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The double helix is indeed a remarkable molecule. Modern man is perhaps 50,000 years old, civilization has existed for scarcely 10,000 years and the United States for only just over 200 years; but DNA and RNA have been around for at least several billion years. All that time the double helix has been there, and active, and yet we are the first creatures on Earth to become aware of its existence. 


—FRANCIS CRICK
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The sequence is only the beginning. 


—J. CRAIG VENTER








Introduction



We are digital archives of the African Pliocene, even of Devonian seas; walking repositories of wisdom out of the old days. You could spend a lifetime reading in this ancient library and die unsated by the wonder of it.


—RICHARD DAWKINS


ON APRIL 1, 1993, two hundred guests gathered in a ballroom at an upscale Washington, D.C., hotel for an important birthday party. As the nervous host, I hoped everything would go smoothly: I had mailed invitations around the world, hung banners from the walls, and booked the best entertainment I could find. As the guests arrived, they paid compliments on how well the baby looked. How could I disagree? After a nerve-wracking twelve months as the sole editor of a fledgling science magazine called Nature Genetics, it was only natural to mark its first anniversary with a party.


Nature Genetics was a spinoff from the prestigious British journal Nature, which, since its inception in 1869, halfway through the reign of Queen Victoria, has been “nature’s finest midwife, interpreter and namesake,” in the words of Stephen Jay Gould. Another commentator called Nature “the chic place for scientists to disport themselves.” Many of the science breakthroughs reported in the newspapers or on television every week are recapitulations of reports first published in Nature.


I joined Nature in 1990, leaving behind a less-than-auspicious career as a molecular geneticist, hunting for genes that cause terrible human diseases such as cystic fibrosis and muscular dystrophy. Determined to make an impression my first day at Nature’s editorial headquarters, just off The Strand in London, I arrived dressed in an exquisite Italian double-breasted suit, only to discover a Dickensian office populated by a motley collection  of disheveled journalists barely visible behind towering stacks of newspapers and magazines. The superficial air of civility could be shattered at any moment by an ugly fracas over the phone between an editor and the aggrieved author of a spurned manuscript. The editor, Sir John Maddox, was mostly sequestered in his office, protected by a staunch secretary and an impenetrable veil of cigarette smoke, although he would assuredly emerge late on a Monday to purchase a bottle of Bordeaux and two packets of cigarettes to help meet the weekly deadline.


As with any other magazine, Nature endured a few unfortunate incidents, notably the time that Maddox traveled to Paris in the company of his friend, the illusionist the Amazing Randi, to investigate the astounding claims of Jacques Benveniste that antibodies could leave a ghostly imprint in water. But despite such episodes, Nature’s reputation remained secure. Among the thousands of reports that have graced its pages, including some of the most celebrated discoveries of the past century, one stands head and shoulders above the rest—indeed above the entire rest of the pantheon of scientific literature. In the spring of 1953, two precociously gifted scientists working in Cambridge, England, mailed a brief manuscript to the editor. As President Clinton told one of the authors almost fifty years later, the opening lines contained “one of the great understatements of all time.” Then again, a certain sense of humility is in order when you have solved one of the mysteries of life. The letter began:


We wish to suggest a structure for the salt of deoxyribose nucleic acid (D.N.A.). This structure has novel features which are of considerable biological interest.


Thus did James Watson and Francis Crick introduce the most celebrated scientific discovery of the twentieth century. The two-page letter contained just one drawing, a simple black-and-white figure for “purely diagrammatic” purposes. It was the first glimpse of the double helix, the defining scientific icon of the age, rivaled only by a sheep named Dolly.


Four decades after the discovery of the structure of DNA, human genetics research was enjoying a boom period. Researchers launched the first gene therapy trial, arranged the birth of the first genetically screened human embryo, and navigated their way across the twenty-three pairs of human chromosomes in search of genes that, when mutated, cause cancer and other diseases. A procession of exciting reports poured into the Nature office, and many worthy findings had to be turned down. On one occasion, Maddox questioned his biology editors for rejecting a paper reporting the mapping of the gene for an inherited form of Lou Gehrig’s disease. “We must remember ‘the David Niven factor,’ ” he said (the debonair British film actor had been another celebrity victim of motor neuron disease), because, after all, Nature was “in the business of selling magazines.”


But the most important indication of the flourishing state of human genetics at the beginning of the 1990s was the start of an ambitious international program—the $3 billion Human Genome Project—to determine the complete instruction manual of humans by reading the precise sequence of the 3 billion chemical bases (A, C, G, and T) in human DNA. The smart editors at Nature, recognizing the significance of these developments, launched Nature Genetics in April 1992, with two noble goals in mind: first, to satisfy the prodigious output of human geneticists, and second, to sell more magazines.


THE WASHINGTON FIRST ANNIVERSARY PARTY was spread over two days, and the entertainment consisted of twenty of the most inspiring scientists that I knew of, ready to present the latest in cutting-edge research. As Maddox introduced the proceedings, I glanced at the program for reassurance. The meeting title, “Mapping the Future,” was deliberately vague so that I could include speakers from all areas of genetics research. Of all those invited, only two people turned me down. Peter Goodfellow, the irrepressible chair of genetics at Cambridge University, would be missed, for he would typically dispense with slides altogether, drag a chair to the middle of the stage, and regale the audience with anecdotes. I was also sorry to lose the services of Bert Vogelstein, the brilliant Johns Hopkins University oncologist, but it was asking too much to postpone his son’s bar mitzvah in Israel.


These absences notwithstanding, seated in the front rows of the audience was a veritable all-star cast. It included Berkeley geneticist Mary-Claire King talking about mapping the first breast cancer gene; an excited if exhausted Canadian, Marcy McDonald, representing the team that had just identified the mutation that causes Huntington’s disease; Robin Lovell-Badge, the handsome heartthrob of my female production staff, who had identified the male “sex-determining gene”; Mark Hughes,  who was helping to revolutionize genetic diagnosis; and the loquacious Ron Crystal, who would showcase the potential of gene therapy to treat diseases such as cystic fibrosis.


Just as baseball and football managers typically write in the name of their most indispensable player before all others when they pick their team, I had built the program around two figures with unrivaled drawing potential. The first was Francis Collins, a tall, lean figure from the University of Michigan, who had the distinction of publishing the first article in Nature Genetics—and for good reason. Collins had enjoyed a spectacular run of success since 1989. Working with a Canadian team, Collins identified the gene for cystic fibrosis, one of the most common genetic diseases among Europeans. Two years later, he isolated the gene for a cancer syndrome called neurofibromatosis (sometimes likened to the Elephant Man disease). He had also collaborated in the discovery of the Huntington’s disease gene. Now he was hoping to go four for four by teaming up with King to snare the breast cancer gene—a glamorous, high-profile collaboration between two genetics superstars.


Collins’s research record alone justified his prominent position in the program, as did his rare talent for public speaking. But there was one more reason, based entirely on rumors that had been swirling for the best part of a year. As Collins took the podium, he smiled and confirmed the worstkept secret in town. He had agreed to accept an offer from NIH director Bernadine Healy to become the new chief of the Human Genome Project—the most ambitious, expensive, controversial project in the history of biology to sequence the complete human genetic code. (A formal press conference was held a few days later.) Collins would succeed James Watson, the founding director of the genome program, who had stepped down the previous year. For Collins, the opportunity to be entrusted with such a historic enterprise could not be passed up.


