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‘The curiosity remains … to grasp more clearly how the same matter, which in physics and in chemistry displays orderly and reproducible and relatively simple properties, arranges itself in the most astounding fashions as soon as it is drawn into the orbit of the living organism. The closer one looks at these performances of matter in living organisms the more impressive the show becomes. The meanest living cell becomes a magic puzzle box full of elaborate and changing molecules …’

– Max Delbrückfn1






Preface

There are many books about what life does. This is a book about what life is. I’m fascinated by what makes organisms tick, what enables living matter to do such astounding things – things beyond the reach of non-living matter. Where does the difference come from? Even a humble bacterium accomplishes things so amazing, so dazzling, that no human engineer can match it. Life looks like magic, its secrets cloaked by a shroud of impenetrable complexity. Huge advances in biology over the past decades have served only to deepen the mystery. What gives living things that enigmatic oomph that sets them apart from other physical systems as remarkable and special? And where did all this specialness come from in the first place?

That’s a lot of questions – big questions too. I’ve been preoccupied with them for much of my working life. I’m not a biologist, I’m a physicist and cosmologist, so my approach to tackling big questions is to dodge most of the technicalities and home in on the basic principles. And that’s what I do in this book. I’ve tried to focus on the puzzles and concepts that really matter in an attempt to answer the burning question: what is life? I am by no means the first physicist to ask it; I take as my starting point a series of famous lectures entitled ‘What is Life?’ by the great quantum physicist Erwin Schrödinger, delivered three generations ago, addressing a question that Darwin dodged. However, I think we are now on the threshold of answering Schrödinger’s question, and the answer will usher in a whole new era of science.

The huge gulf that separates physics and biology – the realm of atoms and molecules from that of living organisms – is unbridgeable without fundamentally new concepts. Living organisms have goals and purposes – the product of billions of years of evolution – whereas atoms and molecules just blindly follow physical laws. Yet somehow the one has to come out of the other. Although the need to reconceptualize life as a physical phenomenon is widely acknowledged in the scientific community, scientists frequently downplay how challenging a full understanding of the nature and origin of life has proved to be.

The search for a ‘missing link’ that can join non-life and life in a unitary framework has led to an entirely new scientific field at the interface of biology, physics, computing and mathematics. It is a field ripe with promise not only for finally explaining life but in opening the way to applications that will transform nanotechnology and lead to sweeping advances in medicine. The unifying concept that underlies this transformation is information, not in its prosaic everyday sense but as an abstract quantity which, like energy, has the ability to animate matter. Patterns of information flow can literally take on a life of their own, surging through cells, swirling around brains and networking across ecosystems and societies, displaying their own systematic dynamics. It is from this rich and complex ferment of information that the concept of agency emerges, with its links to consciousness, free will and other vexing puzzles. It is here, in the way living systems arrange information into organized patterns, that the distinctive order of life emerges from the chaos of the molecular realm.

Scientists are just beginning to understand the power of information as a cause that can actually make a difference in the world. Very recently, laws that interweave information, energy, heat and work have been applied to living organisms, from the level of DNA, through cellular mechanisms, up to neuroscience and social organization, extending even to a planetary scale. Looking through the lens of information theory, the picture of life that emerges is very far from the traditional account of biology, which emphasizes anatomy and physiology.

Many people have helped me in assembling the contents of this book. A lot of the ideas I present here originate with my colleague Sara Walker, Deputy Director of the Beyond Center for Fundamental Concepts in Science, who has greatly influenced my thinking over the past five years. Sara shares my enthusiasm for seeking a grand unified theory of physics and biology organized around the concept of information. ‘Life is the next great frontier of physics!’ she declares. I have also benefited greatly from discussions with the students and postdocs in our group at Arizona State University (ASU). Special mention must go to Alyssa Adams, Hyunju Kim and Cole Matthis. Among my many brilliant colleagues at ASU, Athena Aktipis, Ariel Anbar, Manfred Laubichler, Stuart Lindsay, Michael Lynch, Carlo Maley, Timothea Newman (now at the University of Dundee) and Ted Pavlic have been especially helpful. Farther afield, I greatly value my many conversations over several years with Christoph Adami at Michigan State University, Gregory Chaitin of the Federal University of Rio de Janeiro, James Crutchfield at the University of California Davis, Andrew Briggs at the University of Oxford, David Chalmers at New York University, Lee Cronin at Glasgow University, Max Tegmark at MIT, Steven Benner at the Foundation for Applied Molecular Evolution, Michael Berry at Bristol University, George Ellis at the University of Cape Town, Piet Hut at the Earth Life Sciences Institute in Tokyo and the Institute for Advanced Study in Princeton, Stuart Kauffman of the Institute of Systems Biology, Charles Lineweaver at the Australian National University, who playfully disagrees with almost everything I say and write, and Christopher McKay at NASA Ames.

