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1 Dublin, 1943–2012






How can the events in space and time, which take place within the boundaries of a living organism, be accounted for by physics and chemistry? … The obvious inability of present-day physics and chemistry to account for such events is no reason at all for doubting that they will be accounted for by those sciences.


—Erwin Schrödinger, What Is Life? (1944)1







“What is life?” Only three simple words, and yet out of them spins a universe of questions that are no less challenging. What precisely is it that separates the animate from the inanimate? What are the basic ingredients of life? Where did life first stir? How did the first organisms evolve? Is there life everywhere? To what extent is life scattered across the cosmos? If other kinds of creatures do exist on exoplanets, are they as intelligent as we are, or even more so?


Today these questions about the nature and origins of life remain the biggest and most hotly debated in all of biology. The entire discipline depends on it, and though we are still groping for all the answers, we have made huge progress in the past decades toward addressing them. In fact, we have advanced this quest further in living memory than during the ten thousand or so generations that modern humans have walked on the planet.2 We have now entered what I call “the digital age of biology,” in which the once distinct domains of computer codes and those that program life are beginning to merge, where new synergies are emerging that will drive evolution in radical directions.


If I had to pick the moment at which I believe that modern biological science was born, it would be in February 1943, in Dublin, when Erwin Schrödinger (1887–1961), an Austrian physicist, focused his mind on the central issue in all of biology. Dublin had become Schrödinger’s home in 1939, in part to escape the Nazis, in part because of its tolerance of his unconventional domestic life (he lived in a ménage à trois and pursued “tempestuous sexual adventures” for inspiration3), and in part because of the initiative of the then-Taoiseach (Gaelic for prime minister) of Ireland, Éamon de Valera, who had invited him to work there.


Schrödinger had won the Nobel Prize in 1933 for his efforts to devise an equation for quantum waves, one with the power to explain the behavior of subatomic particles, the universe itself, and everything in between. Now, ten years later, speaking under the auspices of the Dublin Institute for Advanced Studies, which he had helped to found with de Valera, Schrödinger gave a series of three lectures in Trinity College, Dublin, that are still quoted today. Entitled “What is Life? The Physical Aspect of the Living Cell,” the talks were inspired in part by his father’s interest in biology and in part by a 1935 paper 4 that resulted from an earlier encounter between physics and biology in prewar Germany. German physicists Karl Zimmer and Max Delbrück had then worked with the Russian geneticist Nikolai Timoféeff-Ressovsky to develop an estimate of a gene’s size (“about 1,000 atoms”), based on the ability of X-rays to damage genes and cause mutations in fruit flies.


Schrödinger began the series at 4:30 P.M. on Friday, February 5, with the Taoiseach sitting before him in the audience. A reporter from Time magazine was present and described how “crowds were turned away from a jam-packed scientific lecture. Cabinet ministers, diplomats, scholars and socialites loudly applauded a slight, Vienna-born professor of physics [who] has gone beyond the ambitions of any other mathematician.” The next day, The Irish Times carried an article on “The Living Cell and the Atom,” which began by describing Schrödinger’s aim to account for events within a living cell by using chemistry and physics alone. The lecture was so popular that he had to repeat the entire series on the following Mondays.


Schrödinger converted his lectures into a small book that was published the following year, two years before my own birth. What Is Life? has gone on to influence generations of biologists. (Fifty years after he had delivered these remarkable talks, Michael P. Murphy and Luke A. J. O’Neill, of Trinity, celebrated the anniversary by inviting outstanding scientists from a range of disciplines—a prestigious guest list that included Jared Diamond, Stephen Jay Gould, Stuart Kauffman, John Maynard Smith, Roger Penrose, Lewis Wolpert, and the Nobel laureates Christian de Duve and Manfred Eigen—to predict what the next half-century might hold.) I have read What Is Life? on at least five different occasions, and each time, depending on the stage of my career, its message has taken on different meanings along with new salience and significance.


The reason that Schrödinger’s slim volume has proved so influential is that, at its heart, it is simple: it confronted the central problems of biology—heredity and how organisms harness energy to maintain order—from a bold new perspective. With clarity and concision he argued that life had to obey the laws of physics and, as a corollary, that one could use the laws of physics to make important deductions about the nature of life. Schrödinger observed that chromosomes must contain “some kind of code-script determining the entire pattern of the individual’s future development.” He deduced that the code-script had to contain “a well-ordered association of atoms, endowed with sufficient resistivity to keep its order permanently” and explained how the number of atoms in an “aperiodic crystal” could carry sufficient information for heredity. He used the term “crystal” to suggest stability, and characterized it as “aperiodic,” which unlike a periodic, repeating pattern (which, explained The Irish Times, is like “a sheet of ordinary wallpaper when compared with an elaborate tapestry”), could have a high information content. Schrödinger argued that this crystal did not have to be extremely complex to hold a vast number of permutations and could be as basic as a binary code, such as Morse code. To my knowledge, this is the first mention of the fact that the genetic code could be as simple as a binary code.


