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PREFACE

This is the story of an extraordinary enterprise, one of the notable achievements of late twentieth-century science: the sequencing of the human genome. It is a story that has been told and retold in the pages of the popular press, often accompanied by breathless headlines and bold claims about the end of disease. And as if it were not exciting enough already, the story gained even greater appeal when a challenger entered the lists and turned a scientific quest into a ‘race’.

So why tell this story again? It seemed to us that only an insider’s view could do justice to the dramatic developments of the past decade and more, which have been far too complex to reduce to the convenient but misleading metaphor of a ‘race’ for the genome. And, as the head of the largest genome sequencing centre outside the US, John was in a unique position to comment on the politics of a scientific advance equally critical to corporate wealth and human health.

The sequencing of the human genome is the latest step in a process that began during the 1980s, when two separate lines of research began to converge. One was human genetics, the study of patterns of inheritance that can reveal genetic causes of disease; the other was molecular biology, which studies the stuff of which genes are made: DNA, the molecule that makes life possible. Using a simple alphabet of only four letters, DNA encodes the instructions to make every living thing as sequences of those letters – the genes.

In 1990 an international, publicly funded effort, the Human Genome Project, was launched to map and sequence human DNA and make the information freely available to the scientific community. Confusingly, people often talk about ‘mapping’ the genome when they mean ‘sequencing’. The difference is on one level a question of scale – you can make a useful map that helps you to find genes without knowing the full sequence of letters (3 billion in the case of the human genome). But although the sequence is in one sense the ultimate map, it is also much more than that: it is also the biological information itself. When we finish collecting the sequence we will have the hieroglyph of biology in our hands, even if we don’t at first understand it all.

Deciphering the information will take a long time, and will need every available mind on the job. And so it is essential that the sequence is available to the whole biological community. No single individual or group can credibly claim that they have the expertise to deal with it. When the commercial company that became Celera Genomics was launched in May 1998 with the stated aim of becoming ‘the definitive source of genomic and associated medical information’, the whole future of biology came under threat. For one company was bidding for monopoly control of access to the most fundamental information about humanity, information that is – or should be – our common heritage.

To their great credit, the public bodies that were funding the Human Genome Project quickly decided not to leave the field to Celera, but to make the sequence available to everyone even faster, though initially at a lower standard of accuracy and completeness, than they had originally intended. Thus the world celebrated a ‘working draft’ of the sequence with much fanfare in June 2000; and, though it will be some years more before the sequencing centres finish the job, today any scientist anywhere can access the sequence freely at no cost and use the information to make his or her own further discoveries. We wrote this book so that people might understand how close the world came to losing that freedom.

Insidiously, over the past few decades, the prevailing ethos in the world of science has shifted. What was once a collective enterprise, in which discoverers were acknowledged but their results freely shared, is now frequently constrained by the demands of commercial competition. Motivated by financial gain, hamstrung by sponsorship deals, or simply out of self-defence, many researchers trade their discoveries with the rest of the community only under the protection of patent law or commercial secrecy. On the other hand, there are still many who cling to the older ideals of science and have raised their voices in protest at the way things are going. The Human Genome Project provides a unique illustration of the choices faced by individual scientists and by society as a whole. We hope that this story conveys the sheer thrill of scientific discovery, but also that it provokes reflection on the awesome responsibility borne by those who hold the secret of humanity in their hands.

A word about the ‘voice’ in which the book is written. We wrote it together, as far as possible in an equal partnership. But we agreed from the start that as we were telling John’s story, it should be written in the first person, in his voice. The principal source has been John’s memory, backed up by his email files that constitute a day-by-day record of the project. In addition we have interviewed many of the other protagonists, whose perspectives have been invaluable in rounding out the story and corroborating or contradicting John’s memories. The result is, to the best of our ability, an accurate and unvarnished account of what really happened.

We should like to record our thanks to the following, all of whom it was a pleasure to talk to or correspond with: Bart Barrell, David Bentley, Martin Bobrow, Sydney Brenner, Murray Cairns, Francis Collins, Alan Coulson, Mike Dexter, Diana Dunstan, Richard Durbin, Eric Green, Phil Green, Mark Guyer, Bob Horvitz, Tim Hubbard, Jon Karn, Judith Kimble, Aaron Klug, Eric Lander, Peter Little, Michael Morgan, Bridget Ogilvie, Maynard Olson, Paul Pavlidis, Colin Reese, Dai Rees, Jane Rogers, Gerry Rubin, Mike Stratton, Adrian Sulston, Ingrid Sulston, Bob Waterston, James Watson, John White and Rick Wilson. David Bentley, Murray Cairns, Alan Coulson, Richard Durbin, Madeleine Harvey, Tim Hubbard, Aaron Klug, Paul Pavlidis, Don Powell, Jane Rogers, Daphne Sulston, Ingrid Sulston and Bob Waterston read versions of the manuscript in draft form, and their comments were invaluable. Any deficiencies that remain are ours alone.