Also in Australia, Derek Abbott at the University of Adelaide has clarified several aspects of the physics of life for me, and John Mattick, the visionary director of the Garvan Institute in Sydney, has taught me that genetics and microbiology are not done deals. Paul Griffiths at the University of Sydney has provided me with deep insights into the nature of evolution and epigenetics, while Mikhail Prokopenko and Joe Lizier at the same university have shaped my thinking about network theory and provided some critical feedback. Johnjoe McFadden and Jim Al-Khalili at the University of Surrey, Birgitta Whaley at the University of California, Berkeley, and science writer Philip Ball provided valuable feedback on Chapter 5. Peter Hoffmann of Wayne State University kindly clarified some subtleties about ratchets. Giulio Tononi of the University of Wisconsin, Madison, and his colleagues Larissa Albantakis, and Erik Hoel, now at Columbia University, patiently tried to de-convolve my muddled thinking about integrated information. The Santa Fe Institute has also been a source of inspiration: David Krakauer and David Wolpert have dazzled me with their erudition. Michael Levin at Tufts University is a very valued collaborator and one of the most adventurous biologists I know. I also profited from some lively exchanges with computer engineer and business consultant Perry Marshall.

My foray into cancer research resulted in a rich network of distinguished and brilliant thinkers who have helped shape my understanding of cancer in particular and life in general. At ASU, I have worked closely with Kimberly Bussey and Luis Cisneros on cancer-related projects, and received important help from Mark Vincent at the University of Western Ontario and Robert Austin at Princeton University. My knowledge of cancer genetics was greatly improved by conversations with David Goode and Anna Trigos at the Peter MacCallum Centre in Melbourne, and James Shapiro at the University of Chicago. I have been influenced by the work of Mina Bissell, Brendon Coventry and Thea Tlsty: but there were many others, too numerous to list here. Thanks must also go to the National Cancer Institute, which very generously supported much of the cancer research reported here through a five-year grant, and to NantWorks, which continues to support it. It was the vision of Anna Barker, former deputy director of the National Cancer Institute and now an ASU colleague, that propelled me into cancer research in the first place. In addition, the Templeton World Charity Foundation has strongly supported our origin-of-life research group via their ‘Power of Information’ programme.

I should also like to thank Penguin Books, my loyal publisher, and particularly Tom Penn, Chloe Currens and Sarah Day for their splendid editorial input.

The final mention must go to Pauline Davies, who carefully read three entire drafts and sent each back for revision, heavily annotated. We have discussed many technical aspects of the book on a daily basis over the past year, and the content is greatly improved by her help. Without her unfailing support for the project, her remorseless cajoling and her razor-sharp intellect, it would never have been satisfactorily completed.

Paul Davies

Sydney and Phoenix, December 2017
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1

What is Life?

In February 1943 the physicist Erwin Schrödinger delivered a series of lectures at Trinity College in Dublin called What is Life? Schrödinger was a celebrity, a Nobel prizewinner, and world famous as an architect of quantum mechanics, the most successful scientific theory ever. It had already explained, within a few years of its formulation in the 1920s, the structure of atoms, the properties of atomic nuclei, radioactivity, the behaviour of subatomic particles, chemical bonds, the thermal and electrical properties of solids and the stability of stars.

Schrödinger’s own contribution had begun in 1926 with a new equation that still bears his name, describing how electrons and other subatomic particles move and interact. The decade or so that followed was a golden age for physics, with major advances on almost every front, from the discovery of antimatter and the expanding universe to the prediction of neutrinos and black holes, due in large part to the power of quantum mechanics to explain the atomic and subatomic world. But those heady days came to an abrupt end when in 1939 the world was plunged into war. Many scientists fled Nazi Europe for Britain or the United States to assist the Allied war effort. Schrödinger joined the exodus, leaving his native Austria after the Nazi takeover in 1938, but he decided to make a home in neutral Ireland. Ireland’s president, Éamon de Valera, himself a physicist, founded a new Institute for Advanced Studies in 1940 in Dublin. It was de Valera himself who invited Schrödinger to Ireland, where he stayed for sixteen years, accompanied by both wife and mistress living under the same roof.

In the 1940s biology lagged far behind physics. The details of life’s basic processes remained largely mysterious. Moreover, the very nature of life seemed to defy one of physics’ fundamental laws – the so-called second law of thermodynamics – according to which there is a universal tendency towards degeneration and disorder. In his Dublin lectures Schrödinger set out the problem as he saw it: ‘how can the events in space and time which take place within the spatial boundary of a living organism be accounted for by physics and chemistry?’ In other words, can the baffling properties of living organisms ultimately be reduced to atomic physics, or is something else going on? Schrödinger put his finger on the key issue. For life to generate order out of disorder and buck the second law of thermodynamics, there had to be a molecular entity that somehow encoded the instructions for building an organism, at once complex enough to embed a vast quantity of information and stable enough to withstand the degrading effects of thermodynamics. We now know that this entity is DNA.

