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Introduction


It is a mind-boggling fact that all the information needed to make a human being is contained in a microscopic speck: a fertilized egg just a fraction of the size of a full stop on this page. The speck consumes nutrients to grow bigger, but nothing is added to the instructions it carries as it develops from a tiny ball of cytoplasm into a living, walking, thinking person. It’s all there from the very start. The instructions themselves are held in special threads of DNA, some of which (if you could tease them out) are as long as your thumbnail. But they are so slender and bundled up so perfectly that you can’t usually see them, even down a microscope. When this single-celled fertilized egg divides into two, the threads package up into solid structures called chromosomes. Only then can we actually see our genetic material, and even then only if we stain the chromosomes with special dye and magnify them a few hundred times.
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The complex double-helix shape of a DNA molecule carries the genetic blueprint from which a living being is made and is responsible for creating differences between individuals.





The Genes That Make Us What We Are


Here, in this microscopic world, is the key to everything that makes us human. Pieces of DNA called genes (20,687 of them in humans, according to the latest count) carry discrete bits of information, each with a very specific purpose. One gene instructs the skin to make the substance collagen, which keeps it firm and elastic; others help to make pigment, or instruct our cells on how to generate energy. About five or six weeks into a pregnancy, genes kick in to make us male or female. There are even genes that make chemicals in our brains that will affect our behaviour long after we are born. As we grow older, outside influences also conspire to make us what we are: bodies become fat or thin depending on the food we eat, and our brain stores memories that change how we behave. But our ability to process food or to think very much depends upon our genes.


So where did all our genes come from? In the minutes leading up to our conception, we did not exist but our genes already did. Half of them were bundled in the head of a swimming sperm, and half in an egg waiting in our mother’s fallopian tube. Only when these two extraordinary cells joined was our own unique genetic identity born. Unless, in a moment of spontaneity, this fertilized fleck splits to make a genetically identical twin, we come into this world genetically unique. This book will help us to understand why there has never been another you, and there never will be. We begin by looking at exactly what genes are, and how they are constructed of atoms arranged in very particular ways. Then we can see how they act to make life grow and reproduce.


Genes Through Deep Time


Of course, other living things also have genes, and our genetic heritage did not begin with our parents: it goes back to the very origin of life on Earth, more than 3 billion years ago. The sperm and eggs that carry genes from one generation to the next are themselves a product of deep ancestry. Genes can be traced back to our grandparents, our great grandparents, and all the way back to our prehistoric ancestors that first abandoned the trees for walking upright. Genes are passed down in this way because they are self-replicating, meaning that, when a cell divides, it generates copies of its genetic information to make not only more cells, but more humans. But this copying process is not perfect, and the gradual, but inevitable, accumulation of “imperfections” is what makes us all different. Ultimately, it accounts for the evolution of new kinds of life. Given enough time, over millions of years and countless generations, it is therefore hardly surprisingly that, the further back we go, the more different our ancestral genes were. But, astonishingly, despite the passage of time, some or our genes have changed very little. There are genes in our bodies today that are so similar to genes in single-celled microbes that the only reasonable explanation is that they have been conserved that way from some distant common ancestor. If it seems unthinkable that we have evolved from something so simple across billions of years, just think back to our own humble origins inside the womb, where a comparable process produced a recognizably human body from a single cell in just nine months. Genes really do carry the secret of life through the ages, whether this is in a human lifetime or across earth-time itself. The second part of this book moves on from the behaviour of genes inside cells to how genetic heritage and variation come together to account for the biggest biological journey of all: evolution.


Chemical Genes


Despite the remarkable things that they can do, genes are still at root chemical substances. In 1828, a German chemist called Friedrich Wohler discovered that urea, the waste chemical substance found in our pee, could be made in the laboratory. For the first time, it was shown that substances produced in the living body obeyed ordinary rules of chemistry: they contained no extra mysterious life-giving spark. Just decades later, the material of genetics was found to be no exception. DNA, short for deoxyribonucleic acid, was found to be one of the chemicals of life, and, as neatly demonstrated by a pea-growing monk called Gregor Mendel, its component genes are transmitted as particles from generation to generation in recognizable patterns that we call inheritance. A century later, DNA was revealed to be molecule with the shape of the twisted ladder: the iconic double helix. Since this discovery, scientists have found ways to analyse the genetic differences between people and other organisms, and even to manipulate genes to create new kind of life forms. By the turn of the millennium, researchers had even succeeded with the unthinkable: cataloguing our entire genetic makeup in the Human Genome Project. In the new age of genetic engineering, such chemical techniques are performed routinely today and even have the potential to cure inherited diseases. As we shall see in the final chapters of this book, we are living at a time when geneticists are making some of the most exciting advances in science.
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After four weeks, the single fertilized egg inside the womb has developed into an embryo. Still only about the size of a poppy seed, it is already starting to take a human shape, each stage in its development controlled by its genes.
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How Does Inheritance Work?


