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What am I, Life? A thing of watery salt


Held in cohesion by unresting cells,


Which work they know not why, which never halt,


Myself unwitting where their Master dwells.




    





– John Masefield
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Introduction


the miraculous cell





Cells are the miracle of evolution. They are miraculous not in a religious sense, but because they are so amazing. Each of us is essentially a society of billions of cells that govern everything, from movement to memory and imagination. We come from just one single cell – the fertilised egg. In fact, all life originated from one cell, billions of years ago.


Arriving at cell theory has been considered even more important to biology than Darwin’s theory of evolution, because it brought together so many diverse phenomena under a common concept. It explains how our body functions, which is vitally important when things go wrong and we get ill. We need to understand how the units in this society of cells function to understand a great variety of illnesses – from cancer to strokes to Alzheimer’s disease. The future of medicine lies in cell science. We also need to understand why this community of cells ages, and the nature of death itself. When we are infected by disease-causing bacteria and viruses, the immune system tries to identify the foreign invaders and destroy them, and indeed goes to great lengths to do this. What drives and underlies these fundamental processes of life other than cells? And what is life itself?


Only a few years ago, discussions about cell biology were limited to a handful of scientific experts with little contact with the public. Today, they are in the news for both medical and ethical reasons. There are almost daily reports on stem cells, which may hold the promise of curing numerous diseases; on cloning; on increases in cancer and obesity; and on the use of DNA to detect bad genes and identify criminals. Cell biology is now the focus of general interest or alarm. Understanding how cells function helps to clarify these contentious issues.




   





Cells are the basis of all life, from thousands of different bacteria to the thousands upon thousands of different animals and plants. Cells are very small – there are a million or so skin cells between your toes and your nose – but for their size they are the most complex objects in the universe. Going up the scale, the collection of cells in our brains would see off all rivals for the complexity prize. And yet there is no overall controller of this cellular society: it is a true co-operative.


There is nothing living that is not made up of cells, even though their forms can vary from snails to elephants to roses. Cells can do a remarkable number of different things: skin cells cover and protect us, muscles contract, nerve cells conduct impulses, gut cells absorb food; cells form the vessels of the circulatory system, cells in the kidney filter the blood, immune system cells protect us from foreign invaders, blood cells carry oxygen, bone and cartilage cells give us support; and so on. Yet, in spite of the apparent differences between, for example, a nerve cell and a skin cell, they work by the same basic principles.


Each cell is surrounded by a thin and flexible membrane that controls what can get into and out of the cell. In many cases this membrane is in tight contact with neighbouring cells which are held together to form extensive sheets of cells, such as our skin and blood vessels. Inside each cell there are two major regions: the nucleus and the cytoplasm. A bit like a flattish disc, the nucleus is the most prominent structure and is itself bounded by a membrane that controls what can enter or leave the nucleus. Nuclei contain the DNA code for determining the sequence of amino acids in our proteins, but the proteins are made in the region surrounding the nucleus called the cytoplasm, where most of the cell’s functions are performed by proteins in a fluid environment. Also in the cytoplasm are small sausage-shaped units, the mitochondria, which provide energy for the cell, and other groups of membranes. Our red blood cells are an exception: here, all these elements have been thrown out during the cells’ development.


That our cells are so similar is hardly surprising, as they all develop from just one cell: the egg. From the fertilised egg many different structures in our body develop, some of astonishing complexity like the brain, and this development involves all sorts of cell activities such as the cells knowing where they are, changing shape to mould the embryo, and dividing to give rise to hundreds of different types of cells, from red blood cells to nerve cells.


Our brain and spinal cord, for example, come from an initially flat sheet of cells that folds up to form a tube. This extraordinary structure has its programme for development in the tiny fertilised egg. The brain itself, and all the rest of the nervous system, are no more than an impossibly complex set of millions of interacting nerve cells. These interactions are based on the electrical impulses that nerve cells send along one of their long extensions. The nerve cells send messages to our muscles to make them contract. They also interact with each other in ways that enable us to learn, think and feel, and in addition there are special cells that are sensitive to light in our eye, others that are sensitive to a variety of smells in our nose, and others in our skin which can feel pain and detect touch and temperature. Emotions – love, sadness, pain – have their origins in cells.




