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Preface


The human genome embodies the genetic program and parts list needed to make, operate and maintain a person.

Possession of this human instruction manual, first decoded in June 2000, marks the beginning of a new era of medicine. It provides the basis on which to understand the human body almost as fully and precisely as an engineer understands a machine. From that understanding, physicians can hope to develop new ways to fix the human machine and in time to correct most—perhaps almost all—of its defects.


The purpose of this book is to describe the dawning of the genomic revolution and the ways in which the new knowledge is likely to transform medicine and human health. Though the future of a technology is hard to predict, there are certain obvious paths to pursue now that the human instruction manual is in hand. And though this revolution is being conducted in the name of medicine, it will not necessarily stop at its implied goal, the attainment of perfect health. The power to reshape the human clay has no clear limits. How far should we go in enhancing qualities other than health, such as physique or intelligence? If cures are developed for the major degenerative diseases of old age, how greatly can life span be extended without undermining social institutions that are designed around an orderly cycle of birth, procreation and death? And if the new genetic medicine works so well, wouldn’t it be better toapply it in the germline, giving everyone the genetic endowment for a long and healthy life?


Such questions are futuristic, yet the genomic revolution is unfolding so fast that almost no speculation about the physical basis of human existence is premature. New words such as genomics and proteomics denote plans to accelerate biology by studying genes and proteins on a genome-wide basis instead of just one at a time, as has been the practice hitherto. With the genome sequence in hand, biologists can for the first time hope to understand that maestro of the genome, the human cell, which at every instant is reading off hundreds or thousands of genes on a scale of activity that has until now been far too complex to track. And the cell, the unit of which the body is built, is the key to understanding the whole human organism and its operation in both health and disease.


Both at universities and in the private sector, vigorous efforts are under way to gather the genome’s first fruits. The race to decode the human genome sequence has left in place two powerful competitors whose rivalry—much in the public interest—seems likely to continue long into the post-genome era. One is the international consortium of academic centers that began sequencing the human genome in October 1990 in an endeavor known as the Human Genome Project. They and other academic biologists, now increasingly networked, are bending every effort to interpret the human genome sequence. Meanwhile Celera Genomics, the private company that leapt in to challenge the consortium at the final lap of the Human Genome Project, has continued to spearhead the race to interpret the genome. It is sequencing the genomes of other animals to help biologists better understand the construction of the human genome. It is building its own database, centered on its human genome sequence, in direct competition with that developed by its academic rivals. These genome databases are new frameworks for organizing all biological and medical knowledge, much as the periodic table of elements organizes all of chemistry. They are also a powerful heuristic tool for interpreting the knowledge they contain.


Other genomics companies, such as Human Genome Sciences, aimto translate genomic data directly into new drugs based largely on human proteins. The traditional pharmaceutical companies are built around easily synthesized, small molecule chemicals that act on fewer than five hundred protein targets, which is all that pharmacologists had managed to discover in the pre-genome era. The human genome sequence makes available the full set of human proteins, of which there appear to be at least thirty thousand. The pharmaceutical industry is thus poised to undergo a double revolution. A host of new small molecule drugs can be designed to target the new proteins. And a new wave of protein-based drugs is about to emerge, following in the steps of inventions such as Amgen’s erythropoietin for stimulating blood formation and Immunex’s Enbrel for rheumatoid arthritis.


Besides new drugs, medicine seems likely to be transformed in the near future by a new wave of genome-derived diagnostic tests. DNA molecules can be attached to small squares of glass that, by analogy with computer circuits, are called microarrays or gene chips. Most human genes exist in several forms that differ very slightly in their DNA sequence, and some of these variant genes cause or contribute to disease. Gene chips can be designed that will detect these variant genes and thus diagnose a patient’s vulnerability to any disease whose underlying gene variants are known.


A new phrase, individualized medicine, has been coined to describe the concept of treating patients in light of a genome scan that predicts the diseases they are likely to develop in the course of their lifetime. It already seems technically feasible to construct gene chips that would test for the presence of all the common variants of every human gene. These gene chips would in effect sequence a person’s entire genome simply by recording the genome’s principal points of difference with the consensus human DNA sequence. Such a wealth of genetic information requires the most careful handling and confidentiality, and in practice genome scans are likely to be used at first in a very constrained fashion; there is little point in testing people for diseases for which there is no treatment.