One of the most remarkable properties of life is this ability to create order: to hone a complex and ordered body from the chemical mayhem of our surroundings. At first sight this capability seems to be a miracle that defies the gloomy second law of thermodynamics, which states that everything tends to slide from order toward disorder. But this law only applies to a “closed system,” like a sealed test tube, while living things are open (or are a small part of a larger closed system), being permeable to energy and mass in their surroundings. They expend large amounts of energy to create order and complexity in the form of cells.


Schrödinger dedicated much of his lecture to the thermodynamics of life, a topic that has been relatively underinvestigated compared with his insights into genetics and molecular biology. He described life’s “gift of concentrating a ‘stream of order’ on itself and thus escaping the decay into ‘atomic chaos’—and of ‘drinking orderliness’ from a suitable environment.” He had worked out how an “aperiodic solid” had something to do with this creative feat. Within the code-script lay the means to rearrange nearby chemicals so as to harness eddies in the great stream of entropy and to make them live in the form of a cell or body.


Schrödinger’s hypothesis would inspire a number of physicists and chemists to turn their attention to biology after they had become disenchanted with the contribution of their fields to the Manhattan Project, the vast effort to build the atomic bomb during the Second World War. At the time of Schrödinger’s lecture the scientific world believed that proteins and not DNA formed the basis of the genetic material. In 1944 came the first clear evidence that DNA was in fact the information-carrier, not protein. Schrödinger’s book motivated the American James Watson and Briton Francis Crick to seek that code-script, which ultimately led them to DNA and to discover the most beautiful structure in all biology, the double helix, within whose turns lay the secrets of all inheritance. Each strand of the double helix is complementary to the other, and they therefore run in opposite (anti-parallel) directions. As a result the double helix can unzip down the middle, and each side can serve as a pattern or template for the other, so that the DNA’s information can be copied and passed to progeny. On August 12, 1953, Crick sent Schrödinger a letter indicating as much, adding that “your term ‘aperiodic crystal’ is going to be a very apt one.”


In the 1960s the details of precisely how this code works were uncovered and then unraveled. This led to the formulation by Crick in 1970 of the “central dogma,” which defined the way that genetic information flows through biological systems. In the 1990s I would lead the team to read the first genome of a living cell and then lead one of the two teams that would read the human code-script, in a highly publicized race with Watson and others that was often heated, fractious, and political. By the turn of the millennium, we had our first real view of the remarkable details of the aperiodic crystal that contained the code for human life.


Implicit in Schrödinger’s thinking was the notion that this code-script had been sending out its signals since the dawn of all life, some four billion years ago. Expanding upon this idea, biologist and writer Richard Dawkins came up with the evocative image of a river out of Eden.5 This slow-flowing river consists of information, of the codes for building living things. The fidelity of copying DNA is not perfect, and together with oxidative and ultraviolet damage that has taken place in the course of generations, enough DNA changes have occurred to introduce new species variations. As a result, the river splits and bifurcates, giving rise to countless new species over the course of billions of years.


Half a century ago the great evolutionary geneticist Motoo Kimura estimated that the amount of genetic information has increased by one hundred million bits over the past five hundred million years.6 The DNA code-script has come to dominate biological science, so much so that biology in the twenty-first century has become an information science. Sydney Brenner, the Nobel Prize–winning South African biologist, remarked that the code-script “must form the kernel of biological theory.” 7 Taxonomists now use DNA bar codes to help distinguish one species from another.8 Others have started to use DNA in computation,9 or as a means to store information.10 I have led efforts not only to read the digital code of life but also to write it, to simulate it within a computer, and even to rewrite it to form new living cells.


On July 12, 2012, almost seven decades after Schrödinger’s original lectures, I found myself in Dublin, at the invitation of Trinity College. I was asked to return to Schrödinger’s great theme and attempt to provide new insights and answers to the profound question of defining life, based on modern science. Everyone is still interested in the answer, for obvious reasons, and I have very personal ones, too. As a young corpsman in Vietnam, I had learned to my amazement that the difference between the animate and inanimate can be subtle: a tiny piece of tissue can distinguish a living, breathing person from a corpse; even with good medical care, survival could depend in part on the patient’s positive thinking, on remaining upbeat and optimistic, proving a higher complexity can derive from combinations of living cells.