   





It was cell division that led me into cell biology at the age of twenty-five. I had been trained as a civil engineer and had worked doing research on the mechanical properties of soils in relation to the stability of foundations. But this was not sexy enough for me; I wanted to do research on something more exciting, and many friends knew that I was searching for a new field of enquiry. Very fortunately, one close friend was getting married away from his home town, and he went to the local library while preparations for the party were being made by others. He was already interested in cells and came by chance on a paper in a journal discussing the application of mechanical principles to attempts to understand how a cell divided into two. How did a constriction form on the surface of a spherical cell and so divide it into two cells? He wrote to me and suggested that this was the problem that I should work on. I did, and fell in love with cells and embryos.


My first passion was for cell division in sea-urchin embryos. These are easily obtainable at marine stations in the summer, and their large eggs are suitable for experiments on the mechanical properties of the membrane. Later, I studied the development of the urchin itself, then the regeneration of hydra, and finally the development of the chick limb. Cells seemed to me, and still do, miraculous.


But how much is really understood about the secret life of cells? This book hopes to answer the essential questions about cells, and explain how they function. I will focus on the human body, even though other organisms, from bacteria to worms and flies, have been invaluable as models for studying and understanding human cell behaviour. However clever one thinks cells are, they almost always turn out to exceed one’s expectations.




   





Imagine that you are almost unimaginably small – no bigger than a water molecule, for example, which is very small indeed: there are more molecules of water in a glass of water than glasses of water in all the oceans. You are so small that you can enter unnoticed into one of the billions of cells that make up the human body. As you approach the cell it will seem enormous, and as you get closer you see that it is enclosed by a membrane. You also see small openings in the membrane through which you could pass, and special ones for favoured molecules. There are also exits where, for example, sodium is continuously pumped out.


Entering through one of the openings in the fatty membrane surrounding the cell, you find yourself in the interior. Here there is an extraordinarily crowded world of millions of molecules – proteins, which are the workers in the cell, and also some sugars and fats – all moving around with extraordinary rapidity. There are also many membranes folded together, and filaments and microtubules. The filaments and tubules are formed from proteins joining up to make long shapes. It gives you the feeling that by comparison, being in an enormous football crowd is like being alone. It seems like chaos, but it is not.


The thousands of different proteins are rushing about finding out what work they have to do. The proteins, made from amino acids, look like complex twisted chains; they have extraordinary shapes, and some are acting like machines, cutting up some molecules and constructing others. In doing this they change their shape rather like contortionists. You also see some tiny particles being moved across the cell by motor proteins using fine tubules as railway tracks. Of particular importance is protein synthesis, in which messengers from the genes determine that the amino-acid building blocks are joined together in the right order. These are joined together, one at a time, into long chains, which then fold to give the proteins their complex shape.


The energy for much of this activity is provided by the local energy currency, adenosine triphosphate, commonly known as ATP, which floats around waiting to be spent. Lots of ATP is pouring out of large sausage-shaped cylinders: these are the mitochondria where the ATP is made using the energy from burning glucose.


As you move further into the cell you see the membrane around the cell nucleus, which has entrances and exits for special molecules. When you enter the nucleus, you see a set of very long thick fibres — the chromosomes that contain the DNA of the genes. In some regions there is activity: the genes are being read by a protein machine to make messages for constructing other proteins. A gene is passive and does nothing while its code for the protein is being read. As you move along the chromosome you see that there are thousands of genes.


A little bewildered by now, you are beginning to get some idea of just how complex the machinery is of a single cell. But the single cell is the basis of all life, and in each of our bodies we have billions of them. In this book I will attempt to unravel the mystery, power, and above all the sheer cleverness of our society of cells.