A successful conference needs to end on a high note, and the other name I had penciled into the agenda before anyone else was the closing speaker. J. Craig Venter had enjoyed an equally meteoric rise to the science stratosphere. While Collins was celebrating his discovery of the cystic fibrosis gene, Venter was toiling away at the NIH, a respected scientist but hardly a household name. That would change virtually overnight in the summer of 1991, when he described a revolutionary method for identifying the thousands of genes expressed in different tissues of the human body. Aided by one of the first commercially available DNA sequencing machines, Venter’s laboratory found a way to produce reams of  DNA sequence data on hundreds of genes simultaneously, when other labs could study only one gene at a time. His method effectively bypassed the 95 percent of the human genome that has no known function, widely dismissed as junk DNA, to zero in on the most important DNA sequences: the genes, which carry the instructions to make the thousands of proteins in the human body. Venter had inspired a revolution in gene sequencing that brought him great fame, wealth, and no small measure of controversy. He was now the president of a nonprofit DNA sequencing institute, bankrolled by a venture capitalist to the tune of $70 million.


By the end of the conference, Collins and Venter had left nobody in any doubt that they would play dominant—perhaps the dominant—roles in the quest to decipher the riches inscribed in the human genetic code. Collins was effectively the leader of an international army of researchers on a quest for biology’s holy grail, in the process tracking down the flaws in our DNA that cause thousands of inherited diseases. Venter’s powerful new approach to DNA sequencing and gene identification would lead to the rapid identification of the majority of human genes in a few years, and perhaps provide the ideal complement to the task of sequencing 3 billion letters of DNA on twenty-three pairs of chromosomes.


Venter was already happily ensconced in his new institute, a few miles away from NIH, when Collins moved his laboratory to Bethesda. (In fact, Collins was scheduled to move temporarily into Venter’s old laboratory.) What nobody knew was that these two doyens of DNA were on a collision course.


FIVE YEARS LATER, IN MAY 1998, Venter dramatically changed the course of the Human Genome Project as he informed Collins of his plans to form a new company that would sequence the entire human genome years ahead of the established deadline of 2005. He would use a simple sequencing strategy he had perfected on the genomes of bacteria, hundreds of the most sophisticated DNA sequencing machines, and one of the largest civilian supercomputers in the world. The New York Times trumpeted the news of Venter’s brazen attempt to claim what many considered to be the human birthright, and with it the unthinkable prospect that the public human genome project was on the verge of extinction.


The Wellcome Trust, a British medical charity, quickly reassured the genetics community by doubling its funding of the Sanger Centre, the premier British DNA sequencing institute. Its goal was to guarantee production  of a definitive sequence of the human genome that would stand the test of time. Collins followed suit, boosting support for the most productive sequencing centers in the United States. By all appearances, the slow march to decode the sequence of the human genome had been transformed into an epic battle between two sides with vastly different strategies and agendas. Venter’s intent was for his company, Celera Genomics, to sequence the human genome years before expectation (leaving thousands of gaps if need be), to be able to patent hundreds of genes and sell precious information about the genome sequence for a gene king’s ransom to the pharmaceutical industry. Collins’s task was to kick-start an unwieldy federal program to keep pace with Venter’s private effort and deliver the complete, gold-standard sequence years earlier than projected, all the while releasing its DNA data every night to make the human genome unpatentable.


For two years, these teams traded insults and accusations in the press while feverishly racing to sequence the human genome. The stakes were enormous; prestige and priority were on the line. Collins and his allies doggedly insisted that they were not racing with Venter, but that the increased pace of sequencing was part of their original strategy. Venter convened press conferences to mark major milestones in the human genome sequence, and at a congressional hearing in April 2000, claimed he had finished sequencing the DNA of a human being. The public sparring threatened to sully what by rights should be one of the most dignified and welcomed accomplishments in human history. “Intense competitors sometimes trade a little trash talk, and the media love it,” commented Donald Kennedy, editor-in-chief of Science magazine. “The emphasis on the race may have the effect of obscuring the real story here, which is a magnificent scientific achievement.”


Suddenly, in June 2000, the “race” was declared over, and Collins and Venter agreed to bury their differences to restore a measure of dignity to the quest for the human genome. The hastily organized victory announcement was premature in many ways: Collins’s consortium had not quite reached their stated target of a “rough draft” of 90 percent of the sequence, but had made all their data publicly available. By contrast, Venter said his sequence was 99 percent complete, but only a handful of subscribers to his database were in a position to verify that claim. However, these were mere technicalities. In a June 26 ceremony at the White House, Collins and Venter stood proudly beside President Clinton as he proclaimed, “Today, we are learning the language in which God created life.”


Decoding the human genome is a staggering achievement, one that  has been compared favorably to every major technological achievement, from the invention of the wheel to the landing on the moon. We are the first species with the intelligence to be able to read the text of life (and as one wag put it a few years back, stupid enough to pay for it). But just what does cracking the human genome mean? How can we put this achievement into its proper perspective?


“This is just halftime for genetics,” said Eric Lander, the director of the flagship American genome center at the Whitehead Institute, shortly after the White House ceremony. “It started around 1900, and the really interesting second half of the game is about to begin.” The game indeed began a hundred years ago, when three plant breeders discovered the forgotten work of Gregor Mendel, a Bohemian monk. Mendel had established the fundamental rules of play by demonstrating that the inheritance of traits (in Mendel’s case, the color and shape of peas) was determined by pairs of factors, later termed genes, which could be dominant or recessive. Shortly after the rediscovery of Mendel’s work, Sir Archibald Garrod proposed that a disease called alkaptonuria was caused by the inheritance of a recessive gene—the first human “inborn error of metabolism.”


That genes were composed of DNA was all but established in 1944, but the discovery did not catch the popular imagination until the seminal discovery of Watson and Crick in 1953. Monochrome photographs show the two young scientists staring in awe at their model of the spiraling ladder of DNA. (The Apple computer company adapted a photo of Watson for its “Think Different” advertising campaign.) The helical structure provided the secret of DNA’s passage from generation to generation, whereas the rungs of the ladder, made up of four simple letters, held the key to the code of life. As Crick and others deduced a decade later, the sequence of these bases literally spells out the instructions for the synthesis of the proteins in our bodies. The 1970s gave rise to the genetic engineering revolution, as scientists devised ways to manipulate and sequence DNA and began sampling human genes.


In the mid 1980s, a group of scientists began to formulate a plan to assemble the complete sequence of all 3 billion letters of human DNA. Harvard University’s Walter Gilbert, who shared the Nobel Prize for DNA sequencing, hailed the challenge as nothing less than biology’s quest for the holy grail. After years of argument about the cost and wisdom of systematically procuring the sequence, the Human Genome Project finally got underway in 1990, with a scheduled completion date of 2005. 


Early progress was rapid, highlighted by the identification of many genes that cause devastating diseases, including muscular dystrophy, Alzheimer’s disease, and cancer. But the technology for painstakingly sequencing all 3 billion units of DNA moved more slowly. By the halfway mark of the project’s 15-year mandate, only 3 percent of the human genome had been sequenced, raising doubts as to whether it would be finished on time. Venter seized this window of opportunity by coupling state-of-the-art DNA sequencing and computing technology with a daring DNA sequencing strategy. The test case was the genome of the fruit fly, one of the classic model organisms in biology, which Celera triumphantly completed in just four months in 1999. From that moment, there was little doubt that Venter would make good on his promise to sequence the human genome, years ahead of the original schedule.


REFERRING TO THE UNIVERSE, Galileo wrote, “This book is written in mathematical language and its characters are triangles, circles and other geometrical figures, without whose help … one wanders in vain through a dark labyrinth.” As we prepare for the second half of genetics, we know virtually the entire text of the human genome, a string of 3 billion letters—about 750 megabytes of digitized information—that would fill about 5,000 books like this, and yet fit onto a single DVD.