A prominent aspect of individualized medicine is the idea of marketingcertain drugs along with a genetic test that would screen out patients who are likely to have adverse reactions. The tests might also show which of several equivalent drugs would best suit a particular patient. Pharmacogenomics is the new name for matching patients and drugs, a procedure that may reduce the vast burden of adverse drug reactions and rescue many drugs that otherwise would be too dangerous to use.


Knowledge from the genome seems likely soon to meld with new knowledge about human cells to create a novel kind of healing that some are calling cell therapy or regenerative medicine. The audacious notion of regenerative medicine is to heal the body with tools from its own repair kit, growing new tissues and organs to replace those weakened by age or disease. It seems that many of the body’s components possess a reservoir of self-renewing cells, known as stem cells, which are used to repair and maintain the tissue. Unfortunately, perhaps to curb the risk of cancer, nature has strictly limited the growth and vigor of human stem cells. Hence people do not grow new hearts or livers when needed as a lizard grows a new tail, even though all the design information must still be present in the genome. The hope of stem cell biologists is to unlock the inherent plasticity of human cells and to mold them, perhaps with the help of the natural control signals that can be identified through the genome, into replacement parts for diseased and aging tissues. Present day medicine often enables patients to survive with damaged tissues but does not aspire to cure them. The would-be practitioners of regenerative medicine intend to grow new and youthful tissues, probably from a patient’s own stem cells, and to restore the person to full and vigorous health.


The cascade of innovation generated by the human genome sequence seems likely to bring many blessings. But it will in time raise some interesting dilemmas. With the human instruction manual in hand, as well as those of pathogenic viruses and bacteria, will any identifiable barrier remain to curing all human disease? If and when all disease is conquered and Pandora’s box at last hammered shut, a great goal of medicine will have been attained. People will live out their naturallife span in full health. But genomic knowledge may then open a new door, one that will allow life span itself to be extended.


Researchers have already learned how to stretch the life of laboratory organisms such as roundworms and fruit flies by manipulating certain genes. They have “immortalized” human cells, meaning that the cells can be made to grow in the laboratory indefinitely far beyond the point, measured in terms of cell divisions, at which they would usually lapse into senescence.


Though the familiar facts of death and disease make us think of our bodies as inherently frail and perishable, the living cells of which they are made are the hardiest of survivors. Evolution has made the cell serve a wide variety of life spans depending on each organism’s needs. Some mayflies live only a few hours on reaching adulthood. But the bristlecone pine endures for five thousand years. Genomic knowledge may show us not only how to correct the degenerative diseases of age from which evolution has neglected to protect us, but also how to unlock mechanisms that determine life span. A long and healthy life is a true blessing, but ultra-long life could challenge many human rites and customs.


Another delicate issue that the genomic revolution will raise is that of altering the human germline. If genetic medicine is as successful as hoped, there could be a logical case for avoiding a lifetime of expensive medical care in favor of building genetic improvements directly into the human germline. The technology for adding large numbers of genes to the human germline does not exist at present but there may be no insuperable obstacle to doing so should the demand arise and receive social sanction.


Altering the human genome to suppress disease-causing gene variants would promote health, but parents might then wish to improve other attributes such as physique or intelligence. How far, if at all, could these qualities be enhanced without changing human nature?


Despite the many serious objections to manipulating the human genome, it is easy to envisage the trends that might favor this momentous step. The rapidly increasing knowledge of the genome will transformmedicine but is likely also to reveal the human genome as a work in progress, rough hewn by evolution and shot through with oversights that are the cause of infinite human misery. Physicians may urge the case for removing these defects. As pharmacogenomic tests become routine, patients will become increasingly aware of their genetic vulnerabilities and perhaps concerned not to bequeath them to their children. And as biologists learn how to repair the human fabric, they may see how to realize evolution’s design more fully, by taking shortcuts to goals that evolution would reach more circuitously over thousands of years.


