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CHAPTER 1



A Freak Chemical Accident or a Cosmic Imperative?


It’s as large as life, and twice as natural!


—Lewis Carroll, Through the Looking Glass


In our everyday lives, we are used to the fact that the direction of our psychological “arrow of time” allows us to examine, study, reflect upon, and remember events in the past. We are equally aware of the fact that we cannot remember the future. We can at best attempt to make predictions, speculate about it, or envisage the future in the eye of our imagination. As poet Kahlil Gibran so expressively wrote, “For life goes not backward nor tarries with yesterday.”


Somewhat paradoxically, when it comes to the phenomenon of biological life on Earth, we are quite certain about how Mother Nature will ultimately end it, in the distant future, but we don’t know how exactly it started. The natural (not caused by self-destructive actions of our currently dominant species) termination of life as we know it will be dictated by relatively well-understood and predictable astrophysical and atmospheric processes (unless unforeseeable cosmic events, such as an asteroid impact or a nearby gamma-ray burst, act to bring about a premature end).


We know, for instance, that in approximately five billion years, as our Sun expands tremendously to become a red giant star, Earth will be scorched, and may even be engulfed by the Sun’s expanding envelope. Complex multicellular life will become extinct much earlier, about a billion years hence, as Earth’s biosphere perilously declines due to the rising temperatures associated with the late stages in the Sun’s evolution.


The origin of life, on the other hand, is still veiled in mystery. While enormous progress has been achieved in understanding the building blocks of biology, we still don’t know what precisely it was that caused life to spontaneously emerge, or how the very first cells suddenly came into existence. As British chemist John Sutherland puts it, all we can say about that momentous point in time at which chemistry gave birth to biology is that life appeared “out of the blue.” Wittily, Sutherland was also referring to the “blue” associated with cyanide, which, as we shall see, played a crucial role in the origin of life.


Intimately related to the origin-of-life puzzle is another question, which has intrigued humans at least since the time of the Pythagoreans of ancient Greece: Are we alone in the universe? Or, in its more modern, somewhat more practical incarnation: Is our galaxy as filled with life as many sci-fi creations would have you believe? In other words, we would like to know whether humanity is finally about to end the loneliness of its sojourn in the Milky Way.


While one of us is an astrophysicist and the other a chemist-biologist, we have both been fascinated by these cosmic riddles throughout our entire scientific careers. We have been intrigued by these questions, yes, but for quite some time we couldn’t do much more than wonder, because until fairly recently these questions were deemed to be intractable, insoluble in our lifetime, perhaps even only on the fringe of science. They tended to be relegated to that “far too difficult” category.


This situation has dramatically changed in the last three decades. The attempts to answer these precise questions—How did life on Earth begin? Are we alone in the Milky Way?—have become two of the most vibrant and dynamic frontiers of scientific investigation.


Remarkably, the answers to these inquiries hinge on a third question, one that is relatively simple to formulate, certainly well defined, and most definitely answerable (in principle at least): How likely is it for life to emerge on the surface of a potentially habitable planet?


This last question is being addressed by two completely distinct and largely independent lines of research. First, current laboratory studies are aimed at determining whether biology can indeed emerge from pure chemistry. Second, much of astronomy is devoted to the search for unambiguous signs of life on other planets or moons (either in the solar system or around other stars). Both of these approaches are currently attracting strong interest and are the subjects of enthusiastic efforts by dedicated communities of scientists. In fact, the search for life on planets around stars other than the Sun—extrasolar planets—is now a consensus goal of the astronomical community in the United States, as outlined in a report released in November 2021 by the National Academies of Sciences, Engineering, and Medicine. We, the authors, humbly participate (each one in his own discipline) in these quests.


One of the key points we want to highlight in this book is that pursuing the origin of life on Earth and the search for extraterrestrial life are two scientific aspirations with a powerful, symbiotic relationship. Success in one would provide an extremely encouraging clue and a strong motivation for the other. The reason is simple. If we can find a pathway to life from chemistry in the lab, it means that there is a fair chance that Nature, with its huge arsenal of diverse environments and eons at its disposal, can perhaps do it too, maybe even at numerous places in the cosmos, including in our home galaxy, the Milky Way. Moreover, if we could comprehensively understand a compelling sequence of events, processes, and environmental conditions that may have been involved in the origin of life on Earth, we could much better gauge how likely or unlikely it is for life to spontaneously pop up on other planets or moons. Such insights could therefore guide our search for alien life.