If the first half was eventful, the second half promises to be spectacular. In the next few years, scientists aided by powerful computer algorithms will sift through the human DNA lexicon to identify all of the human genes. How many they will find it is too early to say—estimates have ranged wildly from 40,000 to over 100,000. The immediate challenge is to learn what these genes do and to divine links between the millions of pinpoint variations in our DNA sequence and our susceptibility to countless diseases. These advances will enable doctors to screen an individual’s genome to produce a personalized scorecard of risks for common diseases including heart disease, diabetes, and mental illness, as well as recommending the most effective treatments for these conditions.


Within a decade or two, we may be carrying this information on our own personal DNA DVD, replete with information on our genetic susceptibility to disease and our tolerance to drugs. Clinics increasingly will be able to select genetic traits in human embryos by screening DNA before implantation and employ novel gene-based therapies to replace or repair faulty genes to cure inborn illnesses and cancer. And by the end of  the game, we may know even enough about the secrets of our own genome to associate genes with elements of human character. I haven’t even mentioned xenotransplantation, stem cells, and cloning.


The human genome indubitably holds the key to our future, but perhaps even more significantly, it also carries the secrets of our past. Studies of the variations in the genome sequence between humans and primates will reveal our evolutionary journey over the past 5 million years. Genome studies also shed light on the movement of populations out of Africa and across the globe over the past 100,000 years, revealing hidden truths about our identity as a population and as a species. DNA sequence variations also provide a unique molecular fingerprint of the living and the dead. Such studies have added important chapters to American and Russian political history, and DNA fingerprinting is playing an indispensable role in the legal system.


What I hope this book offers is a view of genetics as we momentarily regroup at halftime. It is the story of the people who are responsible for what is, at the very least, an extraordinary technological achievement, and is at best perhaps the defining moment in the evolution of mankind. It looks back at the highlights of the first half and looks ahead to the rest of the game. This book is not intended to be the definitive record of the politics of the genome project, nor is it an anthropological exercise designed to reveal hidden truths about the process of science. Rather, my goal has been to capture the excitement, intrigue, mystery, and majesty of the quest for biology’s holy grail.


It is impossible to predict the final result of the game with so much left to play for, but there can be no doubt that this treasure of genetic information will irrevocably change our view of our place in the world. Our children will be diagnosed for diseases they have not even developed and treated with drugs that match their body chemistry. Our grandchildren may be plucked from a pool of cells bathing in a petri dish after being screened for hidden flaws in their DNA. And our great-grandchildren will have dominion over the generations to come, with the capability to engineer traits into the genetic material as easily as sewing a button on a shirt.


If the double helix is the prevailing image of the twentieth century, just as the steam engine signified the nineteenth century, then the sequence—the vast expanse of 3 billion As, Cs, Gs, and Ts—is destined to define the century to come. DNA is essentially digital information, a 3-billion-year-old Fortran code. Now that we have cracked the genome, we face the ultimate challenge of understanding what the sequence means  and what it can teach us. We have the awesome potential—should we so desire—of rewriting the language of God and the responsibility of harnessing the genome to improve the human condition in an equitable and ethical manner. The childhood of the human race is about to come to an end.


Halftime is over. 





CHAPTER ONE
Knights of the Double Helix



It seems almost a miracle to me that 50 years ago we could have been so ignorant of the genetic material and now can imagine that we will have the complete genetic blueprint of man.


—JAMES WATSON


IN THE MARCH 7, 1986, ISSUE of Science magazine, the president of the Salk Institute, the Italian Nobel laureate Renato Dulbecco, advocated the launch of a mammoth biology project to sequence the complete genome of an organism so as to understand the genetic changes that lead to cancer. Dulbecco argued that a large-scale program, rather than a piecemeal approach, was the best way to make progress in the war against cancer, launched by President Nixon in 1971. A project to sequence a complete genome would be important for the study of all disease and development, not just cancer, and the obvious place to start was with the human genome. By systematically sequencing the 3 billion letters of human DNA, scientists would learn the identity of all 100,000 human genes, the portions of the genetic code that carry the instructions to make the proteins of the body. Dulbecco’s concluding remarks still resonate:


Its significance would be comparable to that of the effort that led to the conquest of space, and it should be carried out with the same spirit. Even more appealing would be to make it an international undertaking, because the sequence of the human DNA is the reality of our species, and everything that happens in the world depends on those sequences. 


Dulbecco’s article was the most powerful pronouncement to that point of a groundswell of support for what another Nobelist, Harvard’s Walter Gilbert, infamously called the quest for biology’s “holy grail.” Gilbert had made his declaration at a symposium a few months earlier at the University of California, Santa Cruz, organized by chancellor Robert Sinsheimer, which was held to consider the construction of a DNA sequencing institute. Recapping the meeting, Gilbert wrote, “The total human sequence is the grail of human genetics … an incomparable tool for the investigation of every aspect of human function.”


Many branches of modern science have adopted the grail as their metaphor of choice. For physicists, the grail is the identification of one of the fundamental building blocks of matter. Biophysicists consider the grail to be the prediction of the complete three-dimensional structure of a protein from its one-dimensional chain of building blocks. And chemists invoke the sacred chalice in the quest to create a highly stable artificial element.


The grail has also become a popular, radiant symbol for the Human Genome Project, much to the bemusement of critics such as Harvard geneticist Richard Lewontin, who observed in 1992, “It is a sure sign of their alienation from revealed religion that a scientific community with a high concentration of Eastern European Jews and atheists has chosen for its central metaphor the most mystery-laden object of medieval Christianity.” Lewontin castigated those who fetishize DNA and what he called the “evangelical enthusiasm of the modern Knights Templar and the innocence of the journalistic acolytes whom they have catechized.” In Lewontin’s opinion, this has resulted in the metamorphosis of DNA from an inert molecule to the blueprint of biological determinism, the manual of humans. Indeed, human blueprint is a common, if slightly more mundane, metaphor for the genome project, but it has its share of critics too, such as Ian Stewart, author of Life’s Other Secret: “Genes are not like engineering blueprints, they are more like recipes in a cookbook. They tell us what ingredients to use, in what quantities, and in what order—but they do not provide a complete, accurate plan of the final result.”


Matt Ridley, in his book Genome, also refuses to sanction the term blueprint to describe the human genome, in part because a two-dimensional map is a poor analogy for a one-dimensional digital code. Rather, the genome is “an immense book, a recipe of extravagant length.”


•  •  • 


PERHAPS THE BEST METAPHOR for the genome project, as suggested by the Whitehead Institute’s Eric Lander, one of the leading figures in the Human Genome Project, is the prime organizer of the chemical elements: the periodic table. The principal cartographer of the chemical kingdom was Dmitry Ivanovitch Mendeleyev, a brilliant Russian chemist born the youngest of fourteen impoverished children in Siberia. As a youth, Mendeleyev was obsessed with understanding the physical properties of the elements. By his early thirties, the tall, stooped man with a stark resemblance to Rasputin was professor of inorganic chemistry at the University of St. Petersburg, determined to understand the atomic relationships among groups of elements. Some progress had already been made. English chemist John Newlands, for example, had noticed that different elements could be classified into eight discrete groups based on their chemical and physical properties, with the first resembling the eighth, the second the ninth, and so on.