The pages that follow, which draw on reporting done for articles inThe New York Times,aim to sketch out the events that led to the genome era, the likely first applications of the human genome sequence to health, and the prospects of more radical innovations such as regenerative medicine and the extension of natural life span. No conceivable body of knowledge can rival the value or fascination of the human genome. I hope readers will enjoy this attempt to peer over biologists’ shoulders as in wonder and dawning comprehension they turn the first pages of the human life script.
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The Most Wondrous Map



“Nearly two centuries ago, in this room, on this floor, Thomas Jefferson and a trusted aide spread out a magnificent map—a map Jefferson had long prayed he would get to see in his lifetime. The aide was Meriwether Lewis, and the map was the product of his courageous expedition across the American frontier, all the way to the Pacific.”

So said President Bill Clinton, speaking in the East Room of the White House to an audience of scientists and government officials and, by teleconference, with Prime Minister Tony Blair in London. The occasion, on the morning of Monday, June 26, 2000, marked the completion of the Human Genome Project or rather, since in truth the genome was almost but not entirely finished, “the completion of the first survey of the entire human genome.”1


In the audience were the members of the two rival teams who had battled each other to the finish line. The race for scientific distinction is often fierce, and there are few greater scientific prizes than the human genome. This race was fueled by political differences as well as hope for glory. A consortium of academic biologists in the United States and Britain had embarked on decoding the human genome with the intent of making it a communal good, freely available to the scientific and medical communities. Though they were not oblivious to the personal rewards of success, their goal was the disinterested creation of publicwealth, in the belief that medical advance would be speediest if all biologists had full and free access to the human genome sequence.


But in May 1998, almost eight years after the public consortium had begun to lay the technical groundwork and was within sight of success, a commercial enterprise headed by J. Craig Venter jumped into the fray with the goal of decoding the human genome as a profit-making venture. Venter, formerly an academic biologist like his rivals, believed that speed too was a public good and that with centralized management and a different strategy he could sequence the human genome much faster than the consortium seemed likely to do.


With such different motives and such high stakes, the race for the genome was especially intense. Each team confidently predicted that the other’s strategy would fail, while working round the clock to ensure its own success. As the finishing post neared, it became clear that each had achieved enough of its own goals to assert a plausible claim of victory. Venter’s company, Celera, had the edge on the scientific front, since his genome sequence was more complete than the public consortium’s. But the consortium had achieved its political goal: its version of the human genome, containing almost all human genes, was publicly available for the free use of scientists around the world.


In June 2000, the two sides were persuaded at the last moment that each stood to gain more from a decorous declaration of joint victory than from rival assertions of victory, spiced with mutual derogation of the other’s achievement.


And so it was that Clinton, in his speechwriter’s metaphor, came to compare the decoding of the human genome with Lewis’s historic map of an America bounded by the Pacific and Atlantic oceans.


“Today,” the president said, “the world is joining us here in the East Room to behold a map of even greater significance. We are here to celebrate the completion of the first survey of the entire human genome. Without a doubt, this is the most important, most wondrous map ever produced by humankind.”


Shifting analogies, the president went on to compare the sequencing of the genomic script to “learning the language in which God created life. . . . With this profound new knowledge, humankind is on the vergeof gaining immense, new power to heal. Genome science will have a real impact on all our lives—and even more, on the lives of our children. It will revolutionize the diagnosis, prevention, and treatment of most, if not all, human diseases. . . . In fact, it is now conceivable that our children’s children will know the term ‘cancer’ only as a constellation of stars.”


The scene then shifted to a large television monitor, where from London Prime Minister Tony Blair praised the “huge role” the United States had played in bringing the Human Genome Project to fruition. “Huge role” does not mean “leading role” or “central role” or even “ essential role.” The backhanded compliment was Blair’s way of signaling that the project was British in its roots, though implemented with American money. To underscore the point, Blair had seated with him Fred Sanger, the biologist after whom Britain’s DNA sequencing center was named. Sanger, a genial, unassuming fellow who has made few public utterances, invented a highly ingenious method of decoding the sequence of chemical units in DNA. Almost every problem the two teams of sequencers had grappled with as they completed the human genome, Sanger had wrestled with twenty years before. The only biologist to win two Nobel Prizes—one for a method of sequencing proteins, one for his DNA method—Sanger launched the field of genomics in 1977 by sequencing the genome of a small virus 5,375 units in length. But without advanced computers, automation, and a method of amplifying DNA not invented until 1985, Sanger had been unable to take his tour de force further.