We thank the funding agencies who financed the UK’s share of the research described here: the Medical Research Council (who also provided access to material in their archives) and the Wellcome Trust. Both helped us with pictures, as did the National Human Genome Research Institute; our thanks to Richard Summers, Anne-Marie Margetson, Jenny Whiting, Sonya Brown, Annette Faux, Kris Wetterstrand and Maggie Bartlett.

We are sorry that, in order to keep the book within manageable limits, we had to omit many individuals whom we would have liked to include by name (for without them there would be no story to tell). We especially want to thank the members of the Sanger Centre and its partners in the International Human Genome Sequencing Consortium for tolerating John and making all this come about.

The book would not have happened were it not for three people in particular. Alan Coulson has partnered John from the early days of genomics. The collaboration with Bob Waterston sequenced the worm, founded two genomics centres and drove the concept of free release; Bob shared in the gestation of the book and worked on its contents with us. This is his story as well. Daphne Sulston, amazed by these events, was determined to see a true account of them written down, and prompted our collaboration to do so.

John Sulston and Georgina Ferry

August 2001




PROLOGUE: SYOSSET

‘I just heard the prison door shut behind us.’

I stood with Bob Waterston on the glaring white platform of the little station at Syosset on the Long Island Railroad, waiting for a train to New York. The sun was harsh and bright. We were on our way home from the 1989 Cold Spring Harbor symposium on the biology of the nematode worm. It was always hard for me to go to the worm meetings – to leave behind the lovely softness of an English spring and go to that land of sharp shadows and fierce contrasts. Now I find the transition less acute, but the difference is always there.

The worm meetings had taken place every two years since 1977, but this one had been special. Alan Coulson had unrolled the long scrolls on which we had mapped out the worm genome across the end wall of the Bush lecture theatre. For all three days of the meeting he was besieged by people wanting to check details and add information before they went off on another two-year stint of the real stuff of biology – discovering where and when and how the individual genes direct the production of a fully working worm.

At one point Jim Watson, co-discoverer of the double helix of DNA and then head of the Human Genome Project, visited the map. ‘You can’t see it without wanting to sequence it, can you?’ he remarked. Our map represented overlapping pieces of worm DNA, lined up in the right order and studded with known landmarks. To sequence it would mean reading every one of the 100 million letters, or bases, in the worm’s genetic code. That would yield the ultimate map: the total of all the information needed to make a worm. In terms of knowing our way around the worm genome, it would be the difference between a school globe and a set of street maps with every house marked.

Later we sat in Jim Watson’s office discussing exactly how we might do this. And we came to an agreement. Bob’s lab in St Louis and mine in Cambridge would between us sequence the first 3 million bases of the 100 million base genome during the next three years to show that we were capable of doing it. If all went well, we would then apply for the funds to finish the rest.

That much we could plan. We had no inkling that we would soon be enmeshed in the turbulent, contentious but ultimately successful project that resulted in the announcement of the draft human genome sequence in June 2000.

On that May afternoon, as we waited for the New York train under the hot sun, the end was a long way off. Nobody had sequenced more than 250,000 bases before, let alone 3 million or 100 million. Many regarded the very idea as a waste of time and resources. Yet we had committed ourselves to doing it. In the sudden quiet after the bustle of the worm meeting, the realization hit me that there wasn’t any way back: we could only go forward. The clang of the prison door reverberated in my ears. It was one of the most exciting moments in my life.


1 WITH THE WORMS

If there is a single icon above all others that art acquired from science in the twentieth century, it is DNA. And with good reason: this molecule, as Francis Crick famously shouted to the bemused customers of the Eagle pub in March 1953, contains the secret of life. In most representations we see it as a rather stubby double helix, for they seldom show its other striking feature: it is immensely long and thin. In every cell of your body you have 2 metres of the stuff; if we were to draw a scaled-up picture of it with the DNA as thick as sewing thread, that cell’s worth would be about 200 kilometres long.

Like the fibres of cotton, DNA molecules can stick together side by side to make a visible thread, and this makes possible a rather lovely experiment. So when the contemporary artist Marc Quinn asked me about a DNA exhibit for his show at London’s White Cube gallery in 2000, I was delighted to help. He gave me a sample of his semen (Marc is renowned for using his own body fluids in work that explores the concept of the self; in 1991 he made a cast of his head using eight pints of frozen blood) and I broke open the sperm with detergent and a special chemical that softens their tough coats. Sperm are basically just packaged DNA, and the solution became very viscous as their contents were released. We transferred a little puddle of it to a tall glass tube, and gently overlaid it with pure alcohol. Then we lowered a glass rod through the alcohol to the puddle, stirred slightly, and slowly drew the rod upwards. Tiny fibres appeared and coalesced into a thread attached to the rod. We pulled it up until it reached the top of the tube, then stuck it to the rim. Marc put the tube in front of a jet black surface, and we stood back and hugged each other at the beauty of it: Marc’s DNA, a web of molecules each too small to see with the naked eye, entwined into a single shining thread. The secret of his life.