In the wake of Schrödinger’s penetrating insights, which were published in book form the next year, the field of molecular biology exploded. The elucidation of the structure of DNA, the cracking of the genetic code and the merging of genetics with the theory of evolution followed swiftly. So rapid and so sweeping were the successes of molecular biology that most scientists adopted a strongly reductionist view: it did indeed seem that the astonishing properties of living matter could ultimately be explained solely in terms of the physics of atoms and molecules, without the need for anything fundamentally new. Schrödinger himself, however, was less sanguine: ‘… living matter, while not eluding the “laws of physics” as established up to date, is likely to involve “other laws of physics” hitherto unknown …’ he wrote.1 In this he was not alone. Fellow architects of quantum mechanics such as Niels Bohr and Werner Heisenberg also felt that living matter might require new physics.

Strong reductionism still prevails in biology. The orthodox view remains that known physics alone is all that is needed to explain life, even if most of the details haven’t been entirely worked out. I disagree. Like Schrödinger, I think living organisms manifest deep new physical principles, and that we are on the threshold of uncovering and harnessing those principles. What is different this time, and why it has taken so many decades to discover the real secret of life, is that the new physics is not simply a matter of an additional type of force – a ‘life force’ – but something altogether more subtle, something that interweaves matter and information, wholes and parts, simplicity and complexity.

That ‘something’ is the central theme of this book.


Box 1: The magic puzzle box

Ask the question ‘What is life?’ and many qualities clamour for our attention. Living organisms reproduce themselves, explore boundless novelty through evolution, invent totally new systems and structures by navigating possibility space along trajectories impossible to predict, use sophisticated algorithms to compute survival strategies, create order out of chaos, going against the cosmic tide of degeneration and decay, manifest clear goals and harness diverse sources of energy to attain them, form webs of unimaginable complexity, cooperate and compete … the list goes on. To answer Schrödinger’s question we have to embrace all these properties, connecting the dots from across the entire scientific spectrum into an organized theory. It is an intellectual adventure that interweaves the foundations of logic and mathematics, paradoxes of self-reference, the theory of computation, the science of heat engines, the burgeoning achievements of nanotechnology, the emerging field of far-from-equilibrium thermodynamics and the enigmatic domain of quantum physics. The unifying feature of all these subjects is information, a concept at once familiar and pragmatic but also abstract and mathematical, lying at the foundation of both biology and physics.

Charles Darwin famously wrote, ‘It is interesting to contemplate a tangled bank, clothed with many plants of many kinds, with birds singing on the bushes, with various insects flitting about, and with worms crawling through the damp earth, and to reflect that these elaborately constructed forms, so different from each other, and dependent upon each other in so complex a manner, have all been produced by laws acting around us.’2 What Darwin didn’t envisage is that threading through this manifest material complexity (the hardware of life) was an even more breathtaking informational complexity (the software of life), hidden from view but providing the guiding hand of both adaptation and novelty. It is here in the realm of information that we encounter life’s true creative power. Now, scientists are merging the hardware and software narratives into a new theory of life that has sweeping ramifications from astrobiology to medicine.



GOODBYE LIFE FORCE

Throughout history it was recognized that living organisms possess strange powers, such as the ability to move autonomously, to rearrange their environment and to reproduce. The philosopher Aristotle attempted to capture this elusive otherness with a concept known as teleology – derived from the Greek word telos, meaning ‘goal’ or ‘end’. Aristotle observed that organisms seem to behave purposefully according to some pre-arranged plan or project, their activities being directed or pulled towards a final state, whether it is seizing food, building a nest or procreating through sex.

In the early scientific era the view persisted that living things were made of a type of magic matter, or at least normal matter infused with an added ingredient. It was a point of view known as vitalism. Just what that extra essence might be was left vague; suggestions included air (the breath of life), heat, electricity, or something mystical like the soul. Whatever it might be, the assumption that a special type of ‘life force’ or ethereal energy served to animate matter was widespread into the nineteenth century.

With improvements in scientific techniques such as the use of powerful microscopes, biologists found more and more surprises that seemed to demand a life force. One major puzzle concerned embryo development. Who could not be astonished by the way that a single fertilized egg cell, too small to see with the unaided eye, can grow into a baby? What guides the embryo’s complex organization? How can it unfold so reliably to produce such an exquisitely arranged outcome? The German embryologist Hans Dreisch was particularly struck by a series of experiments he performed in 1885. Dreisch tried mutilating the embryos of sea urchins – a favourite victim among biologists – only to find they somehow recovered and developed normally. He discovered it was even possible to disaggregate the developing ball of cells at the four-cell stage and grow each individual cell into a complete sea urchin. Results such as these gave Dreisch the impression that the embryonic cells possessed some ‘idea in advance’ of the final shape they intended to create and cleverly compensated for the experimenter’s meddling. It was as if some invisible hand supervised their growth and development, effecting ‘mid-course corrections’ if necessary. To Dreisch, these facts constituted strong evidence for some form of vital essence, which he termed entelechy, meaning ‘complete, perfect, final form’ in Greek, an idea closely related to Aristotle’s notion of teleology.