The two teams that decoded the human genome had depended on Sanger’s method, though with its chemistry altered so that it could be performed by machine instead of manually. The Human Genome Project started in earnest when John Sulston at the Sanger Centre, with his American partner Robert Waterston, began to test the new sequencing machines on a pilot project, the genome of the roundworm, a microscopic animal much studied in laboratories. The center’s work was supported by the Wellcome Trust of London, the world’s largest medical philanthropy.


“For let us be in no doubt about what we are witnessing today,” Blaircontinued, “a revolution in medical science whose implications far surpass even the discovery of antibiotics, the first great technological triumph of the twenty-first century.” Today’s announcement, the prime minister said, “opens the way for massive advances in the treatment of cancer and hereditary diseases, and that is only the beginning.”


Clinton then turned to Francis Collins, director of the National Human Genome Research Institute and the leader of the academic consortium. Collins, a born again Christian, said, “It is humbling for me and awe-inspiring to realize that we have caught the first glimpse of our own instruction book, previously known only to God.”


Though Clinton and Blair had already praised Venter, Collins in introducing him heaped further laurels on his head, twice calling his strategy innovative and referring to his “landmark achievement” in assembling his own genome sequence.


With a build-up of such authority, Venter saw no particular need to minimize the significance of his achievement. “Today, June 26 in the year 2000,” he began, “marks a historic point in the 100,000-year record of humanity. We’re announcing today for the first time our species can read the chemical letters of its genetic code.”


The human genome sequence, Venter said, “represents a new starting point for science and medicine, with potential impact on every disease.” He suggested that the genome might even generate quick treatments for cancer, saying, “There’s at least the potential to reduce the number of cancer deaths to zero during our lifetimes.”


Could anything, even the human genome sequence, live up to such intense billing? A turning point in history, a divine revelation, a cure for cancer, all rolled into one?


Some critics were quick to suggest that disease-causing gene variants might be very hard to find, despite having the genome sequence in hand, and that even if they were, few people would want to be tested unless treatments were available too. “The new genetics will not revolutionize the way in which common diseases are identified or prevented,” two skeptics wrote inThe New England Journal of Medicine.2


The harshest verdict came from William Haseltine, Venter’s formerpartner and chief executive of Human Genome Sciences. “Most of us in the pharmaceutical industry would agree that the draft sequence basically is a non-event in our world,” he said of the genome sequence toThe Wall Street Journala month after the White House announcement.3Elsewhere he described the announcement as “a symbolic moment, like sending men to the moon symbolized our intent to use space, like Admiral Peary’s journey to the North Pole symbolized the intent to explore the Arctic.”4


Haseltine’s point was not that the genome sequence was as dubious as Peary’s claim to have reached the pole but that he himself had chosen a much faster method of exploiting its information, by extracting readymade transcripts of genes from the cell instead of ferreting for the genes themselves in the genome sequence. Many biologists, however, would agree in principle with the optimistic assessments offered at the White House, although probably few would offer any kind of timetable for curing cancer. For several reasons, the sequencing of the human genome does indeed mark a milestone in the history of science and medicine, perhaps in human history too.


Just as Meriwether Lewis’s map showed the finiteness of America, vast as it was, the genome for the first time places limits on human biology. The working of the human body is no longer a boundless mystery. There’s still enigma enough, but the genome sequence defines the extent of the problems to be solved and bolsters biologists’confidence that they will eventually be soluble. That means that the genetic roots of disease will at least be understood in exquisite detail.And the usual long interval between laboratory understanding and practical treatments may shrink as the genome quickens the pace of every aspect of biology.


The promise of the genome is almost unimaginably broad. Every disease is caused or in some measure influenced by a person’s genes. This is true even of infectious diseases: their prime cause may be a bacterium or virus but people vary widely in their susceptibility, depending on their genetic make-up. The major degenerative diseases of old age, such as cancer, heart disease, diabetes and Alzheimer’s, are strongly influenced by genes that predispose a person toward them.


Possession of the human genome sequence means that the genes that contribute to these diseases—they are variant versions of normal genes, not special genes whose only role is to wreak havoc—can be tracked down and studied. In the pre-genome era biologists had some limited successes in identifying variant genes, but the genome sequence is expected to make gene hunting much faster and more systematic.