You can do a similar experiment with any living tissue – even if you don’t have a laboratory to hand you can get pretty good results in the kitchen using an onion as the source of tissue, and washing-up liquid, salt and vodka to extract the DNA. It will look exactly the same as human DNA, for a very good reason: from a chemical point of view it is exactly the same kind of molecule. DNA is the common thread that links every living thing with a single primeval ancestor.

But your DNA also makes you different from an onion, and from every other human being. The DNA molecule carries a code, and the instructions that dictate whether an egg or a seed grows into a human or an onion are written in that code. Much smaller differences in these coded instructions determine the infinite variety of hair colour, facial features, body shape and personality that make each of us a unique individual. Each instruction, or gene, has a small part to play in making the whole, and the overall outcome is determined in part by the environment, but the combined power of the information contained in the whole genome, the entire complement of an organism’s DNA, is truly awesome. The project that is now under way to harness that power through reading and understanding the complete set of instructions that makes a human being – the human genome – is one of the most momentous enterprises in modern science. It could transform our lives, for better or worse depending on how we apply the knowledge.

Everyone seems to understand this, if the razzmatazz that greeted the June 2000 announcement that the draft human genome was complete was anything to go by. But despite the fanfares, the job isn’t remotely over yet. The reading process will be largely complete some time during 2003, but the understanding will take decades and will encompass all of biology. And the generation that really understands the human genome, or the onion genome for that matter, will understand life.

I never meant to get involved in the three-ring circus of the Human Genome Project. Only ten years ago I would have laughed if anyone had suggested I would soon be directing a research centre with a staff of 500, plunging into the politics of an international project and engaging in a war of words in the press. What I wanted to do was to read the genetic code of the nematode worm. I didn’t imagine that the worm was going to lead us directly to the human genome. Certainly, reading worm DNA is a good preparation for reading the DNA of any other species, and that includes humans; but when we started to read the worm genome we had no thoughts of other species. We simply wanted to fill in the background to the ever more elaborate picture of the biology of this tiny creature that had developed over the previous twenty-five years.

I first met the worm in 1969, when I arrived at the Medical Research Council’s Laboratory of Molecular Biology in Cambridge – universally known as the LMB – to work as a staff member in Sydney Brenner’s group. Sydney was joint head, with Francis Crick, of the cell biology division at the laboratory. Physically they were a study in contrasts – Francis was tall and sandy-haired, while Sydney was short and dark with penetrating, deep-set eyes beneath startlingly bushy eyebrows – but both were great talkers. Born and educated in South Africa, Sydney had come to Oxford as a graduate student in 1952, with a medical degree but determined to work on the biology of the gene. He had quickly established himself among the international group of scientists working on the genetics of bacteriophage – tiny viruses that infect bacteria – who together were laying the foundations of modern molecular biology.

In 1953 Francis Crick and Jim Watson had discovered the double helix structure of DNA, and Sydney had been one of the first to visit Cambridge and hear about the discovery at first hand. He had moved to Cambridge permanently in 1957 and had worked with Francis on deciphering the genetic code and understanding how cells translate it into the protein molecules they need to carry out their functions. By the mid-1960s Sydney considered the work of understanding how genes make proteins almost done, and wanted to move on to the next stage. His ambitious plan was nothing less than to understand how a complete animal was encoded by its DNA. Naturally he wanted to start with something simple, and the animal he chose was the nematode worm. ‘We propose to identify every cell in the worm and trace lineages,’ wrote Sydney in his bid for support for the project. ‘We shall also investigate the constancy of development and study its genetic control by looking for mutants.’ Sydney later recalled that some people thought the idea was crazy. ‘Jim Watson said at the time that he wouldn’t give me a penny to do it,’ he said. ‘He said I was twenty years ahead of my time.’

Why did Sydney pick a worm? There is a long tradition in biology of studying simple organisms in order to discover mechanisms that are at work in all living creatures. At the time Sydney embarked on his project, most geneticists worked with bacteria, or the fruit fly Drosophila melanogaster. But neither of these suited Sydney’s purpose. Bacteria are single-celled organisms; one of the main objects of his programme was to look at how the genes control the successive cell divisions that turn an egg into an adult in a multicellular animal. The fly, on the other hand, with its compound eyes, wings, jointed legs and elaborate behaviour patterns, was too complicated to be susceptible to the sort of exhaustive analysis Sydney had in mind. Nematode worms, or roundworms, were not as well studied as either, but they were far from unknown to biology. They constitute a large family that includes both parasitic and free-living varieties. The species that interested Sydney was a free-living soil-dweller, Caenorhabditis elegans: a long name for a tiny creature only a millimetre from nose to tail.