At 7:30 on a Thursday evening, with the benefit of decades of progress in molecular biology, I walked up to the same stage on which Schrödinger appeared, and like him appearing before the Taoiseach, in what was now the Examination Hall of Trinity College, a matchless backdrop. Under a vast chandelier, and before portraits of the likes of William Molyneux and Jonathan Swift, I gazed into an audience of four hundred upturned faces and the bright lights of cameras of every kind and description. Unlike Schrödinger’s lectures, I knew my own would be recorded, live-streamed, blogged, and tweeted about as I once again tackled the question that my predecessor had done so much to answer.


Over the next sixty minutes I explained how life ultimately consists of DNA-driven biological machines. All living cells run on DNA software, which directs hundreds to thousands of protein robots. We have been digitizing life for decades, since we first figured out how to read the software of life by sequencing DNA. Now we can go in the other direction by starting with computerized digital code, designing a new form of life, chemically synthesizing its DNA, and then booting it up to produce the actual organism. And because the information is now digital we can send it anywhere at the speed of light and re-create the DNA and life at the other end. Sitting next to Taoiseach Enda Kenny was my old self-proclaimed rival, James Watson. After I had finished, he climbed onto the stage, shook my hand, and graciously congratulated me on “a very beautiful lecture.”11


Life at the Speed of Light, which is based in part on my Trinity College lecture, is intended to describe the incredible progress that we have made. In the span of a single lifetime, we have advanced from Schrödinger’s “aperiodic crystal” to an understanding of the genetic code to the proof, through construction of a synthetic chromosome and hence a synthetic cell, that DNA is the software of life. This endeavor builds on tremendous advances over the last half-century, made by a range of extraordinarily gifted individuals in laboratories throughout the world. I will provide an overview of these developments in molecular and synthetic biology, in part to pay tribute to this epic enterprise, in part to acknowledge the contributions made by key leading scientists. My aim is not to offer a comprehensive history of synthetic biology but to shed a little light on the power of that extraordinarily cooperative venture we call science.


DNA, as digitized information, is not only accumulating in computer databases but can now be transmitted as an electromagnetic wave at or near the speed of light, via a biological teleporter, to re-create proteins, viruses, and living cells at a remote location, perhaps changing forever how we view life. With this new understanding of life, and the recent advances in our ability to manipulate it, the door cracks open to reveal exciting new possibilities. As the Industrial Age is drawing to a close, we are witnessing the dawn of an era of biological design. Humankind is about to enter a new phase of evolution.




2 Chemical Synthesis as Proof






This type of synthetic biology, a grand challenge to create artificial life, also challenges our definition-theory of life. If life is nothing more than a self-sustaining chemical system capable of Darwinian evolution and if we truly understand how chemistry might support evolution, then we should be able to synthesize an artificial chemical system capable of Darwinian evolution. If we succeed, the theories that supported our success will be shown to be empowering.… In contrast, if we fail to get an artificial life form after an effort to create a chemical system …, we must conclude that our theory of life is missing something.


—Steven A. Benner, 20091







Humans have long been fascinated with the notion of artificial life. From the medieval homunculus of Paracelsus and the golem of Jewish folklore to the creature of Mary Shelley’s Frankenstein and the “replicants” of Blade Runner, mythology, legend, and popular culture are replete with tales of synthetic and robotic life. However, devising a precise definition that captures the distinction between life and non-life, or between biological life and machine life, has been a major and continuing challenge for science and philosophy alike.


For centuries, a principal goal of science has been, first, to understand life at its most basic level and, second, to learn to control it. The German-born American biologist Jacques Loeb (1859–1924) was perhaps the first true biological engineer. In his laboratories in Chicago, New York, and Woods Hole, Massachusetts, he constructed what he referred to as “durable machines” in his 1906 book, The Dynamics of Living Matter.2 Loeb made two-headed worms and, most famously, caused the eggs of sea urchins to begin embryonic development without being fertilized by sperm.3 No wonder Loeb became the inspiration for the character of Max Gottlieb in Sinclair Lewis’s Pulitzer Prize–winning novel Arrowsmith, published in 1925, the first major work of fiction to idealize pure science, including the antibacterial power of viruses called bacteriophages.


Philip J. Pauly’s Controlling Life: Jacques Loeb and the Engineering Ideal in Biology (1987) cites a letter sent in 1890 from Loeb to the Viennese physicist and philosopher Ernst Mach (1838–1916), in which Loeb stated, “The idea is now hovering before me that man himself can act as a creator, even in living Nature, forming it eventually according to his will. Man can at least succeed in a technology of living substance [einer Technik der lebenden Wesen].” Fifteen years later Loeb prefaced a volume of his scientific papers with the explanation that “in spite of the diversity of topics, a single leading idea permeates all the papers of this collection, namely, that it is possible to get the life-phenomena under our control, and that such a control and nothing else is the aim of biology.”