Newlands’s “Law of Octaves” was scornfully received—one contemporary suggested he would have more luck organizing the elements alphabetically—but Mendeleyev had noticed a similar pattern. A devotee of solitaire, Mendeleyev wrote out the names and properties of the sixty-one known elements on white cards. These he would arrange in rows and columns based on the elements’ atomic weight, the results of his own experiments, calculations, letters from colleagues, and a voracious appetite for publications in five different languages. One night in February 1869, Mendeleyev had a dream in which he saw the alignment of the known elements in a single table.


In March 1869, Mendeleyev’s paper, “The Dependence Between the Properties and the Atomic Weights of the Elements,” was presented at a meeting of the Russian Chemical Society, and a short time later, he traveled to England to deliver the prestigious Faraday Lecture to the Chemical Society. After receiving his honorarium in a small silk purse decorated in the Russian national colors, Mendeleyev tumbled the sovereigns onto the table, saying, “I cannot contemplate accepting payment for a work of love, in the hallways made sacred by the memory of Michael Faraday.” (The society sent a pair of engraved vases to Russia instead.)


Although Mendeleyev was guided by the known atomic weights of the elements, he possessed the confidence to digress when his instincts suggested an alternative order of elements. More impressive still, he left gaps in his table where he sensed that new elements lurked undiscovered. Sure enough, three elements—gallium, germanium, and scandium—  were later identified with exactly the properties Mendeleyev had foreseen, convincing his peers that his system was a genuine picture of chemical nature.


In 1955, almost fifty years after his death, Mendeleyev received the ultimate honor for a chemist (arguably greater than the Nobel Prize) when scientists artificially created the 101st element of the periodic table and named the short-lived radioactive isotope mendelevium. The Russian thus joined the select company of Albert Einstein, Alfred Nobel, and Enrico Fermi to have an element named after him.


Mendeleyev’s periodic table has become the most important icon in chemistry, and arguably the most important tool of the industrial age. Perhaps it is not unreasonable, then, to seek comparisons with the foundation of biology, for after all, as the Oxford University chemist R. J. P. Williams put it, “Biology is the search for the chemistry that works.” Lander has eloquently written of the comparison: “The Human Genome Project aims to produce biology’s periodic table—not 100 elements, but 100,000 genes; not a rectangle reflecting electron valences, but a tree structure, depicting ancestral and functional affinities among the human genes.”


The complete human genetic sequence will reveal the fundamental properties of all human genes, allowing their functions and interactions to be integrated into a miraculously complete picture of human biology and evolution. In the same way as the building blocks of chemistry were rendered finite 130 years ago thanks to the work of Mendeleyev, Newlands, and others, biology too is on the verge of becoming finite. Just as chemists can recognize atoms by their distinctive mass and charge, biologists will use gene chips and other new technologies to recognize each gene from thousands of alternatives.


But as Francis Crick has pointed out, there is one potentially important difference. The principles enshrined in the periodic table are truly universal, signifying the invariant properties of chemical elements dispersed throughout the universe. But if life exists on other planets, there is little reason to believe that the genetic code adheres to the same pattern as it does on earth, for chance played a major part in the origin of life as we know it.


Comparing the sequence to the periodic table of elements is an elegant analogy but is of limited everyday relevance. As mundane as it is, the human genome is essentially one huge parts list. A Boeing 777 contains about 100,000 parts, but as Eric Lander points out, “having a parts list doesn’t tell you how to put it together.” The sequence of the human  genome will eventually reveal the identity of 50,000-100,000 key components of the human genome and provide an enormous advance in the practice of medicine. However, identifying all the genes will not, in and of themselves, explain how the human mind and body work.


DULBECCO’S 1986 commentary in Science catapulted the concept of a Human Genome Project into the scientific mainstream, but he was not the first to hit on the idea. Charles DeLisi, director of the Office of Health and Environmental Research at the Department of Energy, had been exploring the feasibility of such a project for six months. The Department of Energy had a long-standing interest in the effects of radiation on mutation rates. One major project was to investigate the hibakashu, the Japa-nese survivors of the atomic bombs dropped at the end of World War II, for possible increased rates of mutation frequency and birth defects.


In March 1986, just a few days before the publication of Dulbecco’s commentary, DeLisi hosted a small workshop in Santa Fe to discuss the idea of sequencing the human genome under the auspices of the Department of Energy. Most of the participants agreed that sequencing the human genome was feasible, but that it should be done only after a physical map of the genome had been assembled. Some questioned the Department of Energy’s qualifications to run such an operation. The garrulous David Botstein, the Stanford University geneticist who first proposed a genetic map of human DNA in 1980, chastised the initiative as “DOE’s program for unemployed bomb-makers.”


Two months after Dulbecco’s controversial call for a “Big Science” genome project, legions of DNA dignitaries gathered at the Cold Spring Harbor Laboratory on Long Island, New York, for a meeting entitled “The Molecular Biology of Homo sapiens,” organized by the laboratory’s director, James Watson. Rumors were spreading by now that the Department of Energy was contemplating a program to sequence the human genome, and a special session at the meeting, chaired by Nobel laureate Paul Berg, was devoted to the idea.


The most ardent supporter of Dulbecco’s proposal was fellow Nobelist Walter Gilbert, who proposed a “blind sequencing” project, randomly cutting the genome, sequencing the DNA fragments, and reassembling them. Gilbert provocatively wrote the estimated cost on the blackboard: $3,000,000,000. His vision of sequencing the entire human genome drew an openly hostile response, particularly among younger researchers.  Even when defrayed over fifteen years, the cost of $3 billion—$1 for every letter of DNA—would necessarily deny funds for many other worthy projects. Indeed, during the late 1980s, the proportion of grants funded by the National Institutes of Health (NIH) fell from 40 percent to less than 25 percent.


Gilbert was so convinced of the opportunity for a private venture to sequence the human genome that he crafted plans to build his own company, to be called the Genome Corporation. His idea was to have hundreds of scientists housed under one roof dedicated to sequencing the entire human genome over ten years for about $300 million. The sequence would then be released for a price. In retrospect, his plans were not so different from Craig Venter’s a decade later. However, experts blasted Gilbert’s planned privatization of the human genome as obscene and in violation of the traditional spirit of cooperation that underlies scientific research. For reasons that included a difficult tenure as the chief executive at Biogen and the stock market collapse of 1987, Gilbert was unable to raise sufficient venture capital, and his dream of Genome Corp. collapsed. Gilbert had much more success a few years later, when he cofounded Myriad Genetics, the Salt Lake City company that identified the first breast cancer gene, BRCA1, in 1994.


A more philosophical argument against the systematic sequencing of the human genome went like this: What was the purpose of methodically sequencing all twenty-three pairs of chromosomes in their entirety when only 5 percent or so of human DNA actually codes for genes? Many of the distinguished scientists at the Cold Spring Harbor meeting ridiculed Gilbert’s idea of sequencing every morsel of DNA, preferring instead a more directed effort to identify and sequence the genes themselves. The South African Sydney Brenner, one of the founding fathers of the modern genetics era, had argued from the beginning that DNA sequencing should focus first on the small percentage of the genome that contains genes, the far less interesting “junk DNA” later. He stressed that he was not against the project in principle. In characteristically humorous vein, he wrote:


I am not one who believes that mapping and sequencing the human genome is a boring, thankless task, suitable perhaps only for a penal colony where transgressing molecular biologists might serve sentences of up to 20 [million] bases. On the contrary, I think that it is the most important, the most interesting  and the most challenging scientific project that we have, and that it will come to attract the best minds in biological research.