In the wild, C. elegans lives in soil and feeds voraciously on any bacteria or other micro-organisms it can find. It grows from egg to adult in three days (one-third of the time for a fruit fly), except when food is scarce, when it can hang about in a non-breeding larval form for several months. Most adults are hermaphrodites and produce several hundred offspring through self-fertilization. Males arise occasionally, perhaps at a rate of one in a few hundred, and mating provides the possibility for genetic mixing which allows for more rapid evolution. The worm’s anatomy is quite simple, but although it lacks many of the physiological features of higher animals, such as a heart, lungs and bones, it can still carry out many basic tasks: moving, feeding, reproducing, sensing its environment and so on. It consists basically of two tubes, one inside the other. The outer tube includes the skin, muscles, excretory systems and most of the nervous system; the inner tube is the gut. It moves by contracting its dorsal and ventral muscles alternately, arching its body into a series of S-shaped curves.

The worm is, moreover, well suited to the kind of investigation Sydney had in mind. It is easy to keep and breed in the laboratory, living happily in petri dishes that have been sown with lawns of Escherichia coli bacteria. You can even keep them in suspended animation in the freezer for years at a time, allowing you to preserve stocks of different strains of the animal. Both larvae and adults are transparent, so that, given a good enough microscope, you can see not only the internal organs of living animals but even individual cells. The adult hermaphrodite usually has exactly 959 cells, not counting the egg and sperm cells. (For comparison, a fruit fly has more cells than this in just one of its eyes, and the human body has 100 trillion.) Its genome is made up of 100 million bases divided into six segments, or chromosomes.

Sydney hoped that he would be able to establish direct links between the worm’s genes and its development from egg to adult, following the classic route of geneticists, in use since the first decades of the twentieth century. With a fast-breeding species, such as a worm or a fruit fly, occasional changes arise in the DNA that make the animal look or behave abnormally. These changes are known as mutations, and the altered animals as mutants. Geneticists soon developed a variety of techniques to increase the normal mutation rate. In the 1960s there was no way to analyse the DNA directly, but by cross-breeding mutants and looking at the patterns of inheritance in later generations you could map the relative positions of the mutated genes on the chromosomes. The closer together two mutations lay on a chromasome, the more likely they were to be inherited together. As well as mapping the genes, Sydney hoped, through careful microscopy and biochemistry, to discover exactly what was going wrong in mutant worms at the level of cells.

Assisted by a succession of young researchers, most of them American, Sydney was initially very successful in finding mutants and mapping the affected genes along the chromosomes, confounding those sceptics who had said that the worm was so boring in appearance and behaviour that he would never be able to distinguish the mutants from the rest. But the timescale of the whole enterprise turned out to be longer than Sydney anticipated. Genes almost always work in concert, rather than solo – only very rarely is it possible to follow a direct line through from one gene to one function. Even so, the whole thing took off in a larger way than Sydney could have predicted because his intuition led him to an animal with tremendous potential for research.

As was typical of Sydney’s style – indeed, the style of the LMB as a whole – on my arrival I was given about a metre of space at the bench in a crowded lab and more or less left to get on with it. Sydney and Francis believed that keeping the lab tightly packed encouraged people to interact, and that ‘desks encouraged time-wasting activities’. I found myself among a group of young researchers, astonished that we were being paid to do what we wanted to do anyway, and knowing that we had no-one to blame but ourselves if we did not succeed. I compared notes with another new arrival, amazed like myself by the pride, to the point of arrogance, that we found at the lab. ‘Who do these people think they are?’ I remember him saying. But gradually we realized that they had a right to be proud, and as time went on we acquired some of that pride ourselves, though personally I was convinced that I could never do well enough to live up to the past glories of the LMB.

The laboratory was then and still is one of the world’s top centres for research into the molecular basis of life. This was the place, more than any other, where the field of molecular biology had been invented. Its unique ethos undoubtedly played a role in shaping my development as a scientist. It grew out of a fortunate combination of circumstances in the years after the Second World War. Many academic scientists had engaged in war-related research, and the results were spectacular: radar, high-speed computing, antibiotics and nuclear technology all had their origins in wartime research. It dawned on the government of the day that investment in science could have a long-term payoff. Up to the end of the 1930s there was little opportunity to do research in Britain if you didn’t have a university teaching appointment or a private income. But ten years later it suddenly became easier to get grants, generous ones, from government-funded bodies such as the Medical Research Council (MRC) or the Department for Scientific and Industrial Research. This sudden largesse coincided with one of the most exciting periods in the history of biology, as more and more people began to apply the methods of physics and chemistry to biological problems.

Lawrence Bragg was a physicist who headed the Cavendish Laboratory, the physics department of Cambridge University. As a young man, Bragg had pioneered the technique of X-ray crystallography that made it possible to study the three-dimensional arrangement of atoms in molecules, including biological molecules. Among his staff was a meticulous, quietly spoken Viennese émigré chemist called Max Perutz. Perutz, together with a young colleague, John Kendrew, also a chemist, was trying to decipher the structure of the blood protein haemoglobin. X-ray crystallography worked well for small molecules, but proteins contained thousands of atoms and progress was slow. Bragg, an extremely influential figure in British science, was an enthusiastic supporter of Perutz’s work. In May 1947 he wrote to the Secretary of the MRC asking for the funds to establish Perutz’s group ‘on a more permanent basis’. Within months the MRC agreed to support a Unit for Research on the Molecular Structure of Biological Systems, with Perutz at its head.