Discovery of a variant gene by itself does nothing for a patient. But it makes an excellent start to understanding the exact mechanism of a disease. Researchers can examine the protein product that is specified by the variant gene, identify the protein’s usual role in the cell and how it differs because of the variation in the gene, and figure out how the aberrant protein causes or contributes to the symptoms of the disease.


The present proposals for developing medical treatments from genomic knowledge may or may not be successful, as is always the case with research, but there is a widespread view among biologists that a new era has begun, one that incorporates all the single gene biology of the past and enables living cells to be studied for the first time in their totality, on a genome-wide basis.


The genome is the infrastructure that unites all the branches of biology; in doing so, it promises to accelerate dramatically the pace of advance in medicine. Most basic biology, such as study of how genes and cells work, is done in laboratory organisms such as the mouse, the fruit fly, and the roundworm, and then confirmed in human cells. The knowledge gained from these animals can be related much more quickly to humans now that the genomes of these species have been sequenced and can be compared directly. With a few keystrokes, a researcher can now ascertain whether a new gene found in the mouse or fruit fly or roundworm has counterparts in people. The mouse in particular, a fellow mammal, has turned out to be surprisingly similar to people on a genomic level and all the more helpful for that reason in interpreting the human genome.


The human genome sequence will prove invaluable in another way: it provides the basis for explaining and integrating all knowledge about the human body. For example, biologists are already beginning to understandthe anatomy and physiology of the cochlea—the organ of hearing—in terms of the genes that that make each of its components.5This anatomical dissection at the genetic level has been possible through studying the genetic causes of deafness. The ear is a delicate mechanism, with such fine tolerances that a mutation in almost any of the genes involved in building it causes loss of hearing. Through these mutations, the genes themselves have been discovered. It is easy to envisage the time when all the body’s other organs will be described in terms of the genes that specify their development in the embryo and their function and maintenance throughout life. The genome will become a unifying explanation for all of human biology and medicine.


The genome, in other words, is more than just a sequence. It is a means of reorienting biology and medicine and of accelerating the pace of discovery in all the biomedical sciences.


Beyond its practical importance, the genome bears on the nature of human life. It does not say what life is nor determine the life of any individual. It may not reach to the deepest mysteries of human existence. But it defines with great precision every component of every human cell, and these components specify with great exactness the steps from an egg to a newborn. The rules for the architecture of the brain are surely implicit in the genome, even though the genome defines only genes. The infinite varieties of human thought and behavior are too complex to be determined by the finite information embodied in the genome. But behavioral information can be inscribed in the genome, as is already known from the discovery of genes that determine feeding behavior in the roundworm and courtship rituals in the fruit fly. It is certainly possible, even likely, that many general rules of human behavior are implicit in the genes.


Humans have far fewer genes than was generally expected to be the case. The fruit fly has almost 14,000 genes, the roundworm 19,000, and people only 30,000 or so. The enormous increase in complexity between a worm and a person is obviously not reflected in the only slightly greater number of genes and must lie in other factors, such asthe more complex nature of human proteins, which allows more interactions between them.


Biologists, as they consider the genome’s impact on their work, are also moved by the prospect of doing science in new ways. Analysis of the genome has to be done on computer, a circumstance that is forcing the digitization of other aspects of biology. There used to be two kinds of biological experiment: in vitro and in vivo (in glassware and in live animals). There is now a third: in silico, meaning biology that is done by querying genome data in distant data banks. “The instructions for assembling every organism on the planet—slugs and sequoias, peacocks and parasites, whales and wasps—are all specified in DNA sequences that can be translated into digital information and stored in a computer for analysis,” two biologists wrote recently. “As a consequence of this revolution, biology in the twenty-first century is rapidly becoming an information science. Hypotheses will arise as often in silico as in vitro.”6


Some observers expect the pace of biological research to accelerate because so many of the world’s biologists are becoming networked by the need to consult genomic databases. “Networking biology started in the 1990s and we think will accelerate to the point where genomic and protein information will become available to all scientists; that will be a vast change coming over the research community in the next decade,” says Randal Scott, chairman of Incyte.7


The genome is important for another reason: it may reflect the beginning of an intellectual turning point in biological research.Molecular biology’s successes have come from a rigorous reductionism—the approach of ignoring the whole organism, however interesting, in favor of reducing it to components that can be defined and understood. Though critics have accused scientists of ignoring all that is important about life, it was a rational and essential program to begin with the aspects of life that could be analyzed: genes, proteins and cells.