We look first at just how this society of cells was discovered.
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Discovery


how science made plain the facts of life





In ancient times, simple explanations of life and death, and practical rules and systems of right and wrong, were mainly embedded in religious beliefs and passed down through countless generations. They were expressed in many different cultures in the forms of myths and legends, ritual songs and dances, laws and language. Then came the Greeks. They knew nothing of cells but they tried to understand life, particularly when it went wrong and we became ill.


Science has its origins with the ancient Greeks – the only society which attempted to understand the nature of the world in terms of evidence and logic. Other societies, like the Chinese, had excellent technology, but this was not based on science. As far as biology is concerned, the ancient Greeks did not do very well, because commonsense views are in conflict with scientific explanations, and they could not have conceived the idea that life is based on cells. But Aristotle made great progress with logic, Euclid with mathematics, and Archimedes, probably the greatest scientist, with the physics of levers, specific gravity and floating bodies. Some of the ancient Greeks were atomists and believed the world was constructed from tiny particles, an idea that Aristotle dismissed. He believed that matter was seamless.


Those early Greeks believed that everything was made out of the four elements: earth, fire, water and air. From this belief they developed the theory that the make-up and workings of the human body were based on four substances called humours: black bile, yellow bile, phlegm and blood. The idea that all diseases and illnesses resulted from an excess of or deficit in one of these four humours was adopted by ancient Greek and Roman physicians and philosophers. Hippocrates, who lived in Greece around 400 BC, promoted this theory and was among the first to reject more mystical explanations of the cause of illness.


From Hippocrates onwards, the humour theory remained the most commonly held view of how the human body functioned until the eighteenth century. Essentially, humours were held in balance when a person was healthy. Greeks and Romans and the Western civilisations that adopted classical philosophy believed that each of these humours would wax and wane in the body, depending on diet and activity. When a person had a surplus of one humour, then that person’s personality, and eventually health, would be affected. For 2,000 years this led to doctors bleeding patients to rid them of unwanted humours – a practice of zero use, though perhaps they were helped by the placebo effect.


As regards the origin of life, some thought it came from water and some from the air. The Greek philosopher Empedocles thought that plants and animals arose through the action of fire, which cast up shapeless lumps out of the earth’s interior, some of which formed into men. All these ideas derived from the notion that life was some sort of vital force that activated living organisms. This fitted well with the later view of the Christian church: God, as the Bible made clear, had created life. Such views hardly changed in the West until the seventeenth century. Without the invention of the microscope, we might still be holding them.


Another ancient view, which came from China and is still current in modern theories of acupuncture, is based on the belief that the body has a circulating energy or life force (chi or ki) that travels through invisible channels called meridians. According to this theory, all diseases are the result of disruptions in the flow of one’s chi. Acupuncture points, it is still claimed, are located on the meridians and represent areas where the flow of energy can be altered, and various illnesses cured.


Cells did amazingly well in hiding their secrets.


Around 2,000 years ago, after the invention of glass, some Romans started looking through it and testing its surprising properties. How could it be so solid yet let light through? They experimented with different shapes of clear glass, one of which was thick in the middle and thin at the edges, and they found that if you held one of these ‘lenses’ over an object, the object would look larger. But these lenses were not much used until the end of the thirteenth century in Italy, when spectacle-makers began producing lenses to be worn as glasses.


The early simple ‘microscopes’, which were really only magnifying glasses, had one lens which could increase the size of an object nearly tenfold. This was not enough to see a cell, though it was clearly interesting to use it to look at fleas and other tiny insects. But then came a crucial step forward, around the year 1590, when two Dutch spectacle-makers put several lenses in a tube and made an important discovery. The object near the end of the tube appeared to be greatly enlarged, more so than could be achieved by any simple magnifying glass. They had just invented the compound microscope. There was now the possibility of seeing a cell.