The unit, later given the slightly snappier title of the Molecular Biology Research Unit, was basically Perutz and Kendrew. They were soon joined by two research students, Francis Crick and Hugh Huxley, both physicists returning to academic life after several years of war service. Two years later the arrival of Jim Watson, then a 22-year-old American whizz-kid geneticist, opened up a whole new field of possibilities. Perutz says that it was Watson who made them realize that physics and chemistry might not hold all the answers.

Watson’s arrival had an electrifying effect on us because he made us look at our problems from a genetic point of view. He asked not just, ‘What is the atomic structure of living matter?’ but foremost, ‘What is the structure of the gene that determines it?’

Francis took little persuading that it was more important to work on DNA, then just beginning to be recognized as the stuff of which genes are made, than on protein. Francis and Jim did little experimental work themselves, but they read, talked, argued and built models, and with the crucial help of an X-ray photograph of DNA taken by Rosalind Franklin at Ring’s College in London (shown to Watson by her colleague Maurice Wilkins) they correctly inferred the double-helix structure of the molecule and published it in Nature in 1953. I was an 11-year-old schoolboy at the time, but I remember those years as a time of huge excitement that so much was being discovered.

DNA is a long, thin molecule made up of a chain of units called nucleotides; each nucleotide carries one of the four bases adenine (A), guanine (G), cytosine (C) or thymine (T). Watson and Crick deduced that two strands of DNA wind into a double helix in which A always pairs with T and C with G. They realized that this base pairing provides the mechanism by which DNA can replicate, the fundamental requirement for the evolution of life on earth. Adopting a deliberately insouciant turn of phrase that has passed into scientific folklore, Watson and Crick ended their 1,200-word paper with the sentence: ‘It has not escaped our notice that the specific pairing we have postulated immediately suggests a possible copying mechanism for the genetic material.’ In other words, if you have a single strand of DNA and an unlimited supply of the four nucleotides, you can make the second strand, and from this another copy of the first strand, and so on.

A month after their first Nature paper came out, Watson and Crick followed up with another which spelt out a further momentous consequence of their discovery: ‘[I]n a long molecule many different permutations are possible, and it therefore seems likely that the precise sequence of the bases is the code which carries the genetical information.’ They were right; and the practice of biological research has been changed for ever by this understanding. This is the truly remarkable outcome of knowing the structure of DNA – not the helical form itself, but the confirmation that the system for conveying the instructions for making a life from one generation to the next is digital, not analogue – like the English language, and not at all like, for example, a blueprint. To convey the notion of a furry animal that has whiskers and purrs, a speaker of English says the three-letter word cat, which stands for a cat to all those who understand the language. A blueprint, on the other hand, shows a graphical representation of a cat. Cat DNA spells out genes (the instructions to make a cat) just as the alphabet spells out words in a language. There is no graphical representation – nothing like the tiny homunculus curled up in the head of a sperm which some of the earlier microscopists imagined they could see.

The human genome consists of 3 billion base pairs of DNA, parcelled out into twenty-four chromosomes. They are numbered from 1 to 22, plus the X and Y sex chromosomes. The nucleus of every cell in our bodies (other than the egg and sperm cells, and red blood cells) contains two sets of chromosomes, one inherited from each parent: two each of chromosomes 1 to 22, plus one X and Y in males, or two Xs in females. If you scaled up the thickness of the DNA chain to that of ordinary sewing thread, you would need a 4-kilometre reel to represent the length in an average human chromosome.

When people talk about the sequence of the human genome, they mean the order of the bases on one of the paired DNA strands from each of the twenty-four different chromosomes. It doesn’t matter which strand you choose, because the sequence of one immediately gives you the sequence of the other, according to the base pairing rule. The details of the chemistry of DNA give each strand a direction (like a series of arrowheads), and, as Francis and Jim recognized, the strands run in opposite directions. Scattered along the genome, some on one strand and some on the other, are stretches of sequence, at first sight no different from the much longer intervening stretches, that are the genes. I’ll go into the way genes work in more detail later on p. 43. For the most part, they instruct the cell to make proteins, which themselves consist of chains of small molecules called amino acids.

Around the same time that Jim and Francis were solving the DNA structure, a Cambridge biochemist called Fred Sanger was the first to work out the complete sequence of amino acids in a protein, insulin. Fred is a quiet, unassuming, self-contained scientist with a tremendous capacity for seeing a difficult practical problem through to its conclusion. His work on insulin proved beyond doubt that proteins were not assembled according to any simple chemical rule, and that their construction must therefore be directed by a set of instructions encoded in the genes. At that stage Fred worked in the Department of Biochemistry at Cambridge University, not Max Perutz’s unit, but he too was funded by the MRC as a member of its external staff. By the end of the 1950s Perutz and Kendrew had done the seemingly impossible and discerned the three-dimensional structures, formed from elaborately folded protein chains, of both haemoglobin and its smaller cousin myoglobin – the first protein structures to be solved.