For a long time, the true nature of genes was a mystery. It took the ingenuity and persistence of 19th-century scientists to track it down, a journey that helped them solve one of life’s greatest mysteries: inheritance.


Ancestry and inheritance are so integral to the story of life that we take them for granted. Children take after their human parents just as oak trees grow from the acorns of other oak trees. An Alsatian dog, pregnant by another Alsatian dog, will only produce Alsatian pups, and even microbes can pass on qualities that make some of them give us disease or make others resist our attempts to control them with drugs. In every case, something “in the blood” (or “sap” or cytoplasm) must be making living things the way they are: something that gets passed down, generation after generation, whenever they reproduce. But this secret something presides over impressive changes too. A week-old human embryo – just a microscopic hollow ball of cells – can grow and develop into a woman or a man. And creatures that roamed the Earth millions, or even billions, of years ago were very different from the ones alive today. So how can the secret in the bloodline keep Alsatians much the same, but also turn a ball of cells into a person, and make primitive crawling microbes evolve into walking beasts?
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A dog will inherit features from its mother and father. The rules of ancestry mean that a puppy with two Alsatian parents will grow to be an Alsatian.





Legacy from the parents


Inheritance was one of the last great mysteries of biology to be solved by scientists. Long after brilliant minds worked out how the heart pumped blood and how the stomach digested food, scientists were still pretty clueless when it came to reproduction and ancestry. Today, we know that animals and plants are made up of billions or trillions of cells, and that a body starts off as a microscopic single-celled speck: a fertilized egg. The information needed to build the body has to be in that speck. From it develop limbs, a heart, stomach and brain, or leaves and roots and flowers. How can this be possible?


With the invention of the first microscopes, 17th century scientists convinced themselves that they could see tiny creatures inside sex cells. Most saw them in sperm: within the heads of each tailed cell, they saw a tiny huddled foetus. The idea was that life was pre-formed, with each generation waiting to break free, one inside the other, like Russian dolls, going all the way back to Adam. Once inside the woman’s womb, the foetus was nourished and simply grew and grew.


But there were obvious flaws with this idea. Quite apart from the logistical problem of cramming every generation past – and presumably future – into every sperm cell, if life came preformed from the father’s loins, why did offspring inherit characteristics from both parents? The woman’s contribution had to be more than just nourishment. And why did some babies turn out to be male and others female? In the end, the theory collapsed in the 19th century when better, more powerful microscopes proved that these preformed minibeasts were simply not there. Scientists had discovered that the maternal contribution consisted of a microscopic egg, and that sperm and egg had to join at fertilization to create a baby. Whatever was going on in the mysterious field of inheritance, it seemed to be passing through microscopic sex cells from both parents.
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This illustration from 1695 depicts a miniature person inside a sperm. A theory called preformation held that each sperm or egg contained a homunculus (“little person”) that would grow into the next generation.
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The Greek philosopher Aristotle (384–322 BCE) suggested that male sperm contained something that he called a “formal cause” that shaped the female’s substance during fertilization. Many have likened his idea to a genetic message.








Bloodlines Through the Blood


In the 19th century, biologists reverted to an earlier idea that some sort of special life-giving essence flowed through sperm, eggs or, most likely, both. By the time of Charles Darwin, a popular idea was that this essence came from all parts of the body and converged into the sex organs. The essences from male and female then combined at fertilization. This was, at least, closer to the truth than preformed foetuses. Back in Ancient Greece, the philosopher Aristotle had even come tantalizingly close to the solution when he wrote that heredity came down to the transmission of a message, like a blueprint. But no-one seemed to be taken with Aristotle’s insight.