The human genome sequence is in a sense the ultimate triumph of reductionism—a list that represents the entire parts list for constructing and operating a person. But to understand the genome biologists mustnow swing into reverse and figure out how the parts work together. With the help of gene chips that monitor the simultaneous activity of thousands of genes in a cell, it will for the first time be possible to study a complete cell at work. Biology may move into a phase of synthesis as researchers try to reconstruct the pathways between the genes in the genome and the living organism.


Perhaps the greatest impact of the human genome is that it lays the basis for a systematic, comprehensive approach to medical discovery. For almost any disease, researchers can in principle start by searching for its genetic roots in the human genome. Even with diseases caused by viruses or bacteria, people vary widely in their resistance to such diseases, and the basis for such resistance is genetically determined. Since 1995, biologists have already laid bare the genomes of most pathogens, so that a systematic approach can be developed to infectious diseases too.


The comprehensive strategy that the human genome makes possible is a far cry from the traditional method of medical discovery with its heavy dependence on luck and inspiration.8In the age of genomics, researchers should be less dependent on happy accidents of the kind that accompanied Alexander Fleming’s discovery of penicillin. As it happens, the power of antibiotics is now waning as more and more species of bacteria acquire the genes to resist them. But instead of waiting for another Fleming, biologists can scan the genome of a pathogen, searching for weak points in its defenses where a drug or vaccine might be brought to bear. For any human disease the genome provides a powerful new starting point and a means of accelerating research leads from elsewhere.


The superlatives that flowed at the White House announcement were not without tangible basis. It is hard to think of any other body of knowledge that rivals the human genome in significance. It was a remarkable scientific triumph that the full sequence of the human genome should emerge less than fifty years after DNA had first been identified as the repository of hereditary information. Indeed, the goal of the public consortium is still to produce its final version of the genome in 2003,on the fiftieth anniversary of James Watson and Francis Crick’s 1953 discovery.


Watson, who had also played a central role in launching the public consortium’s project, was present in the audience. It was hard to tell how pleased he was with the turn of events. He had overcome the resistance of many leading biologists to win government support for the project and served as its first director at the National Institutes of Health. Yet for him the day’s triumph was bittersweet. The genome was complete, or almost so, but Venter, a man with whom Watson had had serious differences, had grabbed a large share of what would otherwise have been the Watson consortium’s credit for this most glorious of scientific achievements.


It was perhaps little solace that the president drew attention to Watson’s presence, noting his involvement in the discovery of both DNA and the genome sequence. After the ceremony, reporters surrounded Watson, seeking his reaction to the day’s event. But Watson, often candid to a fault, had strangely little to say. The genome, his silence implied, spoke for itself, and his own emotions about the race he had not quite won were not for others’ ears.







2


The Race for the Human Genome



James D. Watson’s career has spanned a remarkable period in the history of biology, from the discovery of the structure of DNA to the decoding of the human genome. Though these events were forty-seven years apart, Watson played a central role in both. But the genome sequence, which might have capped his career as an unalloyed triumph, was one he was compelled to share with an opponent whose style and character were not so dissimilar from his own.

Like Watson, J. Craig Venter is sharply focused on goals and pragmatic in achieving them. Both men are candid to a fault, often sharing thoughts or scathing criticisms that others would bite back. Yet both, despite their penchant for undiplomatic frankness, are successful organizers and builders of coalitions.


The contest between Venter and the consortium Watson put together was a political as well as a personal one. The consortium envisaged the genome sequence as the basic infrastructure for future biology, a public road that every researcher should have a right to travel. Venter believed his centralized attack on the genome would produce a better product sooner and that the small fee Celera would be obliged to charge academic departments was no different from a highway toll or a journal subscription. Watson’s idea of distributing the genome effort around several academic centers may have been politically adroit but made notechnical sense once a standard sequencing methodology had emerged. Sequencing the human genome in a dozen different academic centers, with different procedures and varying standards of quality control, was in Venter’s view a recipe for delay, if not outright disaster.