But trouble was brewing for the life force. For such a force actually to accomplish something it must – like all forces – be able to move matter. And at first sight, organisms do indeed seem to be self-propelled, to possess some inner source of motive power. But exerting any kind of force involves expending energy. So, if the ‘life force’ is real, then the transfer of energy should be measurable. The physicist Hermann von Helmholtz investigated this very issue intensively in the 1840s. In a series of experiments he applied pulses of electricity to muscles extracted from frogs, which caused them to twitch, and carefully measured the minute changes in temperature that accompanied the movement. Helmholtz concluded that it was chemical energy stored in the muscles that, triggered by the jolt of electricity, became converted into the mechanical energy of twitching which, in turn, degraded into heat. The energy books balanced nicely without any evidence of the need for additional vital forces to be deployed. Yet it took several more decades for vitalism to fade away completely.fn1

But even without a life force, it’s hard to shake the impression that there is something special about living matter. The question is, what?

I became fascinated with this conundrum after reading Schrödinger’s book What is Life? as a student. At one level the answer is straightforward: living organisms reproduce, metabolize, respond to stimuli, and so forth. However, merely listing the properties of life does not amount to an explanation, which is what Schrödinger sought. As much as I was inspired by Schrödinger’s book, I found his account frustratingly incomplete. It was clear to me that life must involve more than just the physics of atoms and molecules. Although Schrödinger suggested that some sort of new physics might be at play, he didn’t say what. Subsequent advances in molecular biology and biophysics gave few clues. But very recently the outline of a solution has emerged, and it comes from a totally novel direction.

LIFE SPRINGS SURPRISES


‘Base metals can be transmuted into gold by stars, and by intelligent beings who understand the processes that power stars, and by nothing else in the universe.’

– David Deutsch3



Understanding the answer to Schrödinger’s question ‘What is life?’ means abandoning the traditional list of properties that biologists reel off, and beginning to think about the living state in a totally new way. Ask the question, ‘How would the world be different if there were no life?’ It is common knowledge that our planet has been shaped in part by biology: the build-up of oxygen in the atmosphere, the formation of mineral deposits, the worldwide effects of human technology. Many non-living processes also reshape the planet – volcanic eruptions, asteroid impacts, glaciation. The key distinction is that life brings about processes that are not only unlikely but impossible in any other way. What else can fly halfway round the world with pinpoint precision (the Arctic tern), convert sunlight into electrical energy with 90 per cent efficiency (leaves) or build complex networks of underground tunnels (termites)?

Of course, human technology – a product of life – can do these things too, and more. To illustrate: for 4.5 billion years, since the solar system formed, Earth has accumulated material – the technical term is ‘accretion’ – from asteroid and comet impacts. Objects of various sizes, from hundreds of kilometres across to tiny meteoric grains, have rained down throughout our planet’s history. Most people know about the dinosaur-destroying comet that slammed into what is now Mexico 65 million years ago, but that was just one instance. Aeons of bombardment means that our planet is slightly heavier today than it was in the past. Since 1958, however, ‘anti-accretion’ has occurred.4 Without any sort of geological catastrophe, a large swarm of objects has gone the other way – up from Earth into space, some to travel to the moon and planets, others to journey into the void for good; most of them have ended up orbiting Earth. This state of affairs would be impossible based purely on the laws of mechanics and planetary evolution. It is readily explained, however, by human rocket technology.

Another example. When the solar system formed, a small fraction of its initial chemical inventory included the element plutonium. Because the longest-lived isotope of plutonium has a half-life of about 81 million years, virtually all the primordial plutonium has now decayed. But in 1940 plutonium reappeared on Earth as a result of experiments in nuclear physics; there are now estimated to be a thousand tonnes of it. Without life, the sudden rise of terrestrial plutonium would be utterly inexplicable. There is no plausible non-living pathway from a 4.5-billion-year-old dead planet to one with deposits of plutonium.

Life does not merely effect these changes opportunistically, it diversifies and adapts, invading new niches and inventing ingenious mechanisms to make a living, sometimes in extraordinary ways. Three kilometres below ground in South Africa’s Mponeng gold mine colonies of exotic bacteria nestle in the microscopic pores of the torrid, gold-bearing rocks, isolated from the rest of our planet’s biosphere. There is no light to sustain them, no organic raw material to eat. The source of the microbes’ precarious existence is, astonishingly, radioactivity. Normally deadly to life, nuclear radiation emanating from the rocks provides the subterranean denizens with enough energy by splitting water into oxygen and hydrogen. The bacteria, known as Desulforudis audaxviator, have evolved mechanisms to exploit the chemical by-products of radiation, making biomass by combining the hydrogen with carbon dioxide dissolved in the scalding water that suffuses the rocks.

Eight thousand kilometres away, in the desiccated heart of the Atacama Desert in Chile, the fierce sun rises over a unique landscape. As far as the eye can see there is only sand and rock, unrelieved by signs of life. No birds, insects or plants embellish the view. Nothing scrambles in the dust, no green patches betray the presence of even simple algae. All known life needs liquid water, and it virtually never rains in this region of the Atacama, making it the driest, and deadest, place on the Earth’s surface.