Darwin himself made a breakthrough in the story of life with his theory on evolution, but was less successful when it came to inheritance. He imagined that every part of a parent’s body released special chemical factors (he called them gemmules) that circulated in the blood and ended up in the sex organs to pass into sperm or eggs. These factors affected the offspring, depending upon where they had been produced: those from the eyes governed the colour of the eyes, those from the long bones affected height, and so on. The factors coming from father and mother perfectly blended when a sperm fertilized an egg, so the next generation carried a mixture of characteristics from each parent. The idea of a blood-like bloodline sounded tempting, but it was still wrong.
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Chopping off a mouse’s tail may annoy the mouse, but it makes no difference to the tails of its offspring.





The biggest problem was that this kind of blending inheritance would surely always produce intermediates. Just like mixing red and blue paint to make purple, blending bloodlines would dilute biological variety until living things would all end up looking the same. Life is not like this. The theory was to become a particular embarrassment for Darwin because it patently contradicted his idea that evolution could amplify differences and even create new species. Also, some inherited characteristics, such as red hair in humans or albinism in mice, can skip a generation only to reappear in later descendants. Any theory of inheritance had to explain this, too. Blending inheritance could not. And what if body parts were altered in life, such as by accident? Would this affect their chemical factors that get passed down? A German biologist called August Weismann proved that this was not the case. He cut off the tails of five generations of mice, but all the new mice stubbornly developed tails of normal length.


The answer to the inheritance problem finally came from an unexpected source: a monk who was growing peas in a monastery garden in Brno, then part of the Austrian Empire. Gregor Mendel’s painstaking breeding experiments and skill with statistical mathematics would give him the scientific breakthrough needed and eventually earn him the title of “Father of Genetics”. The trouble was, no-one at the time noticed what he had done.


Inheritance by Particles


Mendel shunned the microscope in favour of counting pea plants. By breeding, and crossing, varieties of garden peas, he concluded that each variety was caused by something discrete that was passed down intact, generation after generation. He had made the critical discovery that inheritance was down to particles, not “paint”. When pure-breeding purple-flowered peas were crossed with white-flowered ones, only purple flowers came through in the first generation of offspring. But white ones emerged in the generation after that. The colours never merged, and he deduced that a particle causing white flowers must have been temporarily hidden in the first generation, only to emerge further down the line. Inheritance involved a process more akin to mixing beads of different colours than stirring paints. Although the beads mingled, red and blue beads stayed red and blue and never blended into purple. Inherited traits depended on the way the beads were shuffled. Under the right circumstances, blue might be “hidden” by red, or might re-emerge, just as characteristics can skip a generation. Today, we call these particles genes, and Mendel’s theory of particulate inheritance was eventually recognized as one of the most important breakthroughs in the history of biology.
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Gregor Mendel (1822–84) wrote that he wanted his pea plant studies to address the “history of the evolution of organic forms”. He discovered that inheritance depended upon particles that today we call genes.
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According to the theory of blending inheritance, purple-flower pea plants crossed with white-flowered ones would produced offspring with intermediate colour: pale purple. But Mendel found that the hybrids all had purple flowers. The white-flower characteristic had disappeared.








It wasn’t until the turn of the 20th century, 15 years after he had died, that Mendel got the recognition that he deserved. By then, biologists in Holland and Britain had “rediscovered” his account of the pea plant experiments and realized they were the key to the mystery of mysteries. Mendel’s work was replicated and lauded, as a new branch of gene-related science, dubbed genetics, was born.


Particles of Change


Genes might be conserved from generation to generation, but today we know that they can control biological change too. As a fertilized egg grows into an adult body, the genes in its cells get copied from one cell to another so that all the cells end up genetically the same. But genes get switched on or off throughout the development process. This means that different parts of the body are formed in the right places at the right time, all under the control of different sets of genes. And over many generations, across great stretches of evolutionary time, genes themselves mutate from one form to another. But details of the exact ways in which genes are involved in the complex processes of development and evolution would take genetics much further than Mendel would have ever imagined.
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If Mendel’s hybrid plants were inter-bred, blending inheritance would predict that the generation after that would still all have pale purple flowers. In fact, Mendel found that the white-flowered plants reappeared, making up about a quarter of the offspring.











Genetic Blueprints and Recipes


The genes in a living thing work as sets of instructions. They contain the information needed to build the living, working body, and, therefore, determine its characteristics.