It was obvious to the MRC that in supporting molecular biology they had backed a winner. More and more people wanted to join Perutz’s group, which was clearly getting too big to remain in the Cavendish Laboratory. In 1962 the Research Council opened a new, six-storey building next to Addenbrooke’s Hospital on the south side of Cambridge. It was called the MRC Laboratory of Molecular Biology (LMB), and Perutz was its first director. John Kendrew, Francis Crick and Sydney Brenner were all still there. Fred Sanger moved across from biochemistry to head the protein chemistry division. There was a constant floating population of short-term researchers and distinguished visiting scientists from all over the world. And the discoveries continued to flow; among them, most importantly for our story, Fred Sanger’s 1975 invention of a method for reading the sequence of DNA. Altogether, nine Nobel prizewinners have made the trip to Stockholm as a result of work they did in the LMB or the unit that preceded it.

The significant point is that the MRC was prepared to finance long-term work. It took Max Perutz twenty-three years (less the war years, when he was first interned as an alien and then released to conduct war-related research) to solve the structure of haemoglobin, and many chemists and biologists thought he was wasting his time. It wasn’t certain, when he began, that proteins even had a stable structure. But Lawrence Bragg supported him, because although he thought Perutz’s project might not work, he knew that if it did work it would be very important. And that was the tradition that pervaded the LMB. It wasn’t regarded as foolhardy to take on projects when you couldn’t necessarily see how you were going to carry them out, as long as they were important enough. You didn’t – and still don’t – have to justify everything in advance; you were just given the time, and a limited amount of space and resources, to get on with it.

Just as important in characterizing the ethos of the LMB in its heyday is that the work was not done in pursuit of any ulterior motive, financial or otherwise. Yes, the discovery of the structure of DNA opened the way to the biotechnology era; but that’s nor why Jim and Francis did it. Francis himself put it best in a letter of reproof he despatched to Jim in 1967 after reading a draft of Jim’s superb account of the discovery, The Double Helix, in which Jim implied that his eyes were always on the Nobel Prize: ‘The major motivation was to understand.’

It was an environment that suited me perfectly. I don’t think I would have survived a conventional academic career, juggling teaching, research and administration in a university. I was incredibly lucky to end up where I did, as my progress as a scientist up to this point had been somewhat erratic. I was without any focused ambition, simply moving from one thing to another as friends and colleagues advised.

Studying science at school and university was no more than a natural progression from my childhood interests. Right from the beginning I had surrounded myself with construction sets such as Meccano and all kinds of electrical gadgets – I was fascinated by electricity. I made radio sets, and begged a broken-down TV from a TV shop, which I fixed so that you could just about watch it in a darkened room. I kept pond life in an aquarium, and watched Hydra doing its crazy handstands through an old microscope my uncle had given me. Long before I started school biology in any serious way I dissected a dead bird that I had found, and was fascinated to discover that living things were also mechanisms.

My father, an ordained minister in the Church of England, was also interested in things to do with the natural world. My mother, an English teacher, was a very pragmatic person who was happy to answer my and my sister Madeleine’s questions – we would talk and talk. We were not especially well off, although my father had a slightly better income than he would have had as a vicar: he became overseas secretary of a missionary society, the Society for the Propagation of the Gospel. He was never a missionary himself; he joined the Society after having been an army chaplain in Egypt and spent the rest of his career as an administrator.

For me, adolescence meant dealing not just with sexual traumas but with the question of what to do about Christianity. I’d been brought up in the Church and was a complete believer as a young child. But in my teenage years I began to question. My science was beginning to go beyond the realm of fiddling with construction sets; I remember being excited to discover that the mind could reach out and understand things that were very large and very small, from planetary motion to the power in a grasshopper’s legs. I think many scientists have felt that: a sudden overwhelming sense of the power of the human mind. It forces you to look at beliefs based on articles of faith and say, ‘These don’t really measure up; sorry.’ Of course, it’s not that the power of observation and deduction actually disproved the existence of God – there are plenty of scientists who are also believers – it was just that, as a strategy for living, religion didn’t make much sense to me.

I also differed from my father in my view of human society. He had a conventional view of hierarchy and class, and this was something I was amazed by because for me the central thing about humanity is that we have to be treated equally. But although I couldn’t share his views on religious belief and social class, my father’s influence has always been an important factor in my own approach to life: I grew up with his indifference to material wealth, and his overriding sense that one should work for the common good. Trying to live up to his standards in this respect has been a factor in shaping my views on how we gather scientific information and make it available to others.