The origins of Loeb’s mechanistic view of life can in fact be glimpsed centuries before his correspondence with Mach. Some of the earliest theories of life were “materialistic” in contrast to those that relied on a nonphysical process that lay outside material nature and relied on a supernatural means of creation. Empedocles (c. 490–430 B.C.) argued that everything—including life—is made up of a combination of four eternal “elements” or “roots of all”: earth, water, air, and fire. Aristotle (384–322 B.C.), one of the original “materialists,” divided the world into the three major groups of animal, vegetable, and mineral, a classification that is still taught in schools today. In 1996 my team sequenced the first Archaeal genome. This sequence was touted by many as proof that the Archaea, as first proposed by American microbiologist Carl Woese, represents a third branch of life. When the news broke, the television anchor Tom Brokaw asked rhetorically, “We have animal, vegetable, and mineral. What could the new branch be?”


As understanding deepened, thinkers became more ambitious. Among the Greeks, the idea of altering nature to suit human desires or seeking to control it was seen as absurd. But since the birth of the Scientific Revolution, in the sixteenth century, a principal goal of science has not only been to investigate the cosmos at its most basic level but also to master it. Francis Bacon (1561–1626), the English polymath who gave us empiricism, in effect remarked that it was better to show than merely to tell: the Greeks “assuredly have that which is characteristic of boys; they are prompt to prattle but cannot generate; for their wisdom abounds in words but is barren of works … From all these systems of the Greeks, and their ramifications through particular sciences, there can hardly after the lapse of so many years be adduced a single experiment which tends to relieve and benefit the condition of man.”


In Bacon’s utopian novel, New Atlantis (1623),4 he outlined his vision of a future marked by human discovery and even envisaged a state-sponsored scientific institution, Salomon’s House,5 in which the goal is to “establish dominion over Nature and effect all things possible.” His novel describes experiments with “beasts and birds” and what sounds like genetic modification: “By art likewise we make them greater or smaller than their kind is, and contrariwise dwarf them and stay their growth; we make them more fruitful and bearing than their kind is, and contrariwise barren and not generative. Also we make them differ in color, shape, activity, many ways.” Bacon even alludes to the ability to design life: “Neither do we this by chance, but we know beforehand of what matter and commixture, what kind of those creatures will arise.”6


In this search for power over Nature, science sees a union of the quest for understanding with the service of man. René Descartes (1596–1650), a pioneer of optics whom we all associate with “I think, therefore I am,” also looked forward in his Discourse on the Method (1637) to a day when mankind would become “masters and possessors of nature.” Descartes and his successors extended mechanistic explanations of natural phenomena to biological systems and then explored its implications. From the very birth of this great endeavor, however, critics have expressed concerns that wider moral and philosophical issues were being neglected in the quest for efficient mastery over nature. With the Faust-like spirit of modern science came a debate about the appropriateness of humanity’s “playing God.”


There was no question, to some, that the supreme example of assuming the role of deity was the creation of something living in a laboratory. In his book The Nature and Origin of Life: In the Light of New Knowledge (1906) the French biologist and philosopher Félix Le Dantec (1869–1917) discusses the evolution—or “transformism,” the term used in pre-Darwinian discussions in France of species change—of modern species from an early, much simpler organism, “a living protoplasm reduced to the minimum sum of hereditary characters.” He wrote, “Archimedes said, in a symbolic proposition which taken literally is absurd: ‘Give me a support for a lever and I will move the world.’ Just so the Transformist of today has the right to say: Give me a living protoplasm and I will re-make the whole animal and vegetable kingdoms.” Le Dantec realized only too well that this task would be hard to achieve with the primitive means at his disposal: “Our acquaintance with colloids [macromolecules] is still so recent and rudimentary that we ought not to count on any speedy success in the efforts to fabricate a living cell.” Le Dantec was so certain that the future would bring synthetic cells that he argued, “With the new knowledge acquired by science, the enlightened mind no longer needs to see the fabrication of protoplasm in order to be convinced of the absence of all essential difference and all absolute discontinuity between living and non-living matter.”7