Today, we know that every kind of living thing contains thousands of genes, each one contributing in some way to the overall organism. Sometimes, as with Mendel’s peas, there is a simple one-to-one relationship between a gene and a clear, identifiable, characteristic. For instance, there is a gene that determines the colour of a pea plant’s flower, another that influences a pea plant’s height at maturity, and so on. But in most cases – something that Mendel was not to know – the relationship is more complex than this, with each gene having multiple effects. Genes are often likened to blueprints, but taken together they are really more like recipes. A blueprint shows the positions of all the “nuts and bolts” for what is being made. You could even, if you wish, recreate the blueprint from the thing that is made. Living things aren’t built like that. Each gene has a discrete role to play, but many gene effects get blurred as they work together to build an organism, just like the ingredients involved in making a cake. For instance, contrary to a simple version you may have been taught in school, there could be more than a dozen different genes that affect human eye colour. In fact, it was pure luck that Mendel chose an organism where genes were straightforward enough that the laws of inheritance were revealed so beautifully. The simplest kinds of organisms, such as common bacteria, are controlled by some 5,000 genes; humans have about 20,000. And all life forms contain their genes in one or more microscopic building blocks called cells.
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Escherichia coli bacteria, such as these from the human gut, may be tiny, but they still contain about 5,000 genes.








Genetic Information


Bacteria and many other microbes are single-celled, but an adult human body consists of around 60 trillion cells that make up all the body parts. And every cell carries the genes needed to build that particular body. This means that every cell of your body (with a few exceptions, such as mature red blood cells, which have dispensed with their genes), carries the instructions that could potentially make another you. The total amount of information in your entire body is therefore phenomenal. One estimates equates it at around 40 zettabytes. That’s 40 million times more information than in all the different books and other printed materials ever published.


In reality, the total genetic information in all the cells of your body, barring the odd copying mistakes that happen when you grow, is practically the same. Genetic variety comes with the genes in different bodies and especially between bodies of different species.


Communities of Genes


Practically all the complex life we see around us – people, birds, trees – is built on two sets of genes. The 20,000 different kinds of genes needed to make a human are actually doubled up inside each human body cell, so two sets – 40,000 genes in total – are crowded inside that microscopic space. Fruit flies have 14,000, doubled up to 28,000. The sets are not exactly the same. Each kind of gene can come in different varieties, called alleles. In pea plants, for instance, there are two alleles of the flower colour gene: one allele instructs for purple flowers, the other instructs for white. Sometimes, like this, there are two alternatives, but many genes come in alleles of lots more different types. The existence of alleles is the reason we display so much variation. When two different alleles find themselves together in the same cell, the outcome depends on the way the alleles interact. The purple-flower allele in garden peas dominates the white allele. In a similar way, an albino allele in animals can be masked by an allele that causes dark pigment.
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Each cell in a single mouse contains two copies of a kind of gene for coat colour. The commonest variety (allele) of this gene produces ordinary brown-grey coat, but a second variety makes it albino. Both copies must be the albino allele for the mouse to be white.
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Each sex cell, whether it’s a sperm or an ovum, carries its own set of genetic information.





The reason for organisms having two sets of genes in this way comes down to two points. Firstly, it helps to have a backup set in case any one gene goes wrong. The right genes – the instructions for life itself – are critical for a proper, healthy working body. But if one, say, is miscopied as the body grows, it is possible that its healthy backup allele will take over and override the deficiency of the error-ridden allele. As we shall see, this system is not infallible, but it’s still better than pinning all your biological hopes on a single set. The second reason for having double sets of genes has more long-term implications. It comes down to sex.


Genes and Sexual Reproduction


Sexual reproduction helps to mix genes up. Offspring are genetic mixtures compiled from two parents, and every time a sperm fertilizes an egg a wholly new set of genes, with new combinations of alleles, comes into being. This means that in a sexually-reproducing population, each genetically different individual is differently equipped to face the world. Sex improves the chances of someone doing well. A population of genetically identical clones could be exterminated by a new disease, to which they are all equally susceptible. But there is a potential problem with sexual reproduction. Fusing body cells together during sex would mean continually doubling the number of genes with each union, something that would quickly become unmanageable. Instead, sexual organisms first separate their two gene sets when they form special kinds of sex cells: sperm or eggs. When a cell in a male’s testis divides to form sperm, one set of genes goes to one sperm and one set goes to another. The same thing happens in a female’s ovaries when she makes eggs. Each sperm or egg carries a single set of genes (and so half the complete baggage of genes of a normal body cell), but still has a complete set of instructions to stay alive. But when sex cells join at fertilization, the double set is restored to make the next generation, ready to make sex cells of their own.
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Genes in microbes, such as bacteria, are copied when their cells reproduce. This means that one ancestor can produce a population of genetically identical individuals. Many kinds of plants and some animals can reproduce asexually in a similar way.