The core of the Atacama is Earth’s closest analogue to the surface of Mars, so NASA has a field station there to test theories about Martian soil. The scientists went originally to study the outer limits of life – they like to say they are looking for death, not life – but what they found instead was startling. Scattered amid the outcrops of desert rock are weird, sand-encrusted shapes, pillars rising to a height of a metre or so, rounded and knobbed, resembling a riot of sculptures that might have been designed by Salvador Dalí. The mounds are in fact made of salt, remnants of an ancient lake long since evaporated. And inside the pillars, literally entombed in salt, are living microbes that eke out a desperate existence against all the odds. These very different weird organisms, named Chroococcidiopsis, get their energy not from radioactivity but, more conventionally, from photosynthesis; the strong desert sunlight penetrates their translucent dwellings. But there remains the question of water. This part of the Atacama Desert lies about a hundred kilometres inland from the cold Pacific Ocean, from which it is separated by a mountain range. Under the right conditions, fingers of sea mist meander through the mountain passes at night when the temperature plunges. The dank air infuses water molecules into the salt matrix. The water doesn’t form liquid droplets; rather, the salt becomes damp and sticky, a phenomenon well known to those readers who live in wet climes and are familiar with obstinate salt cellars. The absorption of water vapour into salt is called deliquescence, and it serves well enough – just – to keep the microbes happy for a while before the morning sun bakes the salt dry.

Desulforudis audaxviator and Chroococcidiopsis are two examples illustrating the extraordinary ability of living organisms to survive in dire circumstances. Other microbes are known to withstand extremes of cold or heat, salinity and metal contamination, and acidity fierce enough to burn human flesh. The discovery of this menagerie of resilient microbes living on the edge (collectively called extremophiles) overturned a long-standing belief that life could flourish only within narrow margins of temperature, pressure, acidity, and so forth. But life’s profound ability to create new physical and chemical pathways and to tap into a range of unlikely energy sources illustrates how, once life gets going, it has the potential to spread far beyond its original habitat and trigger unexpected transformations. In the far future, humans or their machine descendants may reconfigure the entire solar system or even the galaxy. Other forms of life elsewhere in the universe could already be doing something similar, or may eventually do so. Now that life has been unleashed into the universe, it has within it the potential to bring about changes of literally cosmic significance.

THE VEXING PROBLEM OF THE LIFE METER

There is a dictum in science that if something is real, then we ought to be able to measure it (and perhaps even tax it). Can we measure life? Or ‘degree of aliveness’? That may seem an abstract question, but it recently assumed a certain immediacy. In 1997 the US and European space agencies collaborated to send a spacecraft named Cassini to Saturn and its moons. Great interest was focused on the moon Titan, the largest in the solar system. Titan was discovered by Christiaan Huygens in 1655 and has long been a curiosity to astronomers, not only because of its size but because it is covered in clouds. Until the Cassini mission, what lay beneath was, literally, shrouded in mystery. The Cassini spacecraft conveyed a small probe, fittingly called Huygens, which was dropped through Titan’s clouds to land safely on the moon’s surface. Huygens revealed a landscape featuring oceans and beaches, but the oceans are made of liquid ethane and methane and the rocks are made of water ice. Titan is very cold, with an average temperature of −180oC.

Astrobiologists took a keen interest in the Cassini mission. It was already known that Titan’s atmosphere is a thick petrochemical smog, its clouds replete with organic molecules. However, due to the extreme cold, this body could not sustain life as we know it. There has been some speculation that an exotic form of life might be able to use liquid methane as a substitute for water, though most astrobiologists do not think that likely. However, even if Titan is completely dead, it is still very relevant to the puzzle of life. In effect, it constitutes a natural chemistry laboratory that has been steadily cooking up complex organic molecules for its entire lifespan of 4.5 billion years. Put more colourfully, Titan is a kind of gigantic failed biology experiment – which gets us right to the heart of the ‘what is life?’ problem. If Titan has travelled, chemically speaking, part-way down the long and convoluted path that on Earth culminated in life, how close has Titan come to the finishing line labelled ‘biology begins here’? Could it be that Titan is now in some sense fairly close to incubating life? Is there such a thing as ‘almost life’ that we might discover lurking in its murky clouds?

Put more starkly, is it possible to build some sort of life meter that can sample Titan’s organic-laden atmosphere and deliver a number? Imagine a future mission followed by an announcement from the scientific team: ‘Over a period of 4.5 billion years the smog on Titan succeeded in getting 87.3 per cent of the way to life.’ Or perhaps, ‘Titan managed to travel only 4 per cent of the long journey from organic building blocks to a simple living cell.’

These statements sound ridiculous. But why?