The first person to see a cell – though he did not at the time understand what he was looking at – and to give it its name was Robert Hooke in 1665. As a boy, Hooke was an extraordinarily quick learner, and possessed a manual dexterity that enabled him to build an impressive array of mechanical devices. He left Westminster School in London to take up a poor scholar’s place at Christ Church, Oxford. He became accomplished in a variety of fields, including astronomy, biology, physics and architecture, and his skill as an instrument-maker gave him a high reputation. He became a member of the Royal Society of London in 1663, and later its president.


In published researches covering nearly forty years Hooke was constantly casting around for a consistent, underlying principle that could be shown to bind the whole of nature together in what he hoped would be a ‘Grand Unified Theory’. That nature did contain grand general principles would have been taken as axiomatic by Hooke, who believed that the entire universe was the product of divine intelligence, and it was inconceivable that God could be inconsistent in His grand design. And as human intelligence was related to that of God, it stood to reason that the key should be within man’s reach. As Kepler had said, science was thinking God’s thoughts after Him.


Hooke developed his own compound microscope. When he cut thin sections of cork with a very sharp penknife and examined these through his microscope he observed cell walls and the empty spaces they enclosed. He called them cells – from the Latin cella, meaning small room – for they reminded him of monks’ cells in a monastery. But he had no idea what they really were, or what their function might be. He thought they were channels for the flow of fluid in the plant. Six years after the publication of Hooke’s observations, the Royal Society in London received two manuscripts from other scientists that showed that plants were made of cells with thick walls, and this caused a dispute as to who had made the discovery first.


Hooke’s Micrographia, which contained the first drawing of a cell as well as his remarkable sketches of numerous small creatures, appeared in the bookshops in January 1665. Samuel Pepys was transfixed in his chair until two o’clock in the morning; he called it ‘the most ingenious booke that ever I read in my life’. Micrographia was one of the formative books of the modern world.


The person credited with first seeing an animal cell is Anton van Leeuwenhoek, the true father of microscopy. He was self-taught and never attended a university, but he became one of the greatest and most expert microscopists. In 1648 Leeuwenhoek, then sixteen years old, went to Amsterdam to learn a trade and became an apprentice in a linen-draper’s shop where magnifying glasses were used to count the threads in cloth in order to determine their quality. Developing the idea of the glasses used by drapers, he constructed his first simple microscope. He seems to have been inspired to take up the microscopy of living objects by a copy of Hooke’s Micrographia. He taught himself new methods for grinding and polishing tiny lenses of great curvature, which made an object look nearly 300 times bigger, and using a microscope he discovered in 1670 what he called animalcules – little animals – in pond water. These included moving single-celled organisms; however, Leeuwenhoek had no idea that some of these were cells, only that they were small and alive. The first ever picture of a bacterium can be seen in a drawing by Leeuwenhoek in the Philosophical Transactions of the Royal Society for 1683.


The first animal cells to be seen were blood cells. In 1673 Leeuwenhoek took some blood from his own hand and noted that it consisted of what he called small round globuls. He came to believe that all animal matter was composed of what came to be called globules. Leeuwenhoek’s theories about the body being made of globules like blood cells was not widely accepted, as they did not seem in any way applicable to solid tissues. More popular was the idea that fibres were the basic building blocks of the human body, and there was little, if any, progress in understanding or exploring cells for the next hundred years or so.


In the early nineteenth century many scientists were looking at biological structures, and René Dutrochet in France in the 1820s became interested in embryos after studying medicine. Examining the brain of a snail, he saw some of the cells quite clearly, as they were very large – a genuine body cell was observed for the very first time, some 160 years after Hooke’s observation. But great problems remained. Dutrochet observed the moving animalcules in stagnant water, just as they had been described by Leeuwenhoek, and he became particularly interested in the their endless motility. This led him to think that it could well be a direct expression of the famous and elusive ‘vital force’ and, hence, one of the means of studying it. As early as 1824 Dutrochet wrote explicitly: ‘Life, as far as the physical order is concerned, is nothing more than movement; and death is simply the cessation of this movement.’ Dutrochet believed that new globules were formed within old ones and did not accept the idea of spontaneous generation.