Cells that contain a double set of genes are described as diploid; single-set cells are haploid. All life that reproduces sexually must have a life cycle that alternates between the diploid and haploid states in this way: the sets are separated to form sex cells and united at fertilization. In flowering plants, the haploid condition is passed through pollen, rather than sperm, but the result is much the same. Some life cycles are anomalous. For instance, moss plants are haploid and only become diploid when they sprout their spore capsules. And honeybees have a peculiar system whereby females are diploid and males are haploid. But, even with these complications, the separation and union of gene sets help to mix alleles in their sexual life cycles.


United by Genes


Despite the genetic differences between organisms, a crucial thread of similarity runs through everything alive. Humans share some genes with dogs, cabbages and even bacteria. These universal genes instruct on matters that are critical for all life, such as how to get energy from food. That we are not the same as a baboon, a banana or a bacterium is due to differences in many genes, but lots of genes are similar too. A remarkable achievement of science since Mendel has been to show that, in spite of all our differences, the underlying secrets of how genes work are remarkably similar, even for things as superficially unalike as microbes and people. This story makes up a big part of this book.
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There are two sets of genes inside each of the trillions of cells of human body. These sets separate when body cells make sperm or eggs, so these sex cells contain half the number of genes as body cells. A set of genes from father and mother mix together at fertilization, creating a foetus made up of cells contains 50% paternal and 50% maternal genes.
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Finding the Double Helix


Genes are made of DNA, a molecule that famously has the shape of a twisted ladder. This double helix is key to understanding how genes work, and even to explaining the very nature of inheritance and reproduction.


The body of a living thing is made of organic matter. This means that, except for the water, it consists largely of complex molecules containing carbon. Some of these “molecules of life” are the biggest known to scientists. The molecules of genes, perhaps somewhat unsurprisingly, are among them. But exactly what kinds of molecules are genes?


Scientists knew there were two likely candidates for the “stuff of inheritance”. The first is protein. Protein is everywhere in a living body. It comes in many different forms, but all proteins contain the same basic ingredients of carbon, hydrogen, oxygen, sulphur and nitrogen atoms. Proteins are abundant components in cells – they predominate in muscle and blood – and were prime candidates for controlling the bloodline. But protein had a rival called nucleic acid. Mysterious nucleic acids, containing the same elements as protein, are found packed deep inside each cell but it was not obvious what function they performed. Some scientists thought they were some sort of scaffolding for supporting the critical protein. But others had a hunch that they were more important than that.
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There are two kinds of blood cells. Red blood cells (the small discs) predominate, but they have lost their genetic material during their development. Like other cells of the body, white blood cells contain DNA in their nuclei, here stained dark purple.





Nucleic Acids


In 1869, shortly after Mendel had published the results of his pea plant-breeding experiments, the first steps towards understanding the chemistry of genes were being made at the University of Tubingen in Germany, 700 km (450 miles) from Mendel’s garden. Here, a physician called Friedrich Miescher was interested in finding out more about the nucleus. The nucleus was the “heart” of a cell and looked as if it should contain its secret control centre. Miescher was not especially focussed on the mystery of inheritance, but wanted to tackle the cell’s nucleus from a chemical viewpoint: he wanted to know about the stuff of its ingredients. But studying the chemical makeup of tiny cells, and particularly the make-up of a part of the cell, has always been a tricky thing to do. First, he needed to get enough cells to work with, and he found them in the suppurating, infected wounds of patients at the nearby hospital. Pus is rich in infection-fighting white blood cells, and each cell has a very clear nucleus. He washed the cells off pus-soaked bandages, managed to separate their nuclei and successfully isolated an entirely new kind of nuclear substance. He called it nuclein.


Over the following years, other scientists worked hard to reveal the true identity of Miescher’s nuclein. They refined his methods to obtain purer samples and discovered that the key ingredient was acidic, so they called the nuclein nucleic acid. Then, in the early decades of the 20th century, an American biochemist called Phoebus Levene discovered that there were actually two kinds of nucleic acid that differed somewhat in their chemical make-up. One was called ribonucleic acid (RNA), and the other, because it contained less oxygen, deoxyribonucleic acid (DNA). But mystery continued to surround the function of nucleic acids. Although scientists were understanding more and more about their chemical composition, no-one yet knew what they did.
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As well as being the first person to isolate nucleic acid, Friedrich Miescher (1844–1895) was also an early advocate that material inside cell nuclei was the basis for heredity and the passing on of features from one generation to the next.
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A crinkly version of pneumonia bacteria is destroyed by the body’s immune system, but the smooth version is lethal. Experiments showed that a chemical substance from dead lethal bacteria could flow into the benign one, turning it dangerous. This substance was found to be DNA.