Of course, we do not possess a life meter. More to the point, it is very unclear how such a device would even work in principle. What exactly would it measure? Richard Dawkins introduced an engaging metaphor to illustrate the process of biological evolution, called Mount Improbable.5 Complex life is a priori exceedingly unlikely. It exists only because, starting with very simple microbial organisms, evolution by natural selection has incrementally fashioned it over immense periods of time. In the metaphor, the ancestors of today’s complex life forms (such as humans) can be envisaged as climbing higher and higher up the mountain (in the complexity sense) over billions of years. Fair enough. But what about the first step, the transformation from non-life to life, the road from a mishmash of simple chemicals to a primitive living cell? Was that also a climb up a sort of prebiotic, chemical version of Mount Improbable? It seems it must be so. The transition from a random mixture of simple molecules to a fully functional organism obviously didn’t happen in one huge, amazing chemical leap. There must have been a long journey through intermediate steps. Nobody knows what those steps were (apart perhaps from the very first ones; see here). In fact, we don’t know the answer to an even more basic question: was the ascent from non-life to life a long, gently sloping, seamless upward track from inanimate matter to biology, or did it feature a series of abrupt major transformations, akin to what in physics are called phase transitions (such as the jump from water to steam)? Nobody knows. In either case, however, the metaphor of a prebiotic Mount Improbable is useful, with the height up the mountain a measure of chemical complexity. Returning to the hypothetical life meter to be sent to Titan, if it existed, it could be regarded as a sort of complexity altimeter that would measure how far up the prebiotic Mount Improbable Titan’s atmosphere had climbed.

Clearly something is missing in an account that focuses on chemical complexity alone. A recently deceased mouse is chemically as complex as a living mouse, but we wouldn’t think of it as being, say, 99.9 per cent alive. It is simply dead.fn2 And what about the case of dormant but not actually dead microbes, such as bacteria that form spores when confronting adverse conditions, remaining inert until they encounter better circumstances and ‘start ticking’ again? Or the tiny eight-legged animals called tardigrades (water bears), which when cooled to liquid-helium temperatures have been found to simply shut down yet revert to business as usual when they are warmed up again? There will of course be limits to the viability of even these resilient organisms. Could a life meter tell us when a bacterial spore or a tardigrade has gone beyond the point of no return and will ‘never wake up’?

The issue is not merely a philosophical poser. Saturn has another icy moon that has received a lot of attention in recent years. Called Enceladus, it is heated from within by tidal flexing of its solid core, brought about as the moon orbits the giant planet. So, although Enceladus is very far from the sun and has a frozen surface, beneath its icy crust lies a liquid ocean. The crust is not, however, perfectly intact. Cassini found that Enceladus is spewing material into space from gigantic fissures in the ice. And among the substances emanating from the interior are organic molecules. Do they hint at life lurking beneath the frigid surface? How could we tell?

NASA is planning a mission to fly through a plume of Enceladus in the 2020s with the express purpose of looking for traces of biological activity. But there is a pressing question: what instruments should go on this probe and what should they look for? Can we design a life meter for the journey? Even if it isn’t possible to measure the ‘degree of aliveness’ precisely, could an instrument at least tell the difference between ‘far from life’, ‘almost alive’, ‘alive’, and ‘once living but now dead’? Is that question even meaningful in the form stated?

The life-meter difficulty points at a wider problem. There is great excitement about the prospect of studying the atmospheres of extra-solar planets in enough detail to reveal the telltale signs of life at work. But what would be a convincing smoking gun? Some astrobiologists think atmospheric oxygen would be a giveaway, implying photosynthesis; others suggest methane, or a mixture of the two gases. In truth, there is no agreement, because all the common gases can be produced by non-biological mechanisms too.

A salutary lesson in the perils of defining life in advance came in 1976 when two NASA spacecraft called Viking landed on Mars. It was the first and last time that the US space agency attempted to do actual biological experiments on another planet, as opposed to simply studying whether the conditions for life may exist. One of the Viking experiments, Labelled Release, was designed by engineer Gil Levin, now an Adjunct Professor at ASU. It worked by pouring a nutrient medium onto some Mars dirt to see whether the broth was consumed by any resident microbes and converted into carbon dioxide waste. The carbon in the broth was radioactively tagged so it could be spotted if it emerged as CO2. And it was indeed spotted. Furthermore, when the sample was baked, the reaction stopped, as it would if Martian microbes had been killed by the heat. The same results were obtained on both Viking craft at different locations on Mars, and in repeated runs of the experiment. To this day, Gil claims he detected life on Mars and that history will eventually prove him right. NASA’s official pronouncement, by contrast, is that Viking did not find life, and that the Labelled Release results were due to unusual soil conditions. Probably that’s why the agency has never felt motivated to repeat the experiment.

This sharp disagreement between NASA and one of its mission scientists shows how hard it is in practice to decide whether life is present on another world if we have only chemistry to go on. Viking was designed to look for chemical traces of life as we know it. If we could be certain that terrestrial life was the only sort possible, we could design equipment to detect organic molecules sufficiently complex that they could be produced only by known biology. If the equipment found, say, a ribosome (a molecular machine needed to make proteins), biologists would be convinced that the sample was either alive now, or had been alive in the near past. But how about simpler molecules used by known life such as amino acids? Not good enough: some meteorites contain amino acids that formed in space without the need for biological processes. Recently, the sugar glycolaldehyde was discovered in a gas cloud near a star 400 light years away, but on its own it is a far cry from a clear signature of life, as such molecules can form from simple chemistry. So it’s possible to bracket the range of chemical complexity, but where along the line of molecules from amino acids and sugars to ribosomes and proteins could one say that life was definitely involved? Is it even possible to identify life purely from its chemical fingerprint?fn3 Many scientists prefer to think of life as a process rather than a thing, perhaps as a process that makes sense only on a planetary scale.6 (See Box 12 in Chapter 6.)