In the previous century, the boundary between the animate and inanimate had been probed by chemists, including Jöns Jacob Berzelius (1779–1848), a Swedish scientist who is considered one of the pioneers of modern chemistry. Berzelius had pioneered the application of atomic theory to “living” organic chemistry,8 building on the work of the French father of chemistry, Antoine Lavoisier (1743–1794), and others. He defined the two major branches of chemistry as “organic” and “inorganic”; organic compounds being those that are distinct from all other chemistry by containing carbon atoms. The first-century application of the term “organic” meant “coming from life.” But around the time Berzelius came up with the definitions that we still use today in his influential chemistry textbook in the early nineteenth century, the vitalists and neo-vitalists saw the organic world even more uniquely: “Organic substances have at least three constituents … they cannot be prepared artificially … but only through the affinities associated with vital force. It is made clear that the same rules cannot apply to both organic and inorganic chemistry, the influence of the vital force being essential.”9


The German chemist Friedrich Wöhler (1800–1882), who worked briefly with Berzelius, has long been credited with a discovery that “disproved” vitalism: the chemical synthesis of urea. You will still find references to his experimentum crucis in modern textbooks, lectures, and articles. The achievement was a signal moment in the annals of science, marking the beginning of the end of an influential idea that dated back to antiquity—namely, that there was a “vital force” that distinguished the animate from the inanimate, a distinctive “spirit” that infused all bodies to give them life. From mere chemicals Wöhler seemed to have created something of life itself—a unique moment full of possibilities. With a single experiment, he had transformed chemistry—which, until then, had been divided up into separate domains of life molecules and non-life chemicals—and moved the needle one more notch away from superstition and toward science. His advance came only a decade after Mary Shelley’s gothic tale Frankenstein was published, itself having appeared only a few years after Giovanni Aldini (1762–1834) attempted to revive a dead criminal with electric shocks.


Wöhler explained his breakthrough in a letter to Berzelius dated January 12, 1828,10 describing the moment when, at the Polytechnic School in Berlin, he accidentally created urea, the main nitrogen-carrying compound found in the urine of mammals. Wöhler had been attempting to synthesize oxalic acid, a constituent of rhubarb, from the chemicals cyanogen and aqueous ammonia, and ended up with a white crystalline substance. Using careful experimentation, he provided an accurate analysis of natural urea and demonstrated that it had exactly the same composition as his crystals. Until then, urea had only been isolated from animal sources.


Anxious that he had not heard back from Berzelius, Wöhler wrote again, in a letter dated February 22, 1828:
 



I hope that my letter of January 12th has reached you and although I have been living in a daily or even hourly hope of a reply I will not wait any longer but write to you now because I can no longer, as it were, hold back my chemical urine, and I hope to let out that I can make urea without needing a kidney, whether of man or dog; the ammonium salt of cyanic acid is urea.… The supposed ammonium cyanate was easily obtained by reacting lead cyanate with ammonium solution. Silver cyanate and ammonium chloride solution are just as good. Four-sided right-angled prisms, beautifully crystalline, were obtained; when these were treated with acids no cyanic acids were liberated and with alkali no trace of ammonia. But with nitric acid lustrous flakes of an easily crystallized compound, strongly acid in character, were formed; I was disposed to accept this as a new acid for when it was heated neither nitric nor nitrous acid was evolved but a great deal of ammonia. Then I found that if it were saturated with alkali the so-called ammonium cyanate re-appeared and this could be extracted with alcohol. Now, quite suddenly, I had it! All that was needed was to compare urea from urine with this urea from a cyanate.11








When Berzelius finally responded, his reaction was both playful and enthusiastic: “After one has begun his immortality in urine, no doubt every reason is present to complete his ascension in the same thing—and truly, Herr Doctor has actually devised a trick that leads down the true path to an immortal name.… This will certainly be very enlightening for future theories.”


That indeed seemed to be the case. In September 1837 the learned society known as the British Association for the Advancement of Science was addressed in Liverpool by Justus von Liebig (1803–1873), an influential figure who had made key advances in chemistry, such as revealing the importance of nitrogen as a plant nutrient.12 Von Liebig discussed Wöhler’s “extraordinary and to some extent inexplicable production of urea without the assistance of the vital functions,” adding that “a new era in science has commenced.”13


Wöhler’s feat soon began to be reported in textbooks, notably in Hermann Franz Moritz Kopp’s History of Chemistry (1843), which described how it “destroyed the formerly accepted distinction between organic and inorganic bodies.” By 1854 the significance of Wöhler’s synthesis of urea was underscored when another German chemist, Hermann Kolbe, wrote that it had always been believed that the compounds in animal and plant bodies “owe their formation to a quite mysterious inherent force exclusive to living nature, the so called life force.” 14 But now, as a result of Wöhler’s “epochal and momentous” discovery, the divide between organic and inorganic compounds had crumbled.


As with the reexamination of many historic events, however, the “revised story” of Wöhler’s work can provide new insights that may surprise anyone who accepts the traditional textbook accounts—what the historian of science Peter Ramberg calls the Wöhler Myth. That myth reached its apotheosis in 1937, in Bernard Jaffe’s Crucibles: The Lives and Achievements of the Great Chemists, a popular history of chemistry that depicted Wöhler as a young scientist who toiled in the “sacred temple” of his laboratory to discredit the mysterious vital force.