Which Chemical is in the Gene?


Clever experiments showed that molecules of DNA, like many “molecules of life” including proteins, were made up of smaller inter-locked building blocks. Chemists discovered that the chain-like structure of proteins made proteins not only big and complex, but also versatile. Proteins perform many tasks in the body, from driving reactions as catalysts, to building muscle or carrying oxygen (as the red blood pigment protein, haemoglobin). It was for this reason that so many scientists thought that genes were made of protein. Nucleic acids such as DNA seemed to lack the sophistication necessary to do anything important. They even had fewer kinds of building blocks: where proteins had 20 different sorts, DNA had only four, called nucleotides.


The first evidence that DNA was indeed the key to inheritance came in 1928 from the research of a physician working at the British Ministry of Health. Prompted by the global Spanish Flu epidemic that followed World War I, Frederick Griffith was studying pneumonia bacteria. He discovered that a dangerously virulent strain of the bacteria could somehow help transform a benign strain, making the harmless microbe turn lethal. Nothing more than a chemical extract from the virulent bacteria was needed to do it. If the exact ingredient – the “transforming principle” – within this extract could be identified, could this be the chemical secret of the gene? Another decade passed before the answer was found: biochemists not only confirmed Griffith’s results, but also uncovered the secret identity. It was, indeed, made of DNA.
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Proteins are made of building blocks called amino acids that are linked together in chains.





Building the Double Helix


Although many scientists were not convinced by the studies of pneumonia bacteria, others were taken with the idea that DNA was more than some sort of support for the cell’s control centre, even though it apparently had a simple, regular form and lacked the elaborate configurations of proteins. One technique, in particular, was consistently pointing to a simple DNA shape. X-ray diffraction is a way of analysing the shapes of molecules by studying the way they scatter X-rays onto photographic film. Each molecular shape produces a particular pattern of illuminated spots, and scientists skilled in the technique can use the pattern on the photograph to work out the shape of the molecule that produced it. DNA produces a characteristic cross-like pattern, and this told scientists it was shaped like a helix.


X-ray diffraction had been developed in the 1950s. Maurice Wilkins and Rosalind Franklin, working at King’s College, London, pioneered the study of DNA in this way. They inspired an uneasy collaboration with ambitious researchers at Cambridge University, James Watson and Francis Crick. Using materials in the university’s workshop, Watson and Crick built a model of DNA using the X-ray diffraction data, and established that DNA was actually made up of two chains of nucleotides that were entwined around each other: the famous double helix. The critical information-carrying parts of its nucleotides, called bases, pointed inwards and joined to form the “rungs” of the long twisted ladder.
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In 1953, James Watson (left) and Francis Crick (right) pooled all the available information about DNA and built a model of its structure at Cambridge University. They had deduced it was a coiled two-stranded molecule: the double helix.








The Secret in the Bases


There are four kinds of bases in DNA: two bigger ones, called adenine and guanine, and two smaller ones called thymine and cytosine. Watson and Crick deduced that the bases were paired in the rungs of the DNA ladder in a particular way. Not only is one big base always opposite a smaller one (to keep the same distance between the sides), but adenine is always paired with thymine, and guanine with cytosine.


The sequence of bases along the DNA chains is key to the inheritance of characteristics: the sequence is “read” by the cell and used to determine an organism’s features. But the special base pairing also means that the sequence along one chain of the double helix automatically determines the sequence along the other: the two base sequences fit together like the parts of a jigsaw puzzle.
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The bases join in complementary pairs, with adenine twinned with thymine and guanine twinned with cytosine.





This, in itself, has little to do with the way genes govern inherited features: in reality, only one chain matters. But, as we shall see in chapter 5, it had enormous implications for understanding how living things reproduced.
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The DNA double helix is like a twisted ladder, with sugar-phosphate chains forming the sides and specific pairs of bases forming the rungs. The instructions in a gene are held in the specific sequence of bases along one side of the ladder.
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