THE TALE OF THE ANCIENT MOLECULE

Some type of life has existed on Earth for about 4 billion years. During that time there have been asteroid and comet bombardments, massive volcanism, global glaciation and an inexorably warming sun. Yet life in one form or another has flourished. The common thread running through the story of life on Earth – in this case, literally – is a long molecule called DNA, discovered in 1869 by the Swiss chemist Friedrich Miescher. Derived from the Latin word moles, the term ‘molecule’ came into vogue in eighteenth-century France to mean ‘extremely small mass’. Yet DNA is anything but small. Every cell in your body contains about two metres of it – it’s a giant among molecules. Etched into its famous double-helix structure is the instruction manual for life. The basic recipe is the same for all known life; we share 98 per cent of our genes with chimpanzees, 85 per cent with mice, 60 per cent with chickens and more than half with many bacteria.


Box 2: Life’s basic machinery

The informational basis of all life on Earth is the universal genetic code. The information needed to build a given protein is stored in segments of DNA as a specific sequence of ‘letters’: A, C, G, T. The letters stand for the molecules adenosine, cytosine, guanine and thymine, collectively known as bases, and they can be arranged in any combination along the DNA molecule. Different combinations code for different proteins. Proteins are made from other types of molecules called amino acids; a typical protein will consist of hundreds of amino acids linked end to end to form a chain. There are many amino acids, but life as we know it uses only a restricted set of twenty (sometimes twenty-one). The chemical properties of a protein will depend on the precise sequence of amino acids. Because there are only four bases but twenty amino acids, DNA cannot use a single base to specify each amino acid. Instead, it uses groups of three in a row. There are sixty-four possible triplet combinations, or codons, of the four letters (for example, ACT, GCA …). Sixty-four is more than enough for twenty amino acids, so there is some redundancy: many amino acids are specified by two or more different codons. A few codons are used for punctuation (for example, ‘stop’).

To ‘read out’ the instructions for building a given protein, the cell first transcribes the relevant codon sequence from DNA into a related molecule called mRNA (messenger RNA). Proteins are assembled by ribosomes, little machines that read off the sequence of codons from mRNA and synthesize the protein step by step by chemically linking together one amino acid to another. Each codon has to get the right amino acid for the system to work properly. That is achieved with the help of another form of RNA (transfer RNA, or tRNA for short). These short strands of RNA come in twenty varieties, each customized to recognize a specific codon and bind to it. Crucially, hanging on to this tRNA is the appropriate amino acid to match the codon that codes for it, waiting to be delivered to the growing chain of amino acids that will make up the functional protein when the ribosome has finished. For all this to work, the right amino acid from the set of twenty has to be attached to the corresponding variety of tRNA. This step happens care of a special protein with the daunting name of aminoacyl-tRNA synthetase. The name doesn’t matter. What does matter is that the shape of this protein is specific to both tRNA and to the corresponding amino acid so it can attach the correct amino acid onto the corresponding variety of tRNA. As there are twenty different amino acids, there have to be twenty different aminoacyl-tRNA synthetases. Notice that aminoacyl-tRNA synthetases are the crucial link in the information chain. Biological information is stored in one type of molecule (DNA, a nucleic acid, which uses a triplet code with a four-letter alphabet), but it is intended for a completely different class of molecule (proteins, which use a twenty-letter alphabet). These two types of molecule speak a different language! But the set of aminoacyl-tRNA synthetases are bilingual: they recognize both codons and the twenty varieties of amino acids. These linking molecules are therefore absolutely critical to the universal genetic machinery that all known life uses. Consequently, they must be very ancient and had better work very well. All life depends on it! Experiments show that they are indeed extremely reliable, getting it wrong (that is, bungling the translation) in only about 1 in 3,000 cases. It is hard not to be struck by how ingenious all this machinery is, and how astonishing that it remains intact and unchanged over billions of years.



The fact that all known life follows a universal script suggests a common origin. The oldest traces of life on Earth date back at least 3.5 billion years, and it is thought that some portions of DNA have remained largely unchanged in all that time. Also unchanged is the language of life. The DNA rule book is written in code, using the four letters A, C, G and T for the four nucleic acid bases which, strung together on a scaffold, make up the structure of the ancient molecule.fn4 The sequence of bases, when decoded, specifies the recipes for building proteins: the workhorses of biology. Human DNA codes for about 20,000 of them. Although organisms may have different proteins, all share the same coding and decoding scheme (Box 2 has details). Proteins are made from strings of amino acids hooked together. A typical protein consists of a chain of several hundred amino acids folded into a complex three-dimensional shape – its functional form. Life uses twenty (sometimes twenty-one) varieties of amino acids in various combinations. There are countless ways that sequences of A, C, G and T bases can code for twenty amino acids, but all known life uses the same assignments (see Table 1), suggesting it is a very ancient and deeply embedded feature of life on Earth, present in a common ancestor billions of years ago.fn5

Although DNA is very ancient, other entities have staying power too: crystals, for example. There are zircons in Australia and Canada that have been around for over 4 billion years and have survived episodes of subduction into the Earth’s crust. The chief difference is that a living organism is out of equilibrium with its environment. In fact, life is generally very far out of equilibrium. To continue to function, an organism has to acquire energy from the environment (for example, from sunlight or by eating food) and export something (for example, oxygen or carbon dioxide). There is thus a continuous exchange of energy and material with the surroundings, whereas a crystal is internally inert. When an organism dies, all that activity stops, and it steadily slides into equilibrium as it decays.