I had what amounted pretty much to the usual education for a middle-class boy of the 1950s. I was sent to a local private preparatory school, from where I got a scholarship to the London Merchant Taylors’ School. Originally a sixteenth-century foundation, the school then occupied a range of rather grand, purpose-built 1930s brick buildings surrounded by playing fields, near where we lived in the London suburb of Rickmansworth. It offered a fairly traditional curriculum to academically able boys; I fell naturally into the science stream and went along with the general assumption that I would in due course go to Cambridge and read for a degree in natural sciences.

When I came to Cambridge as an undergraduate in 1960 I was still interested in living things. I wanted to specialize in neurophysiology (living things and electricity, all in one package!). But somehow, either because of my exaggerated expectations or because of the teaching, it didn’t work out, and I ended up with organic chemistry, which was very well taught. I rationalized to myself that organic chemistry was a good basis for biology – I think rightly: it gives you a sense of molecules and what they do, and indeed it’s reasonable to view biology as just a branch of chemistry.

It has to be said that I was not a model student. I started doing theatre lighting for the Amateur Dramatic Club early on, despite the disapproval of my college dean, who said anyone who got involved in theatre would fail their exams. I duly did rather poorly in my second-year exams. In the Cambridge system this doesn’t matter too much, but it made me realize that if I didn’t get my act together I might fail my finals as well. So I offended my friends in the theatre by backing out of the main production in my final year. I knew I just had to put my nose down and get on with the work. Determined not to fail, I set myself a rigid revision schedule and just kept up with it until the final exams. But it was a total grind: I wasn’t deeply interested. I managed to get a 2:1 – an upper second-class degree – but it was a bit of a near squeak.

I never meant to do a PhD. It was quite clear that I had no talent or taste for this book-learning stuff, so I signed up to go abroad with Voluntary Service Overseas. Then, as it happened, my VSO scheme fell through just as I got my results. I wandered along to the chemistry labs, more or less on the rebound, and asked about becoming a research student. It was the 1960s, a time of university expansion: the doors were open, and a 2:1 was good enough to get me in. I couldn’t have done it now.

I joined a group under Colin Reese, a young lecturer only four years into his first teaching job, who was working on nucleotides, the building blocks of DNA and RNA. RNA is another nucleic acid that carries the coded DNA instructions out of the nucleus and acts as a template for the assembly of proteins. Colin was interested in using chemical methods to make synthetic nucleic acids by stringing nucleotides together in a predetermined order. A lot of advances in biology, including genome sequencing, have depended on the availability of synthetic DNA and to a lesser extent RNA. But Colin worked on the problem mainly because he found it scientifically interesting. I went into this with no thoughts of solving great problems in chemistry, but after a few weeks I was completely obsessed. It was like being back in my bedroom at home with all the toys. Every day there was a practical problem to solve, and it was fun finding ways to make things work. I did what I liked, and often did it differently from the way you were supposed to, and then of course you stumble across things. I learned about everything: mass spectrometry, nuclear magnetic resonance – all the new big toys I managed to wangle my way into as research students do. I synthesized new compounds and got my name on lots of papers. Colin wrote it all up – I had nothing to do with it, I was a technician – but I had a lot of fun, learned some chemistry and got a PhD at the end of it.

The question of what I should do next was solved for me more or less before I even began to think about it. Colin knew Leslie Orgel, a former Cambridge chemist who had recently moved to the Salk Institute in La Jolla, California. Leslie had started out as a theoretical chemist in Oxford, but after moving to Cambridge and hanging out with the molecular biologists in Perutz’s unit, he went off in a completely new direction. He was now doing practical organic chemistry in an attempt to work on the mechanisms by which life might have begun on the primitive earth. At the Salk he was building up his group and asked Colin to recommend people, and Colin gave him my name. I guess Leslie knew that Colin’s students were well trained and were likely to get something done. I was the second of them to be invited, joining a trail of young PhDs going over there and having a good time in Leslie’s lab, being spoiled and taken out to dinner with the great and good of science.

The year 1966 was extraordinary. As well as finishing my PhD and getting a job in California, I had got married. During my second year as a research student I had met Daphne Bate, a research assistant in the geophysics department who used to come round with a friend for dinner regularly at the flat I shared with one of their colleagues. During that year Daphne and I didn’t pay any particular attention to each other, but a bit later we began to realize that we wanted to be together. Within a few months we had to face the question of what was going to happen next. Was Daphne to give up her job to go with me to California? And if so, should we get married? It was quite clear that both sets of parents would be very upset if we went to America together unmarried. So eventually, after much discussion, we married in the late summer, not long before I was due to leave.

