this discovery, unraveled the mechanisms that underlie many diseases, which further led to the discovery of drugs, one in use already, several are experimental.  While the research at the beginning was not applied or translational in nature, it reached a point, and we are still far from seeing the entire landscape, where its results are being applied to several human diseases that have been incurable thus far.  Importantly, the applications will grow broader and broader in the future.  This is the way I see developments in science, from curiosity through imaginative and creative discoveries and onto applications to human benefit.  Trying to enforce scientists in universities to walk on a translational and applied pathway will not yield the results curiosity, imagination and creativity can yield.  We need to make the entire journey in order to make breakthrough discoveries, there are no short cuts on this long trip.            

I would like to end up with a personal note that is related somehow to this view and philosophy.  The story dates back to the Nobel Prize ceremony in Stockholm in December of 2004.  The Prize is always being awarded on December 10th, which is Alfred Nobel’s Memorial Day.  The date falls before Christmas and around the Jewish holiday of Hanukkah.  The Israeli ambassador to Stockholm gave us a party and told us he has a surprise for us.  I thought of a nice gift wrapped with a ribbon, but this was not the case.  The surprise was a Swedish man I have never met before, Mr.  Roger Oscarsson, and he told me he was dying of multiple myeloma when his physicians in the Karolinska University Hospital decided to treat him, as the first patient in Scandinavia, with Velcade that was still experimental at that time, and the treatment was successful and brought him back to life.  He was again now in a stable, long term remission and he came to thank us.  While we had nothing to do with the development of the drug, it was nevertheless developed based on our discovery.  For me, who started as a physician but have never been involved in treatment of patients, this encounter was a closure of a cycle where I found myself having an impact, though indirect, on a patient’s life, actually on the lives of thousands.  It was a wonderful feeling.  It was also a wonderful demonstration, yet another one, for the way science progresses.  A curious mentor and his student discover in the late 1970s a novel mechanism that is possibly involved in degradation of intracellular proteins.  Studies by many others that follow this initial discovery lead to the unraveling of much broader systems with numerous biological roles leading to the unraveling of disease mechanisms, drug development, and the cycle is closed in a meeting with a dying cancer patient whose life was saved after being treated with the drug that was developed based on the initial discovery and what followed it.  This is a classical example for the chain of events we are generating in science - it starts at the bench and ends up with patients, traversing a long and convoluted, yet a fascinating route.   

I am grateful daily for being part of this chain. 
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