Table 1: The universal genetic code


[image: ]


	
	T
	C
	A
	G


	T
	TTT
	Phe
	TCT
	Ser
	TAT
	Tyr
	TGT
	Cys


	
	TTC
	
	TCC
	
	TAC
	
	TGC
	



	
	TTA
	Leu
	TCA
	
	TAA
	STOP
	TGA
	STOP


	
	TTG
	
	TCG
	
	TAG
	
	TGG
	Trp


	C
	CTT
	Leu
	CCT
	Pro
	CAT
	His
	CGT
	Arg


	
	CTC
	
	CCC
	
	CAC
	
	CGC
	


	
	CTA
	
	CCA
	
	CCA
	Gln
	CGA
	


	
	CTG
	
	CCG
	
	CAG
	
	CGG
	


	A
	ATT
	Ile
	ACT
	Thr
	AAT
	Asn
	AGT
	Ser


	
	ATC
	
	ACC
	
	AAC
	
	AGC
	


	
	ATA
	
	ACA
	
	AAA
	Lys
	AGA
	Arg


	
	ATG
	Met
	ACG
	
	AAG
	
	AGG
	


	G
	GTT
	Val
	GCT
	Ala
	GAT
	Asp
	GGT
	Gly


	
	GTC
	
	GCC
	
	GAC
	
	GGC
	



	
	GTA
	
	GCA
	
	GAA
	Glu
	GGA
	



	
	GTG
	
	GCG
	
	GAG
	
	GGG
	





The table shows the coding assignments used by all known life. The amino acids which the triplets of letters (codons) code for are listed to the right of the codons, as abbreviations (e.g. Phe = phenylalanine; the names of all these molecules are unimportant for my purposes). A historical curiosity: the existence of some form of genetic code was originally suggested in a letter to Crick and Watson dated 8 July 1953 by a cosmologist, George Gamow, better known for his pioneering work on the Big Bang.

There are certainly non-living systems that are also far out of equilibrium and likewise have good staying power. My favourite example is the Great Red Spot of Jupiter, which is a gaseous vortex that has endured ever since the planet has been observed through telescopes and shows no sign of going away (see Fig. 1). Many other examples are known of chemical or physical systems with a similar type of autonomous existence. One of these is convection cells, in which a fluid (for example, liquid water) rises and falls in a systematic pattern when heated from below. Then there are chemical reactions that generate spiral shapes or pulsate rhythmically (Fig. 2). Systems like these which display the spontaneous appearance of organized complexity were dubbed ‘dissipative structures’ by the chemist Ilya Prigogine, who championed their study in the 1970s. Prigogine felt that chemical dissipative structures, operating far from equilibrium and supporting a continued throughput of matter and energy, represented a sort of waystation on the long road to life. Many scientists believe that still.

[image: Image]
Fig. 1. Jupiter’s Great Red Spot.
In living things, most chemical activity is handled by proteins. Metabolism – the flow of energy and material through organisms – is necessary for life to achieve anything, and proteins do the lion’s share of metabolic work. If life got started (as Prigogine believed) via elaborate energy-driven chemical cycles, then proteins must have been early actors in the great drama of life. But on their own, proteins are largely useless. The all-important organization of life requires a great deal of choreography, that is, some form of command-and-control arrangement. That job is done by nucleic acids (DNA and RNA). Life as we know it involves a deal struck between these two very different classes of molecules: nucleic acids and proteins. The conundrum as most scientists see it is the chicken-and-egg nature of life: you can’t have one without the other. Without a legion of proteins to fuss around it, a molecule of DNA is stranded. In simplistic terms, the job descriptions are: nucleic acids store the details about the ‘life plan’; proteins do the grunt work to run the organism. Both are needed. So a definition of life must take this into account. It needs to consider not just complex pattern-creating organized chemistry but supervised or informed chemistry: in short, chemistry plus information.

[image: Image]
Fig. 2. A chemical ‘dissipative structure’. When a particular chemical mixture is forced away from equilibrium it can spontaneously evolve stable forms of the type shown. The chemist Ilya Prigogine maintained that such systems represent the first steps on a long road to life.
LIFE = MATTER + INFORMATION


‘Nothing in biology makes sense except in the light of information.’

Bernd-Olaf Küppers7



We have now arrived at a critical juncture.

The thing that separates life from non-life is information.

That’s easy to state, but it needs some unpacking. Start with something simple: organisms
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How hidden webs of information
are solving the mystery of life
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