Just as we arrived in California we realized that Daphne was pregnant, which was completely improper and not planned. We thought we were going to be destitute; we knew that health care in the US was expensive, and although general health insurance came with the job it did not cover pregnancy and childbirth. But somehow everything worked out fine. My post-doc’s salary was enough for our simple tastes. Instead of living in an apartment near the La Jolla campus like the other post-docs, we rented a wooden house in an unfashionable area near the beach at Del Mar. We grew vegetables in the garden behind the house, and we saved enough money for paying the doctor’s bills not to be a problem. We continued to live very happily in that house after our baby daughter Ingrid was born. We’d bought an old pickup and we used to drive to the beach with the pram in the back. Sometimes I’d walk the five miles along the coast to the lab. It was completely unspoilt and very beautiful. On our holidays we visited national parks from Canada to Yucatan in an old VW Beetle we’d bought when we realized that the pickup wasn’t up to long journeys.

I sometimes describe myself as a child of the sixties, and that’s all the excuse some journalists have needed to label me an ‘ex-hippy’. But my experience of the sixties wasn’t like that at all – it was nothing to do with rock concerts and dropping out. It was a matter of not living lavishly but enjoying what you had, growing things with your hands, working hard but not being tied to a nine-to-five job, and generally feeling that there’s more to life than money. And all this was set against a background (in the UK) of sufficient spending on public services, which gave a great sense of security. I regret that nowadays we seem to have lost too much of that, and live in a world in which we are materially richer but apparently nothing matters except next year’s bottom line.

I stayed in Leslie Orgel’s lab for two and a half years. It was very different and exciting, and broadened my scientific horizons enormously. It was there that I first really understood the concept of evolution – partly, as so often happens, because I had to explain it to someone else. How is it that the chance events of environmental and genetic change can give rise to organisms that seem perfectly designed for their lifestyles? How, indeed, did life evolve from non-living matter in the first place? The sole requirements for evolution are replication and inherited variation. In other words, the evolving organism must be able to reproduce itself, must do so imperfectly, and the variations must be transmitted to the next generation. A crystal replicates itself when placed in a saturated solution of its salt, but it cannot evolve because there is no inheritance of variation.

The beginnings of evolution and the origins of life are one and the same. Once something is replicating with variation, it will bit by bit explore the possibilities of its environment. Its more successful descendants will colonize at the expense of the less successful: the process described by Charles Darwin which he called natural selection. Leslie put me on his long-standing project to investigate how the first nucleic acids might have replicated without the evolutionarily more recent enzymes that are essential to the process in all modern organisms. I didn’t make a big contribution, but we obtained some results that we wrote up. Since then the lab has worked to look for analogues to nucleic acids that might have formed on the primitive earth, to see whether they could replicate more easily.

For me, the time eventually came to move on once more. There were two options open to me. There was a move to establish a middle tier of staff at the Salk, between the founding fellows and the post-docs, and Leslie proposed to put me up for one of these positions. At the same time I heard from Francis Crick, who was then a visiting fellow at the Salk, that he and Sydney Brenner were expanding the cell biology division at the LMB back in Cambridge and were looking for staff. I remember Francis coming to interview me. It probably wasn’t the first time we’d met, because Francis made regular visits to the lab. We sat on lab stools at my bench, and I chatted to him about what I was doing. I didn’t treat it as a formal job interview, and as far as I could tell, neither did he. But I found out later that he’d also written to Colin Reese to ask him for a reference, and the upshot was that Sydney invited me to come and join the group.

Daphne and I were faced with a difficult choice. We loved the open spaces of America, and intellectually the Salk was an exciting place to be. But accepting a permanent post there would be a big step. Daphne wanted to go back to England, and although I was more neutral my parents and sister were there and I had a certain sense of rootedness. If I had been more ambitious I would probably have stuck with Leslie, but at the time other things seemed more important, and in any case I wasn’t really ready for the sort of independent position that he had in mind. We decided to accept Sydney’s invitation, going to the LMB on a one-year visit, but keeping open the option of returning to the Salk afterwards. In the summer of 1969 we took a last trip, driving right across to Florida, back up to Chicago and over the border into Canada, before ending up in New York where we sold the old VW. This was America, freedom and openness! Then Daphne, Ingrid and I flew back to England.

For the first few weeks we felt quite lost. I remember being astonished at how small everything looked – the cars, the houses. But we soon got our bearings, bought a car and found a house – we’d come home with almost enough saved for the deposit – in Stapleford, a village a couple of miles south of Cambridge. Daphne was pregnant again (planned this time!) and our son Adrian was born later the same year. By the time Leslie put us on the spot when he visited a year later and asked me to decide whether to return to the Salk, we had become happily settled as a family in Cambridge, and decided to stay put. We’ve lived in the same village ever since, with just one move of half a mile to the house we live in now. As they grew up, Ingrid and Adrian could cycle to the local village primary and secondary schools, then to sixth form college in Cambridge itself. Daphne enthusiastically began a new career as an academic librarian.

Sydney had been working on his worms for five years when I arrived, with only two other permanent people in the group. Nichol Thomson was an electron microscopist. One of the reasons Sydney had chosen C. elegans for his project was that Nichol had already taken good pictures of it with the electron microscope, shaving worms into
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