Thinking in the other direction, if we were to discover via astronomical observations that extraterrestrial life is relatively common, this would significantly reinforce our conviction that an inevitable geochemical path to life exists. This confidence, in turn, would strongly motivate the efforts to discover the right initial conditions, seed materials, necessary energy sources, and network of chemical reactions that could serve as prerequisites for life to emerge. Even more broadly, thorough examinations of the problems involved in the origin of life on the one hand, and the search for extraterrestrial life on the other, offer a unique opportunity to explore a wide range of fields and disciplines, from astronomy and geology to chemistry and biology.


There is another important point to consider here. We know that in many domains and circumstances the so-called zero-one-infinity principle (ZOI) applies. That is, an entity should either be entirely forbidden; so rare that only one specimen should be permitted; or a very large number of exemplars should be expected. If some form of alien life, totally independent of life on Earth, were to be readily discovered (what has been dubbed a second genesis), this would imply (applying the ZOI) that it is reasonable to assume that there are virtually infinite examples of life in the universe.


This book tells the story of those two fascinating, parallel endeavors: one with the explicit goal of finding a path from chemistry to life in the lab, the other aiming to discover extraterrestrial life. These quests are implicitly cooperating, occasionally competing (for who will get to their objective first), but always engrossing, and they complement each other in their eagerness to solve puzzles that are central to us being human—Where did we come from? Why are we here? Are we alone? In other words, at the risk of sounding a bit bombastic, the ultimate desire of these pursuits is literally to understand our origins and our place in this vast, old, and intricate cosmos.


Life—What a Concept


While the questions of “How did life begin?” and “Is there extraterrestrial life?” have enthralled humans since ancient times, throughout most of recorded history almost everyone believed that the answer to the first question was simple: “God created it.” In fact, all the way up to the beginning of the nineteenth century, even scientists were quite convinced that living things had to be endowed with some quasi-mystical “vitalism” that set them apart from inanimate matter. The second question, on the other hand, generated a debate, with wild speculations dating back millennia, either for or against the idea of a “plurality of inhabited worlds.” For example, already in the first century BCE, the Roman Epicurean poet Titus Lucretius Carus wrote,




Why then confess you must


That other worlds exist in other regions of the sky,


And different tribes of men, kinds of wild beasts.





An obvious milestone in this theoretical wrangle was Copernicus’s heliocentric model, since it provided not only an entirely new perspective on Earth’s significance in the grand cosmic scheme of things, but also a realistic framework within which the existence of other Earth-like worlds became at the very least imaginable. Expanding upon those, then novel, Copernican concepts, Italian Dominican friar and philosopher Giordano Bruno famously conjectured at the end of the sixteenth century that “in space, there are countless constellations, suns and planets; we see only the suns because they give light; the planets remain invisible, for they are small and dark. There are also numberless earths circling around their suns, no worse and no less than this globe of ours.” Bruno’s insightful imagination anticipated modern science and took him even further, to conclude: “No reasonable mind can assume that heavenly bodies that may be far more magnificent than ours would not bear upon them creatures similar or even superior to those upon our human earth.” Tragically, as a result of the tenacity with which he defended other unorthodox ethical and theological ideas, then considered heretical, Bruno was burned at the stake by the Roman Inquisition on February 17, 1600.


In the seventeenth century, others started to make claims related to cosmic pluralism. Prominent scientists, such as astronomers Johannes Kepler and Christiaan Huygens, and other influential intellectuals, such as French science writer Bernard Le Bovier de Fontenelle, did not hesitate to advocate for the existence of extraterrestrial beings. After Galileo Galilei discovered four moons orbiting Jupiter, Kepler was quick to deduce: “The conclusion is quite clear. Our Moon exists for us on the Earth, not for the other globes. Those four little moons exist for Jupiter, not for us. Each planet in turn, together with its occupants, is served by its own satellites. From this line of reasoning, we deduce with the highest degree of probability that Jupiter is inhabited.” Galileo himself, on the other hand, was rather agnostic about the plurality of inhabited worlds, cautiously remarking: “I should for my part neither affirm it [life on other planets] nor deny it, but should leave the decision to wiser men than I.”


Concomitantly with the voices adopting the position of cosmic pluralism, there were equally vociferous denials of the claims about the existence of extraterrestrial life. The opposing views arose primarily on account of the fact that the mere idea of there being inhabitants of other planets was pregnant with potentially disturbing implications for certain doctrines of the Catholic Church. The naysayers raised such ecclesiastical conundrums as “If there were indeed people on other worlds, had they descended from Adam and Eve too?” Or, “Was Jesus Christ their Savior as well?”