Another Frenchman, Jean-Francois Raspail, who was at one point a candidate for the French presidency, was convinced that cells were fundamental and, like Dutrochet, believed that new cells were formed inside existing ones. Two of his aphorisms are impressive: ‘Give me an organic vesicle endowed with life and I will give you back the whole of the organised world’, and ‘Omnis cellula e cellula’ – every cell is derived from another cell. That was the discovery of the core of life – great progress, but there was still a lot missing. It was not known how new cells formed, even though, in 1832, the Belgian politician and amateur scientist Henri Dumortier observed cell multiplication in a plant by true cell division. When the terminal cells grew longer than their neighbours, a partition wall formed, dividing them into two. It is nice to learn that politicians at that time cared about basic biology.


The view of the cell in the early nineteenth century was essentially globule-based, and it was held that there was nothing of interest inside the globule. Yet Leeuwenhoek back in 1682 had reported seeing a structure inside the blood cells of cod and salmon. This was the nucleus, whose function would have to wait till the twentieth century to be understood. The name ‘nucleus’ was given to this structure by the Scot Robert Brown in 1831; he was sure that it had an important function, but had no idea what it was.


The development of cell theory was greatly influenced by the German physiologist Theodor Schwann, who was a devout Catholic throughout his life. His early research was directed to the nervous and muscular tissues, and his observations with his microscope led to his discovery of the cellular fatty sheath covering many nerve cells, which bears his name - the Schwann cells. He broke with the traditional, rather mystical view about life forces and worked towards an explanation of life based on physics and chemistry. When he was dining with the botanist Matthias Schleiden in 1837, the conversation turned to the nuclei of plant cells. Schleiden was a lawyer whose hobby was plants, which he studied with a microscope. Schwann remembered having seen similar structures in the plant cells that he had seen in a vertebrate embryo, and they instantly realised the importance of connecting the cells in animals with those in plants. Here was the true beginning of ‘cell theory’.


In 1838 Schleiden suggested that every structural element of a plant was composed of cells or their products. The following year a similar conclusion was elaborated for animals by Schwann in his famous Microscopic Investigations on the Accordance in the Structure and Growth of Plants and Animals (1839). Here he stated that ‘the elementary parts of all tissues are formed of cells’. The conclusions of Schleiden and Schwann are considered to represent the official formulation of cell theory and their names are almost as closely linked to cell theory as are those of Watson and Crick with the structure of DNA more than a hundred years later, for which they deserve enormous credit. But Schleiden and Schwann made terrible errors in their attempts to understand how cells reproduced.


It is worthwhile thinking about the problem facing them. If you had a microscope, where would you look to see how cells were formed? There is no obvious place to look in any easily available animal. A very good place to look would be the developing embryo, but you would first have to know that all the cells in the body come from a single cell, the egg, by cell division. Schwann and Schleiden did not know that; it was not recognised until later. According to Schleiden, however, the first phase in the generation of cells was the formation of a nucleus of crystallisation in the space outside the cells, with subsequent progressive enlargement of such condensed material to become a new cell. Schwann also believed that the formation of new cells involved a kind of crystallisation, beginning with the deposit of a crystal around a granule in the space between cells.


They did not know about, or ignored, the observation by Dumortier in 1832 that the terminal cells of the plant Conferva, a green alga with branching filaments, multiplied by cell division. For animal cells, the key observation was that made by the German scientist Robert Remak in 1841 on dividing chick embryo cells. He was critical of the Schwann and Schleiden model. Another of Remak’s key observations was that the frog egg underwent a series of divisions to give rise to the cells of the embryo. In addition he said that tumours came from the division of normal cells.