During 1987, a special National Research Council panel, chaired by Bruce Alberts, deliberated on the wisdom of the Human Genome Project. Its final report advocated an international program led by the United States to sequence human DNA, and it laid out guidelines for how the project should be organized. With the cost of DNA sequencing still obscenely high (several dollars per base), the panel recommended postponing DNA sequencing until improved technology had driven down the cost—probably in five years. Instead, early efforts should focus on mapping the human genome and characterizing the genomes of other organisms, such as the mouse, the fruit fly Drosophila melanogaster, as well as certain species of yeast and bacteria, which would be indispensable for interpreting the function of human genes. Improving DNA sequencing technology should also be given priority. The committee recommended government funding of $200 million per year for up to fifteen years, thus endorsing Gilbert’s earlier estimate. About the only thing it refused to voice an opinion on was whether the genome project should be administered by the Department of Energy or the NIH.


By this time, the Department of Energy was pushing ahead with its own genome initiative. The plan survived a congressional hearing in March 1987, and DeLisi submitted his first budget, for $12 million, in 1988. But James Wyngaarden, the director of the NIH, was also seeking to boost NIH genome programs, telling Congress that $50 million would be required for a legitimate genome program. He proposed establishing a new Office of Human Genome Research, which would eventually be given authority to distribute its own grants. Watson urged the NIH director to nominate an active scientist who “would simultaneously reassure Congress, the general public, and the scientific community that scientific reasoning, not the pork barrel, would be the fundamental principle in allocating the soon-to-be-large genome monies.”


It was sound advice, but to many observers, there was only one person who measured up to Watson’s imperial ideals: Watson himself.


IN 1928, THE YEAR THAT JAMES DEWEY WATSON was born in Chicago, a painfully shy British Ministry of Health researcher published the results of an experiment that “no sane person would have contemplated.” But this  study would have a direct bearing on the infant Watson’s crowning achievement a mere twenty-five years later. Fred Griffith was studying the virulence of Streptococcus pneumoniae bacteria, which he had shown could exist in two very different forms: the virulent form had a smooth appearance, whereas a nonvirulent form was called rough. For his classic experiment, he injected both forms into mice: live nonvirulent rough cells and dead, smooth, virulent bacteria. Within two days, many of the mice were dead, and from the animals’ blood, Griffith recovered live bacteria with the rough appearance. Something had transformed the nonvirulent bacteria into the virulent strain, and the short odds were on protein, because DNA was too monotonous and carbohydrate too implausible.


Griffith’s results caught the attention of Oswald Avery, a well-known immunologist at Rockefeller University in New York, who spent the better part of ten years trying to identify the substance responsible. In a heroic series of experiments, Avery and first Colin MacLeod, then Maclyn McCarty, cultured gallons of infected cells and, by a process of elimination, characterized the “transforming principle.” A battery of chemical, enzymological, and immunological tests all indicated the unthinkable: the transforming principle was not protein, but a substance that had been virtually ignored since Swiss biochemist Johann Miescher first isolated a “nuclein” from the pus of discarded surgical bandages seventy-five years earlier: deoxyribonucleic acid.


In the autumn of 1943, just as the fifteen-year-old Watson was enrolling at the University of Chicago, Avery wrote a paper describing his results and on November 1, hand-delivered the manuscript to Peyton Rous, the esteemed editor of the Journal of Experimental Medicine, published by the Rockefeller University Press. Avery’s exhaustive report all but proved that genes were made of DNA, but his circumspect conclusion drained the excitement:


The inducing substance, on the basis of its chemical and physical properties, appears to be a highly polymerized and viscous form of sodium desoxyribonucleate [DNA]…. If the results of the present study are confirmed, then nucleic acids must be regarded as possessing biological specificity the chemical basis of which is as yet undetermined.


Only once did Avery allow himself the indulgence of unbridled speculation, when he included a line written by J. B. Leathes in a 1926  paper in Science. Leathes had shown that chromosomes were composed of almost equal amounts of protein and nucleic acid, causing him to question the conventional wisdom that the genetic material must be protein. It was a chilling quote: “[If the chromosomes] are packed from the beginning all that preordains, if not our fate and fortunes, at least our bodily characteristics down to the color of our eyelashes, it becomes a question whether the virtues of the nucleic acids may not rival those of amino acid chains in their importance.” But when Rous returned the edited manuscript to Avery two weeks later with his hand-written comments, this passage had been crossed out for insufficient evidence. In less formal settings, however, Avery was less restrained. In a letter written to his brother, a bacteriologist, he excitedly described his group’s breakthrough in identifying the material that instilled the nonvirulent bacteria with the “aristocratic distinctions” of the smooth, virulent variety, tempered with the instinctive need to rule out all other explanations. “If we are right,” Avery wrote,


then it means that nucleic acids are not merely structurally important but functionally active substances in determining the biochemical activities and specific characteristics of cells—and that by means of a known chemical substance it is possible to induce predictable and hereditary changes in cells…. It’s lots of fun to blow bubbles—but it’s wiser to prick them yourself before someone else tries to.


Shortly before the paper was published, Avery gave a valedictory seminar in which he concluded: “The evidence presented supports the belief that [DNA] is the fundamental unit of the transforming principle of pneumococcus type III.” McCarty recalled there was a thunderous round of applause, followed by a deafening silence as the audience grappled with the implications of the work.


The paper by Avery, McCarty, and MacLeod is rightly considered a classic of the twentieth century (although sadly Griffith was not alive to appreciate it, having been killed in an air raid during the London blitz in 1941). The Nobel laureate Sir Peter Medawar hailed the paper as “the most interesting and portentous biological experiment of the twentieth century.” But at the time, the paper was widely unappreciated and ignored. Avery’s choice of journal was popular among the immunology crowd, but was not widely read by geneticists and general biologists, who  were skeptical about the applicability of work on bacteria. The timing too was poor. The paper was published in February 1944, near the height of American involvement in World War II, so it was seen by only a fraction of the journal’s normal American readership and none working abroad. (Word slowly spread after the war, such that Avery had to order three hundred extra reprints.)


Another reason was the influential criticism of fellow Rockefeller University professor Alfred Mirsky, who was convinced that Avery’s preparations were contaminated with traces of residual protein and that this might still be the transforming substance. McCarty believed that Mirsky’s criticism so swayed the Nobel Prize Committee in Sweden that Avery’s nomination was postponed. Widespread acceptance of Avery’s finding did not come until 1952, when Al Hershey and Martha Chase showed that genetic information was carried by viral DNA, not the protein coat. (The key experiment involved shaking off the viral shells using a kitchen blender and showing that this did not diminish infection.) However, Avery’s death in 1955 denied him the chance of a belated Nobel Prize.


Among those most influenced by Avery’s work was Erwin Chargaff, an Austrian biochemist who moved to the United States in 1928. Together with Ernst Vischer, he began studying the chemical composition of DNA from various sources, crudely separating and quantifying the four constituent bases: adenine (A), cytosine (C), guanine (G), and thymine (T). In 1949, they disproved the idea that there were equal amounts of all four bases. But Chargaff noticed something else—a “striking, but perhaps meaningless” trend. Regardless of the source of the DNA, the amount of A roughly corresponded to T, as did the quantities of G and C. Chargaff suspected that these 1:1 ratios might merely be a coincidence, but their profound significance was about to become apparent.


NO OTHER ACTOR PLAYS THE ROLE of the brash, opinionated, self-absorbed scientist quite like Jeff Goldblum. He has delivered variations on this theme as teleportation scientist Seth Brundle in The Fly, chaos expert Ian Malcolm in Jurassic Park and The Lost World, and computer geek David Levinson in Independence Day. Less well known is his virtuoso performance as James Watson in the 1987 BBC docudrama, The Race for the Double Helix (also known as Life Story), about the dramatic events leading up  to the discovery of the structure of DNA. (The BBC, perhaps wisely, ignored suggestions that Watson be played by Woody Allen and Crick by Peter O’Toole.)