Given the great influence of religious ideas throughout much of human history, it should come as no surprise that both the belief in “vitalism” and the notion that life must pervade the cosmos were initially based more on theological rather than scientific arguments. Vitalism was largely inspired by a literal interpretation of the biblical text: “And the Lord God formed man of the dust of the ground, and breathed into his nostrils the breath of life [emphasis added]; and man became a living soul.” Aristotle also insisted that a soul is “the actuality of a body that has life.” Still on the basis of religious beliefs, some nineteenth-century thinkers held out for the existence of extraterrestrial inhabited worlds, because otherwise the enormous vastness of space seemed to be a huge waste of the Creator’s endeavors.


In the twentieth century, philosophers, and scientists when they waxed philosophical, embarked on numerous attempts to define life. Even Erwin Schrödinger, one of the founders of quantum mechanics, published in 1944 a small book entitled What Is Life?, which inspired enthusiasm for discovering the chemical basis of heredity. Overall, however, the endeavors to define life resulted in almost as many definitions as there were definers. Molecular biophysicist Edward Trifonov collected 123 definitions by many researchers, and after analyzing their vocabulary came up in 2011 with what he regarded as the consensus distilled definition: “Life is self-reproduction with variations.” An earlier definition, which like most others generated considerable debate, was nevertheless adopted by NASA’s astrobiology division: “Life is a self-sustaining chemical system capable of Darwinian evolution.” What we are interested in here, however, is not a universal definition of life. We feel that on the whole, the “What is life?” discussion has not been particularly fruitful in helping us to understand the origin of life. It has also been mired in the confusion that arises from using one word to encompass multiple distinct phenomena. Rather, what we think truly matters is identifying a pathway via which biology can emerge out of the conditions on a young planet. The challenge of uncovering this elusive route is amplified by the fact that to date we only know of one example of life in the entire universe—life on Earth. Life elsewhere may, in principle, take forms that we wouldn’t recognize or maybe even can’t conceive of.


To make progress, biologists have identified a few essential elements that appear to be required for life, and a small number of attributes that characterize (and are crucial to) at least every life-form on Earth. The required ingredients are (1) an energy source to power metabolic reactions, (2) a liquid solvent that can facilitate such (and other) reactions, and (3) nutrients needed to create biomass.


The properties that characterize life on Earth are as follows: (i) life is composed of cells, (ii) it can perform metabolism (that is, it can harvest energy and materials from its environment and use them for growth and reproduction), (iii) it utilizes catalysts to assist and speed up chemical reactions, and (iv) it contains an informational system. The last property means that life can reproduce its own characteristics, and that it can undergo Darwinian evolution—it has the chemical instructions for operations, and information that can be passed on from one generation to the next. In short, life as we know it needs to somehow seamlessly integrate the four subsystems of compartmentalization (cells), metabolism, catalysis, and genetics.


While all origin-of-life researchers agree that these features are shared by all living things on Earth, for several decades those same researchers disagreed, and even vigorously argued, about the question of whether one of these properties is the most fundamental, and if so, which one. Specifically, which characteristic had to appear on Earth first, to allow for life to emerge? As we shall soon see, this particular muddle appears to have been resolved during the past two decades, in a somewhat unexpected way.


The Book of Life


In Oscar Wilde’s play A Woman of No Importance, Lord Illingworth declares: “The Book of Life begins with a man and a woman in a garden.” To which Mrs. Allonby wittily responds: “It ends with Revelations.”


In spite of the strong religious and emotional attachment to the notion that life had to contain some extra magic or divine intervention, opinions started to change at the beginning of the nineteenth century. A step toward freeing life from the need for a “vital force” beyond the understanding of science was taken in 1828, when German chemist Friedrich Wöhler accidentally succeeded in synthesizing urea—a substance found in urine that had previously been thought to be unique to life—from common chemicals. Delighted with his success in imitating nature in the laboratory, the ecstatic Wöhler wrote to his teacher and collaborator, chemist Jöns Jacob Berzelius: “I can no longer, so to speak, hold my chemical water and must tell you that I can make urea without needing a kidney, whether of man or dog; the ammonium salt of cyanic acid is urea.”