Writing in 1859, the German doctor Rudolph Virchow proposed a very important concept of life: ‘Every animal is a sum of vital units, each of which possess the characteristics of life … It follows that the composition of the major organism, the so-called individual, must be likened to the kind of social arrangement or society, in which a number of separate existences are dependent upon one another, in such a way however, that each element possesses its own particular activity, and although receiving the stimulus to activity from other elements carries out its task by its own powers.’ Here we have for the first time the concept that we are a society of cells. He also emphasised that cells came from other cells, and his 1858 aphorism omnis cellula e cellula’ (every cell from a preexisting cell), which he may have stolen from Raspail, became the basis of the theory of tissue formation, even if the mechanisms of new cell formation were not yet well understood. This was made even clearer when the development of the frog egg was observed and the division of the egg was seen to give rise to many cells, some of which developed into muscle and cartilage cells.


It was not easy, however, to recognise that nerves too were made up of single nerve cells, as their longest extensions – the axons – could be more than a metre long, and they bore little resemblance to the common small rounded cells described elsewhere in animals. Attempts at reconstructing a three-dimensional structure of the nervous system were frustrated by the impossibility at that time of determining the exact relationships between nerve cell bodies and their many long extensions.


The important breakthrough came in 1873 when an Italian doctor, Camillo Golgi, developed a technique for staining nerve cells that made them black: even the blind, he said, could now see a full view of a single nerve cell and its extensions, which could be followed and analysed. He believed that the branched axons stained by his black reaction formed a gigantic continuous network along which the nervous impulse propagated. In fact, he was misled by an illusory network created by the super-imposition and the interlocking of axons of completely separate cells.


Matters changed quickly in the second half of the 1880s. In October 1886 the Swiss embryologist Wilhelm His put forward the idea that the nerve-cell body and its extensions formed an independent unit. The nervous system began to be considered, like any other tissue, as a sum of anatomically and functionally independent cells, which interact by contact rather than by continuity. Definitive proof of the nerve-cell theory was obtained only after the introduction of the electron microscope in the 1930s, which allowed identification of the junctions – synapses – that exist between nerve cells.




   





The structure of cells now became an increasingly important issue. The nucleus in animal and plant cells was better defined, though no one knew then that it contained genes. The road to this understanding required a better description of cell division. It was observed in both plants and animals that at cell division the nuclear membrane dissolved and a spindle-shaped structure appeared across the cell. Some granular material collected in the centre of the cell on this spindle, and then moved to each of the future daughter cells. There was then a constriction that divided the cell into two, and the nuclei reformed in the two daughter cells.


That material that collected on the spindle contained a preliminary clue to our heredity – but who could have realised that! In the 1870s it was clear that the material was made up of little rods of different sizes and that each of them divided into two, and then one of each pair was moved along the spindle to the future daughter cells. These rods were called chromosomes. Edouard van Beneden, who was a professor of zoology in Leiden, found when studying a parasitic worm that it had very few chromosomes, some species having only two. He could thus easily follow the behaviour of the chromosomes at cell division, or mitosis as it came to be called. He confirmed that the chromosomes split longitudinally and one of the pair went to each daughter cell. In the process he had discovered a key feature of how sexual differences are specified.


In sexually reproducing animals like we humans, half of our chromosomes come from the mother and half from the father. This occurs at fertilisation; in humans each parent contributes 23 chromosomes, so we have 46 in the fertilised egg and our body cells. Van Beneden was studying an animal that has only two chromosomes in each cell, and realised that one of these was from the sperm and the other from the egg. Thus egg and sperm have only one chromosome each, and when the sperm fertilises the egg the egg has two chromosomes, and it gives rise to all the cells in the animal. But how then does the adult with two chromosomes in each cell produce sperm and egg with only one chromosome? It turned out that this involves a halving of the number of chromosomes, known as meiosis, when the egg and sperm develop. They go through two cell divisions but only double the number of chromosomes once, thus halving the number of chromosomes. Meiosis is a fundamental feature of genetics, and in humans reduces the number of chromosomes from 46 in adult cells to 23 in human sperm and egg.