In one of my favorite scenes, set in November 1951, a gum-snapping, thoroughly disinterested Watson is seated at the back of a freezing, sparsely populated auditorium at King’s College in London while Rosalind Franklin, a talented crystallographer, delivers a formal lecture about her DNA crystals. After momentarily fantasizing about how Rosy (as Watson referred to her) would look if she dispensed with her glasses and fixed her hair, Watson loses interest in the talk and brazenly spreads the Times on the seat next to him. Suddenly his attention is captured by a dramatic slide showing the pattern of X rays diffracted through a DNA crystal. Watson is a novice in crystallography, but he knows enough to realize that the image is consistent with a helical structure. Back in Cambridge, he tries to recall the numbers Franklin presented for “unit cells” and water content, upon which he and Crick would build a three-chain model of DNA. But when Franklin travels up to Cambridge with her boss, Maurice Wilkins, to view the model, her reaction is one of ridicule. It turns out that Watson hopelessly underestimated the water content in her crystals by a factor of ten. The model was a fiasco.


In Crick’s view, Goldblum’s characterization of Watson was too “manic,” and the constant chewing gum was a predictable American stereotype. But Goldblum effortlessly captured the way the scrawny, precocious American stood out among the British old boys. The twenty-two-year-old Dr. Watson had arrived at the Cavendish Laboratory in Cambridge in September 1951. One eminent geneticist described Watson as “tall, gawky, scraggly … shirttails flying, knees in the air, socks down around his ankles … his eyes always bulging, his mouth always open … a surprising mixture of awkwardness and shrewdness.” Watson was twelve years younger than Crick (who had still not earned his Ph.D.), and unlike his smartly dressed, well-spoken colleague, Watson walked around like a tramp, given to muttering punctuated by characteristic snorts (a curious mannerism in effect to this day). But they complemented each other perfectly: Crick was knowledgeable in physics and crystallography; Watson was consumed with finding the properties of the gene. Both shared the conviction that DNA was more important than protein, and as their colleague Max Perutz observed, “they shared the sublime arrogance of men who had rarely met their intellectual equals.” 


After the model fiasco, Crick was forbidden from working on DNA and told to concentrate on working for his doctorate. They met Chargaff, who contemptuously dismissed them as “two pitchmen in search of a helix.” At the beginning of 1953, Crick and Watson feared that their dreams of success had been thwarted by the California chemist Linus Pauling, who had sent details of his own DNA model to his son Peter in Cambridge. Pauling went on to win the Nobel Prize in chemistry and in peace, but his chance of a third was gone. Incredibly, Pauling’s model, with the bases on the outside, bore a vague resemblance to Crick and Watson’s own botched attempt. They promptly adjourned to their local pub, the Eagle, and toasted Pauling’s mistakes. “Though the odds still appeared against us,” Watson wrote, “Linus had not yet won his Nobel.”


A few days later, while visiting Wilkins to share the news of Pauling’s blunder, Watson was shown a new X-ray photograph that Franklin had taken of DNA—Photograph 51. The X rays formed the shape of a dark cross, which Watson recognized as the signature of a helical molecule. The moment he saw it, his jaw dropped, his mind racing to consider the implications, none more so than the possibility that DNA might have only two chains, not three. The journey home to Cambridge convinced him this was so: “Thus by the time I had cycled back to the gate, I had decided to build two-chain models. Francis would have to agree. Even though he was a physicist, he knew that important biological objects come in pairs.”


PHOTOGRAPH 51 WAS A CRUCIAL EVENT in the determination of the structure of DNA, but by itself it was not enough. Watson finally gleaned the precise details of Franklin’s DNA crystals—which he had misheard fourteen months earlier—from an unpublished report. Crick then suggested he arrange two intertwining backbones on the outside of the helix, but Watson could not ascertain the arrangement of the bases inside. Impatiently, he cut out cardboard models of the bases, using a configuration of each molecule suggested by his American colleague Jerry Donahue. As he arranged them in different permutations, like a child playing with a jigsaw puzzle, he saw that A paired neatly with T, just as C bonded with G. Each pair could be linked by two weak chemical bonds and took up about the same space. In a single stroke, Watson had solved the mystery of Chargaff’s 1:1 ratios (A+T = C+G). The bases fit snugly inside the  twisting metal backbones of the double helix model and raised the tantalizing prospect that the sequence of one strand could form a template for the synthesis of a new strand to replicate the genetic material. It is no wonder, then, that at lunchtime, Crick “winged into the Eagle to tell everyone within hearing distance that we had found the secret of life.” It was the last day of February 1953. Among those who made the pilgrimage to Cambridge to view the double helix was a young graduate student at Oxford named Sydney Brenner, who recalled that it was “the most exciting day of my life … a revelatory experience.”


The final version of Watson and Crick’s 900-word paper announcing their DNA model was typed by Watson’s sister Elizabeth, persuaded by the brotherly advice that “she was participating in perhaps the most famous event in biology since Darwin’s book.” The order of the authors’ names on the greatest scientific discovery of the century was decided, of all things, by a coin toss.


In a scanty two pages in the April 25, 1953, issue of Nature, Watson and Crick launched the era of molecular biology, almost 500 years to the day that the fall of Constantinople to the Turks marked the dawn of the Renaissance. The brief text—so brief they failed to mention Avery’s seminal 1944 paper—was accompanied by a simple sketch of the double helix. In the following pages were two related reports, one from Wilkins, the other from Franklin, presenting their X-ray diffraction patterns that supported the helix model, including Photograph 51. Emboldened by these reports, Crick and Watson immediately wrote a second, more elaborate analysis of the double helix, which appeared in Nature five weeks later. They noted that “any sequence of the pairs of bases can fit into the structure … the precise sequence of the bases is the code which carries the genetical information.” The basis of mutations, they suggested, could be an alteration in the form or order of the sequence of bases.


Fifty years on, it is surprising to learn that Watson and Crick’s prescient discovery received a frosty reception from many in the establishment, notably Chargaff, who resented the way they had grasped the significance of his own measurements. But the more enlightened recognized that Watson and Crick had made what Peter Medawar called “the greatest achievement of science in the twentieth century.” Among those inspired by the double helix was the flamboyant Spanish artist Salvador Dalí, who said “this for me is the real proof of the existence of God.” Dalí gave one of his paintings, Galacidalacidesoxiribunucleicacid, the subtitle  Homage to Crick and Watson. It depicts three parts of existence—life, death, and the afterlife—represented by the DNA, a cubic molecule, and the figure of God reaching down to resurrect the spirit of Christ, respectively.


WHEN WATSON WAS ASKED RECENTLY what his greatest accomplishment was, his answer was not, as one would have expected, the discovery of the double helix, but the authorship of The Double Helix, his shockingly candid 1968 account of the race to discover the structure of DNA. Citing objections from, among others, Crick and Wilkins, the president of Harvard University (where Watson was a professor) ordered Harvard University Press not to publish the book (which Watson had wanted to call Honest Jim). The Double Helix was eventually published by Atheneum in 1968 and became an instant best-seller.