Ramberg points out that, given the status of Wöhler’s achievement as an experimental milestone, there are surprisingly few known contemporary accounts of the reaction to it. While Berzelius was clearly excited by Wöhler’s work, it was not so much in the context of vitalism as it was because the synthesis of urea marked the transformation of a salt-like compound into one that had none of the properties of salt. By showing that ammonium cyanate can become urea through an internal arrangement of its atoms, without gaining or losing in weight, Wöhler had furnished one of the first and best examples of what chemists call isomerism. In doing so he helped to demolish the old view that two bodies that had different physical and chemical properties could not have the same composition.15


Historians now generally agree that a single experiment was not responsible for founding the field of organic chemistry. Wöhler’s synthesis of urea appears to have had little actual impact on vitalism. Berzelius himself thought that urea, a waste product, was not so much an organic chemical as a substance that occupied the “milieu” between organic and inorganic.16 Moreover, Wöhler’s starting materials had themselves been derived from organic materials, rather than from inorganic ingredients. Nor was his feat unique: four years earlier, he himself had artificially produced another organic compound, oxalic acid, from water and cyanogen.17 The historian of science John Brooke called the Wöhler synthesis of urea ultimately “no more than a minute pebble obstructing a veritable stream of vitalist thought.”


Vitalism, like religion, has not simply disappeared in response to new scientific discoveries. It takes the accumulated weight of evidence from many experiments to displace a belief system. The continual advance of science has progressively staunched vitalism, though the effort has taken centuries, and even today the program to extinguish this mystical belief conclusively is not yet complete.


Some of the key discoveries that should have undermined the ancient idea of vitalism date back to 1665, when Robert Hooke (1635–1703), with his pioneering use of a microscope, discovered the first cells. Since his efforts and those of other innovators such as the Dutchman Antonie van Leeuwenhoek (1632–1723), we have accumulated evidence that cells evolved as the primary biological structure for all that we know as life. Vitalism faced more serious challenges with the emergence of modern science during the sixteenth and seventeenth centuries. By 1839, a little over a decade after Wöhler’s urea synthesis, Matthias Jakob Schleiden (1804–1881) and Theodor Schwann (1810–1882) wrote, “All living things are composed of living cells.” In 1855 Rudolf Virchow (1821–1902), the father of modern pathology, proposed what was called the Biogenic Law: Omnis cellula e cellula, or “All living cells arise from pre-existing cells.” This stood in marked contrast to the notion of “spontaneous generation,” which dates back to the Romans and, as the name suggests, posits that life can arise spontaneously from non-living matter, such as maggots from rotting meat or fruit flies from bananas.


In his famous 1859 experiments Louis Pasteur (1822–1895) disproved spontaneous generation by means of a simple experiment. He boiled broth in two different flasks, one with no cover and open to the air, one with an S-curved top containing a cotton plug. After the flask open to the air cooled, bacteria grew in it, but none grew in the second flask. Pasteur is credited with having proved that microorganisms are everywhere, including the air. As was the case with Wöhler, the full details of his experimental evidence were not as conclusive as has often been portrayed, and it would take the subsequent work of German scientists to provide definitive proof.18


Pasteur’s experiments led some subsequent scientists to rule out the possibility that life had originally developed from, or could be developed out of, inorganic chemicals. In 1906 the French biologist and philosopher Félix Le Dantec wrote, “It is often said that Pasteur demonstrated the uselessness of such efforts as … men of science endeavoring to reproduce life in their laboratories. Pasteur showed only this: By taking certain precautions we can keep all invasion on the part of living species actually existing in certain substances which might serve them as food. And that is all. The problem of protoplasm synthesis remains what it was.”19


Although Pasteur had shown how to exclude life from a sterile environment, he had not advanced our understanding of how, over billions of years, life had become established on the infant Earth. In 1880 the German evolutionary biologist August Weismann (1834–1914) introduced an important corollary to the Biogenic Law which pointed back to the ultimate origin: “Cells living today can trace their ancestry back to ancient times.” In other words, there must be a common ancestral cell. And that, of course, takes us to Charles Darwin’s revolutionary work, On the Origin of Species (1859). Darwin (1809–1882), along with the British naturalist and explorer Alfred Russel Wallace (1823–1913), argued that there exists within all creatures’ variations or changes in the species characteristics that are passed down through the generations. Some variations result in advantageous forms that thrive with each successive generation, so they—and their genes—become more common. This is natural selection. In time, as novel versions accumulate, a lineage may evolve to such an extent that it can no longer exchange genes with others that were once its kin. In this way, a new species is born.