A central unsolved problem of the time was how characters were passed from parents to offspring. This was an especial problem for Charles Darwin with his theory of evolution by natural selection (first published in 1859). How did the variation on which selection acted arise? Darwin, who did not know about cells, believed that the material from which the embryo formed budded off from all parts of the parents’ bodies. This became known as pangenesis. Darwin’s cousin Francis Galton distrusted pangenesis and proposed that special material was somehow transmitted from one generation to the next.


A fundamental insight into genetics was provided by Gregor Mendel. The story is complex, for not only was his discovery neglected, but his own ideas about its significance are far from clear. Mendel’s experiments on peas in the monastery garden at Brno were published in the Brno natural history journal in 1866, but attracted very little attention. He had shown that the characters of the seeds of peas – round or angular, yellow or green – could be understood as features that were inherited almost as ‘particles’. But some features were not always expressed, as they could be masked by a dominant character. When tall and short plants were crossed, the offspring were all tall, and when these were crossed, one third were short, the others tall. There was as yet no talk of genes.


Theodor Boveri from the University of Wurzburg extended van Beneden’s observations on chromosomes and showed that their structure was preserved during development. He concluded that they were independent entities. He found that if more than one sperm entered the egg of the sea urchin, the fertilised egg ended up with an excessive number of chromosomes and the embryo was abnormal. Examination of chromosomes in worms and sea urchins led Boveri to conclude that the chromosomes were passed from cell to new cell at division, and that they might be the carriers of heredity. In 1902 Boveri was quick to see the correspondence between his belief in the individuality of chromosomes and Mendel’s factors that controlled inheritance.


Boveri was dealing with genes, although they were not called that yet. The term gene had a weird origin. Hugo de Vries coined the term ‘pangene’ for the smallest particle of heredity in 1889, and it was then abbreviated to ‘gene’ by Wilhelm Johannsen. In 1908 the Cambridge zoologist William Bateson wrote about inheritance and variation: ‘Such a word is badly wanted and if it were necessary to coin one, Genetics might do.’


It was the American Thomas Hunt Morgan who really established the existence of the gene during the first quarter of the twentieth century. Morgan was working as a developmental biologist but was making little progress. He began to study the fruitfly Drosophila melanogaster and noticed an abnormal white-eye character (normal fruitfly eyes are red) in one of the flies, which he then showed was linked to the sex of the fly. He then found three more sex-linked characters and was able to show that a particular bit of a chromosome, a gene, was responsible for each character. Genes were clearly located on the chromosomes, and the fundamentals of genetics now became established. Chromosomes were the only way in which characters could be transmitted from parents to their children. The fruitfly remains an important model system for both genetics and development, and Morgan was awarded a Nobel Prize in 1933.


The nature of the gene was still unknown. Most workers thought it was made of protein. The discovery in the 1920s of viruses that could replicate in bacteria confirmed this view, as they were found to be 90 per cent protein. Some evidence that DNA is the hereditary material was discovered in 1928. Fred Griffiths, a British medical officer and geneticist, was studying the bacterium that causes pneumonia and found that there were two forms: a virulent one that caused disease when injected into mice, and one that was harmless. If he heated the virulent strain, it too became harmless. However he was greatly surprised to find that if he injected the heated virulent strain together with the harmless strain, pneumonia developed. Somehow, the heated virulent strain had passed on its virulence to the harmless strain.