Reaction to the Pepys diary of modern science was bitterly divided. Many readers relished the unbridled honesty and wicked humor with which Watson laid bare his passions (tennis, girls), dislikes (English food, weather), and ambitions (the Nobel Prize). He revealed scientists to be vain, arrogant, and, above all, human. (Crick took exception to this, saying that he had never been in doubt on the matter.) Two best-selling authors warmly welcomed Watson into their ranks: Jacob Bronowski (The Ascent of Man) suggested Watson’s writing had “a quality of innocence and absurdity that children have when they tell a fairy story.” Alex Comfort (The Joy of Sex) likened Watson to Spike Milligan from The Goons, and so admired his panache for storytelling that “we could do worse than give him a second Nobel gong for literature.”


But many scientists were appalled by Watson’s naked ambitions, not to mention his supercilious attitude to his peers and predecessors. The worst offense in the minds of many was his disdain for Rosalind Franklin, who tragically died of cancer in 1958 at the age of thirty-seven. Franklin was thus denied a share of the Nobel Prize in Medicine that was awarded to Watson, Crick, and Wilkins in 1962. The author Brenda Maddox calls Franklin “the Sylvia Plath of molecular biology, a genius whose gifts were sacrificed to the greater glory of the male.” Her reputation has been restored, thanks in part to Watson’s generous testimonial in the epilogue to The Double Helix. In March 2000, King’s College, London, dedicated the Franklin-Wilkins building, opened by Princess Anne.


To Watson’s initial surprise, Franklin readily accepted the double helix when she saw it, because it fit with her own growing suspicions  (from her own experiments) that DNA had to be helical and that the bases somehow complemented each other in pairs. Indeed, there is good reason to believe that had Watson and Crick not elucidated the structure, Franklin or Wilkins or Pauling would have succeeded within a year or two. Of course, it is inconceivable that a more protracted route to the discovery of the structure of DNA could have matched the drama and impact of the events that led up to the Watson-Crick model and the iconic status of DNA in the past half-century.


It took twenty years for the Watson-Crick structure of the double helix to be visualized directly. In 1973, Alexander Rich, a structural biologist at MIT, produced atomic-resolution crystal structures of DNA. After seeing the pictures, Watson phoned Rich to thank him, because “I’ve just had the first good night’s sleep in 20 years.”


IN THE AFTERMATH of discovering the double helix, Crick and Watson were inundated with requests to perform various services, so much so that Crick drafted a form letter to handle the deluge:


Dr Crick thanks you for your letter but regrets that he is unable to accept your kind invitation to:





	send an autograph 	speak after dinner 	attend a conference




	provide a photograph 	give a testimonial 	act as chairman




	cure your disease 	help you in your project 	become an editor




	be interviewed 	read your manuscript 	write a book




	talk on the radio 	deliver a lecture 	accept an honorary degree




	appear on TV 	 	








Crick was not trying to be antisocial, for there was still the small matter of finishing his Ph.D., which he was finally awarded in 1954 for his thesis, “X-ray Diffraction: Polypeptides and Proteins.” He was also preoccupied with a new challenge: to break the genetic code, the molecular lexicon that somehow interprets and translates a humdrum string of four bases in  DNA into the twenty different amino acid building blocks of proteins. The double helix was the final proof that DNA was the genetic material and showed how these instructions could be copied from cell to cell, but it left scientists none the wiser as it produced the great diversity of proteins that make up the human body.


Two years before Crick and Watson’s breakthrough, the Cambridge University chemist Fred Sanger had described a unique sequence of amino acids in part of insulin, a finding that demanded the existence of a heritable code that could exist only in DNA. The only variable portion of the double helix was the order of four different bases stacked in pairs like rungs of a ladder inside the two twisting backbones of the helix, ten rungs for each complete revolution of the backbone. Somehow, combinations of these bases had to distinguish twenty different kinds of amino acids, but if the code consisted of different pairs of four possible letters, there could only be 16 (42) possible combinations. That suggested that the code consisted of triplets, where there could be 64 (43) different combinations, more than sufficient to encode the diversity of amino acids.


A couple of months after the revelation of the double helix, Crick and Watson received a letter from the irrepressible Russian-born cosmologist George Gamow. The name was familiar to them. In 1948, Gamow had written a famous paper with his student, Ralph Alpher, predicting that traces of the incandescent origin of the universe should be detectable as background radiation, tangible evidence of the Big Bang. Typical of his puckish sense of humor, he persuaded another physicist, Hans Berthe, to add his name to the paper, so the list of authors read “Alpher, Berthe and Gamow,” a riff on alpha, beta, and gamma, the first three letters of the Greek alphabet. Such radiation was found two decades later, although Gamow, wrongfully perhaps, was not granted a share of the ensuing Nobel Prize.


Gamow’s letter contained word of a radical solution for the genetic code: he suggested that the bases of DNA formed a series of diamond-shaped spaces, into which specific amino acids could be inserted to form proteins. “The sequence of bases determines in a unique way the sequence of diamonds,” Gamow wrote in a Nature paper in February 1954, and by his calculations, the number of possible permutations was exactly twenty, corresponding to the number of amino acids. The idea was for an overlapping code. In the sequence GCAT, for example, GCA would code for one amino acid, CAT for the next, and so on, which would be physically assembled on the surface of the double helix. However, Sydney  Brenner perceptively showed that the overlapping scheme could not account for the highly variable assortment of protein building blocks evident in the early sequences of Sanger and others.


Crick also had a more deep-seated reason to discount Gamow’s suggestion. It was an instinctive hunch that predated even the double helix, which he called “The Sequence Hypothesis.” He later wrote that “the specificity of a piece of nucleic acid is expressed solely by the sequence of its bases … this sequence is a (simple) code for the amino acid sequence of a particular protein.” In other words, Crick believed that genes contained all the information necessary to specify the building of a protein.


In place of Gamow’s overlapping code, Crick made two extraordinarily brilliant predictions about the genetic code; unfortunately, only one of them proved to be correct. The first stemmed from Crick’s conviction that amino acids did not physically attach to DNA. Instead, he suggested that they must be linked to adapters that ferry the building blocks to the template, which was later shown to be correct.


His other scheme, even more exquisite, was dubbed the “comma-free code.” The idea was that for every triplet of bases, only one permutation of letters could encode an amino acid. For example, if the triplet CAT was meaningful, then ATC and TCA were not. In this way, there was no need to invoke a type of comma separating each triplet, telling the cell where a gene began. Intriguingly, this scheme allowed for precisely twenty amino acids. “It seemed so pretty, almost elegant,” Crick later reminisced. “You fed in the magic numbers 4 (the 4 bases) and 3 (the triplets) and out came the magic number 20, the number of amino acids.”


Crick eventually published a formal account of his comma-free code in the Proceedings of the National Academy of Sciences in 1957. But it turned out that Crick had outsmarted himself. His theory proved so spectacularly flawed that the great historian of molecular biology, Horace Judson, praised it as “the most elegant biological theory ever to be proposed and proved wrong.”


Around this time, Brenner and others recognized that the instructions in the genetic code were carried out of the cell nucleus by a transient strand of ribonucleic acid (RNA), a faithful facsimile of one strand of DNA, appropriately named messenger RNA. The identification of the RNA intermediary provided the key to solving the puzzle of the genetic code. The locksmith was a young, relatively unknown NIH scientist named Marshall Nirenberg, who devised a method of synthesizing trace amounts of protein in a test tube by adding artificial RNA messages with  a known base sequence. Nirenberg’s first synthetic RNA, made entirely of a base called uracil (U) that is used in RNA wherever T is found in DNA, yielded a protein composed entirely of one amino acid, phenylalanine. It was solid proof that the UUU triplet coded for phenylalanine. Nirenberg first presented his results in August 1961 at a sparsely attended session at the International Congress of Biochemistry in Moscow. Word of his breakthrough reached Crick, who invited Nirenberg to repeat his talk before hundreds of delegates in the plenary session at the same meeting. Crick considered it an epoch-making discovery, one for which Nirenberg shared the 1968 Nobel Prize in physiology or medicine.