Despite such scientific advances, vitalism had passionate advocates into the twentieth century. Among them was Hans Driesch (1867–1941), an eminent German embryologist who, because the intellectual problem of the formation of a body from a patternless single cell seemed to him otherwise insoluble, had turned to the idea of entelechy (from the Greek entelécheia), which requires a “soul,” “organizing field,” or “vital function” to animate the material ingredients of life. In 1952 the great British mathematician Alan Turing would show how a pattern could emerge in an embryo de novo.20 Likewise, the French philosopher Henri-Louis Bergson (1874–1948) posited an élan vital to overcome the resistance of inert matter in the formation of living bodies. Even today, although most serious scientists believe vitalism to be a concept long since disproven, some have not abandoned the notion that life is based on some mysterious force. Perhaps this should not come as a surprise: the word vitalism has always had as many meanings as it has had supporters, and a widely accepted definition of life remains elusive.


In our own time a new kind of vitalism has emerged. In this more refined form the emphasis is not so much on the presence of a vital spark as on how current reductionist, materialist explanations seem inadequate to explain the mystery of life. This line of thought reflects the belief that the complexity of a living cell arises out of vast numbers of interacting chemical processes forming interconnected feedback cycles that cannot be described merely in terms of those component processes and their constituent reactions. As a result, vitalism today manifests itself in the guise of shifting emphasis away from DNA to an “emergent” property of the cell that is somehow greater than the sum of its molecular parts and how they work in a particular environment.


This subtle new vitalism results in a tendency by some to downgrade or even ignore the central importance of DNA. Ironically, reductionism has not helped. The complexity of cells, together with the continued subdivision of biology into teaching departments in most universities, has led many down the path of a protein-centric versus a DNA-centric view of biology. In recent years, the DNA-centric view has seen an increasing emphasis on epigenetics, the system of “switches” that turns genes on and off in a cell in response to environmental factors such as stress and nutrition. Many now behave as if the field of epigenetics is truly separate from and independent of DNA-driven biology. When one attributes unmeasurable properties to the cell cytoplasm, one has unwittingly fallen into the trap of vitalism. The same goes for the emphasis of the mysterious emergent properties of the cell over DNA, which is tantamount to a revival of Omnis cellula e cellula, the idea that all living cells arise from pre-existing cells.


It is certainly true that cells have evolved as the primary biological foundation for all that we know as life. Understanding their structure and content has, as a result, been the basis for the important central disciplines of cell biology and biochemistry/metabolism. However, as I hope to make clear, cells will die in minutes to days if they lack their genetic information system. The longest exception to this are our red blood cells that have a half-life of 120 days. Without genetic information cells have no means to make their protein components or their envelope of lipid molecules, which form the membrane that holds their watery contents. They will not evolve, they will not replicate, and they will not live.


Despite our recognition that the myth that has obscured Wöhler’s synthesis of urea does not accurately reflect the historical facts of the case, the fundamental logic of his experiment still exerts a powerful and legitimate influence on scientific methods. Today it is standard practice to prove a chemical structure is correct by undertaking that chemical’s synthesis and demonstrating that the synthetic version has all the properties of a natural product. Tens of thousands of scientific papers start with this premise or contain the phrase “proof by synthesis.” My own research has been guided by the principles of Wöhler’s 1828 letter. When in May 2010 my team at the J. Craig Venter Institute (JCVI) synthesized an entire bacterial chromosome from computer code and four bottles of chemicals, then booted up the chromosome in a cell to create the first synthetic organism, we drew parallels to the work of Wöhler21 and his “synthesis as proof.”


The materialistic view of life as machines has led some to attempt the creation of artificial life outside of biology, with mechanical systems and mathematical models. By the 1950s, when DNA was finally becoming accepted as the genetic material, the mechanistic approach had already been aired in the scientific literature. In this version, life would arise from complex mechanisms, rather than complex chemistry. In 1929 the young Irish crystallographer John Desmond Bernal (1901–1971) imagined the possibility of machines with a lifelike ability to reproduce themselves, in a “ post-biological future” he described in The World, the Flesh & the Devil: “To make life itself will be only a preliminary stage. The mere making of life would only be important if we intended to allow it to evolve of itself anew.”


A logical recipe to create these complex mechanisms was developed in the next decade. In 1936 Alan Turing, the cryptographer and pioneer of artificial intelligence, described what has come to be known as a Turing machine, which is described by a set of instructions written on a tape. Turing also defined a universal Turing machine, which can carry out any computation for which an instruction set can be written. This is the theoretical foundation of the digital computer.