It took several other scientists some fifteen years to identify the factor that had been transferred – it was DNA. This was a surprise, as in those days they thought such a factor would be a protein. The discovery that DNA is the hereditary material came in 1944 from experiments with a virus that infected bacteria. The virus contained only DNA and protein, and it was shown that it was only the DNA that contained the information to make more viruses. Later in the 1940s it was shown that bacteria could have their character changed by an agent that was not a protein, but a nucleic acid – DNA. Some were still sceptical that genes were made of DNA, but others were not. The gradually strengthening notion that the hereditary material was DNA and not protein was eventually confirmed in the early 1950s by Crick and Watson’s determination of the double-helix structure of DNA, followed quite shortly by the discovery of the mechanism by which DNA duplicated itself and coded for proteins. The molecular basis of cellular mechanisms was beginning to be worked out.


The chromosomes had gained a function, but it was not until the 1950s that the function of mitochondria was uncovered. These small structures had been observed in all cells other than bacteria in the nineteenth century, but their function was not known. The name of this structure was coined to reflect the way they looked to the first scientists to see them, stemming from the Greek words for ‘thread’ and ‘granule’. For many years after their discovery, mitochondria were commonly, and wrongly, believed to transmit hereditary information. In the 1950s they were isolated from cells and their structure was established by electron microscopy. By breaking open a large number of cells and then spinning the resulting mixture of cellular components in a centrifuge, mitochondria, which have a density different from the other structures in the cell, can be isolated. Biochemical studies with isolated mitochondria then identified them as the powerhouse of the cell, where the energy for its many activities, in the form of ATP, is produced.


When doing research on cells it is often necessary to have access to a large number of similar cells for biochemical analysis and, blood apart, this is hard to get from a living organism. A key process for studying cells is the ability to grow them in a culture dish. These techniques were started in the 1890s and a major advance made in 1907 was the ability to culture fragments of tissue for weeks at a time. Cells now had a reasonable life of their own outside the body. Most cells isolated and placed in culture will only grow for a limited period, for reasons that will be discussed later. However, there are some ‘immortal’ cell lines that have been very useful for studies. One such line, the so-called HeLa line of cells, comes from a woman, Henrietta Lack, who was treated for cervical cancer in 1951. A sample of her tissue was sent to an expert who successfully cultured these cells and established the HeLa cell line. Henrietta Lack was killed by her tumour, whose cells spread throughout her body. HeLa cells are truly vigorous cells and have contaminated many other cell cultures. They have been essential for studying many aspects of cell behaviour, such as the growth of polio viruses in cells, and some 600,000 cultures were shipped to various labs over a period of two years. An important advance was to separate the cells from a tissue into their different types. Even if initial numbers are small, the isolated cells can then be increased by placing them in culture. Most cells placed in a culture dish with suitable nutrients will keep their character: nerve cells will extend their long processes, embryonic muscle cells will spontaneously contract, and cells taken from sheets of cells can form sheets again.


Cell theory was thus definitely established. As well as being the fundamental unit of life, the cell was also seen as the basic element in disease processes, which were due to an alteration of cells’ behaviour in the organism. This allowed modern illnesses to be analysed on a cellular basis, as in pathology, which examines tissues with a microscope to find abnormalities that might cause a particular condition. Cell theory stimulated a reductionist approach to biological problems and became the most general structural paradigm in biology. It emphasised the concept of the unity of life and brought about the concept of organisms as ‘republics of living elementary units’ – a society of cells.


All cells are derived from a common ancestor and they have through evolution conserved their basic common properties. This has the great advantage that understanding and knowledge gained from one organism can contribute, in many cases, to the understanding of other organisms, including ourselves. Humans are not that good a subject on which to do experiments, whereas other species such as mice, frogs, flies, sea urchins, worms and bacteria provide excellent opportunities. The bacterium Escherichia coli, for example, which lives in our guts, is easy to grow, reproduces rapidly, and makes about 4,300 different proteins: much of our knowledge of molecular mechanisms such as DNA replication and protein synthesis has come from a study of E. coli. Multicellular animals such as the fruitfly have provided the basis of classical genetics as well as the molecular basis of embryonic development. Frogs, mice and chickens have been essential for understanding embryonic development in vertebrates. But here, as we turn to the processes that characterise life, we will focus mainly on human cells.
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