That Watson and Venter found themselves on opposite sides of the issue was a matter more of circumstances than of conviction. Watson had had to forge his consortium with money from governments and the Wellcome Trust of London before serious commercial backing became available. Venter spent the first part of his career in the public sector and might have continued to do so if Watson and other decision makers in the consortium had provided the support he sought from them. Only after the consortium had declined to embrace his ideas did Venter accept the private money that came chasing after them.


In the end it was hard for observers to know which contender to root for, since each embodied different virtues. The public consortium put together by Watson and his successor, Francis Collins, was engaged in an indisputably unselfish enterprise. By custom, academic scientists keep their findings to themselves for a few months so that they can gain credit on publication for harvesting the first fruits of their discoveries. But the consortium’s scientists agreed to make their human genome data available each night on public databases, taking no credit other than for producing it.


Besides being disinterested, the consortium, by Watson’s deliberate design, was international. “It wouldn’t be good if the Americans owned the genome,” he said.1He vigorously campaigned for Germany and Japan to join the project. As a result of his efforts, the consortium came to include laboratories in Britain, France, Germany, China and Japan. Although the vast bulk of the genome sequencing was accomplished by the centers in Britain and the United States, with Britain’s Wellcome Trust paying for 30 percent of the sequence, the consortium’s composition and openness refuted any charge that the United States was trying to appropriate the common heritage of humankind.


The consortium succeeded in putting an invaluable resource at researchers’ disposal. During the years from 1998 to the end of 2000,when the bulk of the human genome sequence was being decoded, biologists were able to tap into GenBank, the DNA database run by the National Institutes of Health, and search for human genes of interest, whereas Celera’s human genome was not accessible until early 2001.


Moreover, the consortium was a technical success. Despite its highly unwieldy, decentralized structure, it surmounted all obstacles and was on track to completing the human genome on time and within budget, a rare achievement for a government project.


But there was also outstanding merit in Venter’s approach. By tackling the genome in a single facility, he reaped the advantages of scale and uniform quality. Showing excellent technical judgment, he chose a faster strategy for decoding the genome. He put extra effort into computer analysis to offset his strategy’s higher risks, confounding his critics in the consortium who had rashly predicted that the strategy was bound to fail. Once his facility was up and running and his strategy proved by a test run on the genome of theDrosophilafruit fly, he sequenced the human genome in the amazingly brief period of ten months.


“Every time you are in Watson’s presence you realize you are in contact with a man who has changed the course of human history and who will be remembered long after you have turned into dust,” says Phillip Sharp, a leading biologist at the Massachusetts Institute of Technology.2Like many others, he ranks Watson and Crick in the same circle as Charles Darwin and Gregor Mendel as pivotal figures in the history of biology. But whereas Crick went on to dominate the early years of biological research that laid the foundations of molecular biology, Watson soon became a scientific administrator, building world class biology departments at Harvard and later at the Cold Spring Harbor Laboratory on Long Island, New York.


No one in Watson’s presence could imagine they were talking to an ordinary individual. His wayward wisps of gray hair suggest an obliviousness to routine concerns. As he talks he seems to stare past a visitor with his ice-blue eyes. Then suddenly his eyebrows arch, his face a pictureof astonishment, as if he himself were dazzled with the clarity of the point he has just made.


Clarity of vision has been a hallmark of Watson’s career. He discovered the structure of DNA at the age of twenty-five because he understood ahead of others that it must hold the answer to how the hereditary information is stored and duplicated. Crick figured out that the DNA molecule must consist of a double helix, two intertwined spiral chains, but it was Watson who first spotted how a pair of bases, one from each chain, must cross-link to form each step of the spiral staircase.


It was the same clarity of vision, some four decades later, that led Watson to see the necessity of sequencing the human genome. “It was so obvious you had to do it,” he said later. To him maybe, but many biologists strenuously opposed the idea, first formally proposed by Robert L. Sinsheimer of the University of California at Santa Cruz, at a meeting he convened in 1985.3The Department of Energy first took up the idea at its Los Alamos National Laboratory. The lab specialized in nuclear weapons design; its rationale for getting involved in the genome was that its radiation biologists needed to understand the genetic effects of radiation.


Watson believed strongly that if the human genome were to be sequenced, it should be done by academic biologists and therefore under the sponsorship of their federal government patron, the National Institutes of Health, or NIH. Many biologists opposed the project for the same reason: they feared that a big genome program by their patron agency would inevitably diminish the funds available for their own grants.