Turing’s ideas were developed further in the 1940s, by the remarkable American mathematician and polymath John von Neumann, who conceived of a self-replicating machine. Just as Turing had envisaged a universal machine, so von Neumann envisaged a universal constructor. The Hungarian-born genius outlined his ideas in a lecture, “The General and Logical Theory of Automata,” at the 1948 Hixon Symposium, in Pasadena, California. He pointed out that natural organisms “are, as a rule, much more complicated and subtle, and therefore much less well understood in detail than are artificial automata”; nevertheless, he maintained that some of the regularities we observe in the former might be instructive in our thinking about and planning of the latter.


Von Neumann’s machine includes a “tape” of cells that encodes the sequence of actions to be performed by it. Using a writing head (termed a “construction arm”) the machine can print out (construct) a new pattern of cells, enabling it to make a complete copy of itself, and the tape. Von Neumann’s replicator was a clunky-looking structure consisting of a basic box of eighty by four hundred squares, the constructing arm, and a “Turing tail,” a strip of coded instructions consisting of another one hundred and fifty thousand squares. (“[Turing’s] automata are purely computing machines,” explained von Neumann. “What is needed … is an automaton whose output is other automata.” 22) In all, the creature consisted of about two hundred thousand such “cells.” To reproduce, the machine used “neurons” to provide the logical control, transmission cells to carry messages from the control centers, and “muscles” to change the surrounding cells. Under the instructions of the Turing tail, the machine would extend the arm, and then scan it back and forth, creating a copy of itself by a series of logical manipulations. The copy could then make a copy, and so on and so forth.


The nature of those instructions became clearer as the digital world and the biological worlds of science advanced in parallel during this period. Erwin Schrödinger wrote then what appears to be the first reference to his “ code-script”: “It is these chromosomes, or probably only an axial skeleton fiber of what we actually see under the microscope as the chromosome, that contain in some kind of code-script the entire pattern of the individual’s future development and of its functioning in the mature state.” Schrödinger went on to state that the “ code-script” could be as simple as a binary code: “Indeed, the number of atoms in such a structure need not be very large to produce an almost unlimited number of possible arrangements. For illustration, think of the Morse code. The two different signs of dot and dash in well-ordered groups of not more than four allow of thirty different specifications.”23


Even though von Neumann conceived his self-replicating automaton some years before the actual hereditary code in the DNA double helix was discovered, he did lay stress on its ability to evolve. He told the audience at his Hixon lecture that each instruction that the machine carried out was “roughly effecting the functions of a gene” and went on to describe how errors in the automaton “can exhibit certain typical traits which appear in connection with mutation, lethally as a rule, but with a possibility of continuing reproduction with a modification of traits.” As the geneticist Sydney Brenner has remarked, it can be argued that biology offers the best real-world examples of the machines of Turing and von Neumann: “The concept of the gene as a symbolic representation of the organism—a code script—is a fundamental feature of the living world.”24


Von Neumann followed up on his original notion of a replicator by conceiving of a purely logic-based automaton, one that did not require a physical body and a sea of parts but was based instead on the changing states of the cells in a grid. His colleague at Los Alamos, New Mexico (where they worked on the Manhattan project), Stanislaw Ulam, had suggested that von Neumann develop his design using a mathematical abstraction, such as the one Ulam himself had used to study crystal growth. Von Neumann unveiled the resulting “ self-reproducing automaton”—the first cellular automaton—at the Vanuxem Lectures on “Machines and Organisms” at Princeton University, New Jersey, between March 2 and 5, 1953.


While efforts continued to model life, our understanding of the actual biology underlying it changed when, on April 25, 1953, James Watson and Francis Crick published a milestone paper in the journal Nature, 25 “Molecular Structure of Nucleic Acids: A Structure for Deoxyribose Nucleic Acid.” Their study, based in Cambridge, England, proposed the double helical structure of DNA, based on X-ray crystal data obtained by Rosalind Franklin and Raymond Gosling at King’s College London. Watson and Crick described the elegantly functional molecular structure of the double helix, and how DNA is reproduced so its instructions can be passed down the generations. This is nature’s self-reproducing automaton.


The onset of efforts to create another kind of self-reproducing automaton, along with the beginnings of artificial-life research, date back to around this period, when the first modern computers came into use. The discovery of the coded nature of life’s genetic information system led naturally to parallels with Turing machines. Turing himself, in his key 1950 paper on artificial intelligence, discussed how survival of the fittest was “a slow method” that could possibly be given a boost, not least because an experimenter was not restricted to random mutations.26
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"This book should be read for its prophecies, because they come
from a man who is a doer, not a dreamer’
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