In a stunning series of bacterial experiments, Crick and Brenner proved that the code was written in triplets. They generated mutations that added or removed one base at a time, thereby knocking the sequence of a gene out of phase, until the addition or removal of three bases restored the phase of the code. Although it was not as famous as Crick and Watson’s 1953 masterpiece, Sir John Maddox considered it possibly “the most elegant paper Nature ever published.” By the end of 1966, the entire genetic code had been cracked: sixty-four possible triplets of a four-letter alphabet held the instructions for a mere twenty amino acids, as well as the signals to start and stop protein synthesis.


In 1976, Crick took up a professorship at the Salk Institute in California where, at the age of sixty, he embarked on another major challenge in biology: human consciousness. By his own admission a clumsy experimentalist, Crick’s contributions have been largely theoretical, but he has characteristically left his mark on the field, publishing influential papers on memory and other aspects of cognitive science.


The same year as the publication of The Double Helix, Watson left Harvard to become director of the Cold Spring Harbor Laboratory, rapidly turning it into one of the country’s leading research centers. “Honest Jim” thrives in the rarified surroundings of the north shore of Long Island, presiding over important scientific meetings and fraternizing with New York high society, and living up to a description of him as an “impresario of molecular biology.” A couple of years ago, Watson obligingly took me on a tour of the surroundings in his trusty Volvo station wagon, gleefully pointing out the palatial homes of his wealthy neighbors, such as Charles Wang of Computer Associates. Prominently on display in his custom-built home on the fringe of Cold Spring Harbor are countless mementos of his remarkable career. But on this day, the fate of the Human Genome Project takes a back seat to a more pressing problem: the height  of the hedgerow that is partially obstructing the priceless view of the harbor from the house.


IN MAY 1988, THE NIH DIRECTOR, James Wyngaarden, offered Watson the position of associate director for human genome research. Despite his commitments at Cold Spring Harbor, Watson had few doubts about what he should do. “Only once,” he later recalled, “would I have the opportunity to let my scientific life encompass the path from double helix to the 3 billion steps of the human genome.” It was time to address the sequence of DNA itself.


Watson skillfully deflected scientific criticism of the project while searching for political support. One of his first and most important decisions—a spontaneous announcement during a press conference—was to devote 5 percent of the budget toward the study of the ethical, legal, and social implications of the genome project. It was a sincere effort to ensure that society was prepared for the tidal wave of information on the horizon. The prospect of rapid advances in the understanding of major genetic diseases also raised serious issues regarding genetic discrimination, inadequate treatment options, and eugenics. Recalling the Nazi atrocities against Jews, gypsies, and the mentally ill, Watson solemnly wrote: “We need no more vivid reminders that science in the wrong hands can do incalculable harm.”


In October 1989, Watson’s unit received its new status as the National Center for Human Genome Research and a budget for fiscal year 1990 of $60 million, which was roughly twice that of the Department of Energy component. The genome project officially kicked off in October 1990, but the cost of the fledgling program remained a sensitive issue. When Nature erroneously reported in 1991 that the Human Genome Project was in line for a $334 million increase, Watson wrote back sarcastically: “The uninformed readers could get a false and exaggerated impression about the size of the US budget for genome research from your article, creating unnecessary concern.”


Although Watson’s peerless stature and the promise of exciting medical breakthroughs that would inevitably spin off the genome project helped garner support for the program, many scientists still harbored serious reservations. Leading the opposition was Bernard D. Davis, a geneticist at the Harvard Medical School. In July 1990, Davis and two dozen fellow faculty members denounced the “politically unstoppable” initiative,  arguing that just as the known DNA sequences of a few viruses had not had a profound effect on understanding viral biology, neither would the complete sequence of the human genome transform human biology. “The magnification is wrong,” Davis complained, “like viewing a painting through a microscope.” He concluded: “Our fundamental goal is to understand the human genome and its products, and not to sequence the genome because it is there.” Similar concerns were voiced by British geneticist and author Steve Jones, who felt that piecing together the sequence would put man “in the position of a nonmusician faced with the score of Wagner’s Ring cycle: many pieces of information, apparently making no sense at all, but in fact containing an amazing tale—if only we knew what it meant.”


Other scientists were genuinely worried about the potential misuse of genetic information, such as Watson’s former Ph.D adviser, Salvador Luria:


Will the Nazi program to eradicate Jewish or otherwise “inferior” genes by mass murder be transformed here into a kinder, gentler program to “perfect” human individuals by “correcting” their genomes in conformity, perhaps, to an ideal, “white, Judeo-Christian, economically successful” genotype?


Luria’s dig at President Bush’s vision of a “kinder, gentler” society probably went unnoticed in the West Wing. During a White House ceremony in 1989 to award the National Medal of Honor to, among others, Stanley Cohen and Herbert Boyer, the founders of recombinant DNA technology, President George Bush described the government’s foray into Big Biology as the “Human Gnome Initiative.”


The Human Genome Project was designed to be a worldwide effort, with about two-thirds of the work to be handled by university and government groups in the United States, the remainder by the United Kingdom, France, Germany, and Japan. But the outspokenness that made Watson such a favorite with the politicians threatened to cause an international incident when Watson rebuked a leading Japanese scientist for his country’s paltry investment in its national genome program. Responding to charges of “Japan bashing,” Watson fired back, “You don’t get anywhere by being a wimp.”


But Watson’s real troubles were closer to home, in the form of the new NIH director, Bernadine Healy, who was appointed by President  Bush in April 1991. In early 1992, the pair became embroiled in a series of increasingly bitter and public spats over several issues. One was the matter of Watson’s private stock portfolio, with holdings in several major pharmaceutical and biotechnology companies, which might give the appearance of a conflict of interest—even though Watson publicly declared his financial interests every year. A second was Watson’s blunt criticism of Frederick Bourke, a wealthy entrepreneur who was trying to lure two leading DNA sequencers to head a new private genome institute.


But a deeper, more philosophical issue concerned the issue of gene patenting. Healy strongly supported a controversial NIH decision to seek patents for hundreds of gene fragments identified by NIH scientist Craig Venter, if for no other reason than to obtain clarification from the Patent Office on the legitimacy of patenting genes of no known function. Watson was critical of Venter’s research and bitterly angry with Healy’s decision to go ahead with the patent application. To add insult to injury, Healy asked Venter to consult on the future of human genome research at the NIH while instructing Watson not to go public with any further criticisms.


Calling his position “untenable,” Watson abruptly quit on April 10, 1992. It was a potentially devastating blow for the Human Genome Project, for there was no other scientist who could combine Watson’s scientific statesmanship and political savvy. Watson fired one last shot as he returned to Cold Spring Harbor, telling Science, “I don’t know how to get anyone to succeed me. I don’t know anyone who doesn’t have stocks. And I don’t know anyone who would want to live with my boss.”


Early speculation on Watson’s successor centered on another Nobel laureate, the late Daniel Nathans (although he scoffed at the suggestion). However, the early success of the Human Genome Project was creating a new generation of leaders—not the pioneers of the genetics revolution in the 1970s but the cartographers of the human genome during the 1980s. This was a new breed of geneticist who could map disease genes and navigate vast stretches of a chromosome to find their prize, the most publicly recognized rationale for spending $3 billion on the project.
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