Molecular biologists were also intellectually opposed to projects designed just to gather data. Good science, in their view, is deductive, characterized by elegant experiments that test a specific hypothesis about how nature might work. Inductive science—the mere amassing of scientific facts—is more like stamp collecting than proper science in their view. “I think biology has been most effective as a cottage industry and should remain so as long as it can,” said David Baltimore, thenpresident of Rockefeller University and now president of Caltech.4Robert Weinberg, a cancer geneticist at the Whitehead Institute in Boston, said that sequencing the 97 percent of DNA that does not code for genes would be wasted effort because “I believe it will turn out to be biologically meaningless.”5


Watson urged on his colleagues the need for an NIH role in deciphering the genome and lobbied Congress to approve extra funds. Though he did not seek the role, it soon became clear that Watson was the most acceptable choice to lead the project, and in October 1988 he was appointed the first director of the Office of Genome Research within the NIH, a post he held until his resignation in 1992.


Watson quickly laid out the principal elements in the public consortium’s strategy. His decision to site genome institutes at several universities around the country instead of in some central location deftly defused academic opposition to government-directed research. It also helped spread the money to various constituencies, always a prudent disposition for projects that require annual appropriations from Congress.


Foreseeing the need to interpret the human genome once it was completed, Watson decreed that the genomes of several other organisms should be sequenced as part of the Human Genome Project. These included widely studied organisms such as the bacteriumEscherichia coli,theC. elegansroundworm, theDrosophilafruit fly, and the mouse.


Watson set the official start of the NIH’s Human Genome Project as October 1990, with the genome to be completed by 2005 at an expected cost of $3 billion. This proved to be a shrewd and remarkably accurate piece of technological forecasting. The projected budget assumed, correctly, that the cost of sequencing DNA would fall dramatically as techniques improved and efficiencies were gained. The 2005 goal, which seemed highly ambitious at the time, proved to be well attainable.


Another stamp of his stewardship was a program of ethical and legal studies on the consequences of the Human Genome Project. In the past Watson had often taken the lead in saying that the ethical issues raised bynew biology should be publicly examined. Many of his fellow biologists, though also concerned about ethical issues, tended to feel that difficult issues were best settled behind closed doors without causing agitation in the press or Congress. Watson was much readier to face the heat of public discussion. He believed that if the future medical benefits of biology were to be accepted, including some of the vexed choices made possible by advances in genetics, biology would have to visibly cleanse itself in the public mind of the stain of eugenics. This was an issue to which he was particularly sensitive because one of his predecessors as director of the Cold Spring Harbor Laboratory, Charles Davenport, had been a leader of the American eugenics movement in the 1930s.


One of Watson’s first acts as genome director at the NIH was to announce—without prior consultation with his officials—that 3 percent (later raised to 5 percent) of the NIH genome project’s budget would be devoted to ethical, legal, and social issues raised by genome sequencing.6


Although the administrative initiative for the Human Genome Project began in the United States, its practical roots lay in Britain, where its foundations were laid by two remarkable scientists, Fred Sanger and Sydney Brenner, both of whom worked in Cambridge for Britain’s Medical Research Council. Sanger devised the sequencing method and Brenner the biological context out of which the genome project grew. Born and educated in South Africa, Brenner was for many years a close colleague of Francis Crick at the Medical Research Council’s Laboratory of Molecular Biology in Cambridge, England. In the years following the discovery of the structure of DNA, Crick and Brenner figured out, through a remarkably elegant experiment, the way in which the hereditary information is stored in the sequence of bases strung along the backbone of the DNA molecule. The bases form a comma-less code in which each triplet of bases specifies an amino acid, one of the twenty different subunits of which proteins are constructed. Thus GGA codes for glycine, GCA for alanine, TAC for tyrosine and so forth, with the letters A, T, G and C standing for the four different kinds of base in DNA. There is no punctuation between the triplets of bases, so it is criticalfor the cell’s machinery to read the DNA tape in correct phase, meaning always to recognize the first letter of each triplet. If by some error, like the loss of a single base, the machinery should start decoding at the second letter of a triplet, a quite different series of amino acids will be specified and the resulting protein will be unable to perform its assigned task.
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