The correspondingly dramatic leap in the understanding of biology came with Charles Darwin’s theory of evolution by means of natural selection. Whereas Darwin’s theory itself ducked the origin-of-life question altogether, saying absolutely nothing about how the first organisms came into being, in 1871 Darwin mused in a letter to his friend Joseph Dalton Hooker about how life on Earth might have started. He famously wrote: “If (and oh, what a big if) we could conceive in some warm little pond with all sort of ammonia and phosphoric salts, light, heat, electricity, etc. present, that a protein compound was chemically formed ready to undergo still more complex changes, at the present day such matter would be instantly devoured or absorbed, which would not have been the case before living creatures were formed!”


Darwin’s prescient speculation is remarkable for no fewer than five reasons. First, it totally disposes of the need for anything supernatural in the origin of life. Second, it suggests that life may have originated in a “warm little pond,” a view that, as we shall see, is stunningly compatible with our thinking today. Third, it identifies ammonia and phosphates (compounds containing nitrogen and phosphorus) as being (potentially) necessary materials for life, again an incredible foresight. Fourth, it proposes that some form of “protein compound” may have played a role in the chemistry leading to life. And fifth, to avoid the impression that living organisms may be repeatedly springing into existence, Darwin points out that the conditions under which the first life-forms emerged no longer exist today.


This idea—that life is nothing more than a combination of highly sophisticated chemical systems—is one that was initially abhorrent to quite a few people. Life, those skeptics proclaimed, is far too cleverly contrived simply to have arisen through processes of chance, while obeying only the laws of physics and chemistry. Consequently, even many of those who were willing, in principle, to accept a chemical origin of life used still to think that some incredibly rare chance event must have been required, to bring together in one fell swoop all the components of the first living cells.


The view of creating complexity all at once from a chaotic soup of simple building blocks was further motivated by the mind-boggling intricacy of all cellular life on Earth today. The most puzzling aspect of this convolution is that all the parts and processes of extant life depend on all the other parts and processes in a circular way. For example, a complex metabolism is needed to make the biochemicals that are required for the assembly of those protein enzymes that are needed to catalyze the reactions of… metabolism itself! Similarly, the nucleic acid molecules, DNA and RNA, are needed to encode the information that specifies the assembly of proteins—the workhorse molecules of life—which are required to make… yes, you guessed it, DNA and RNA. To make matters even more perplexing, to allow all of these molecules to accomplish their tasks, they need cell membranes that keep all the molecular players boxed together. But cell membranes are made of fatty compounds known as lipids, and those are synthesized by protein enzymes. This type of self-referential or recursive activity (reminiscent of a famous drawing by graphic artist M. C. Escher in which two hands are drawing each other) is so deeply embedded in the fabric of modern living organisms, that for many years it seemed that some miraculous event would have been required to bridge the gap between a random mixture of chemicals and the highly organized structure of a living cell. Even as late as 1981, Francis Crick, the co-discoverer of the double-helix structure of DNA, emphasized that “an honest man, armed with all the knowledge available to us now, could only state that in some sense, the origin of life appears at the moment to be almost a miracle, so many are the conditions which would have had to have been satisfied to get it going.”


Needless to say, the perception that the appearance of life on Earth might have been a freak chemical accident spelled bleak pessimism for the chances of finding life elsewhere. After all, the origin of life is that critical step that marks the transition from an extraterrestrial place being merely “habitable” to it being inhabited. As a result, very few astronomers dared in the 1950s and even the early 1960s to profess belief in the existence of extraterrestrial life in general, and extraterrestrial intelligent life in particular.


Things started to swing in the opposite direction in the late 1960s, first on the chemistry-biology front. Even so, overcoming the conceptual barriers, erected by the conviction that the emergence of life from chemistry was almost inconceivable, required no less than two Nobel Prize–winning discoveries, as well as a complete reversal in our way of thinking about the origin of life.


The first discovery involved the determination of the structure of a specific RNA molecule, the so-called transfer RNA, or tRNA, that is a part of the protein-synthesizing machinery. The complicated three-dimensional figure traced out by the strand of this nucleic acid came as a shock to the scientific community. Quite unlike DNA, with its relatively featureless and rather stiff, repetitive double helix, RNA was found to be a single-stranded molecule, intricately folded up almost like a protein. Robert Holley, a chemist at Cornell University, who was the first researcher to work out tRNA’s sequence and 2-D chemical structure, was awarded the Nobel Prize in Physiology or Medicine in 1968, together with Har Gobind Khorana, at the University of Wisconsin, and Marshall Nirenberg, at the National Institutes of Health. A bit later, Aaron Klug of the Medical Research Council in Cambridge and Alexander Rich of MIT determined the surprising 3-D folded architecture of RNA.


A few scientists, including Francis Crick himself and British chemist Leslie Orgel, realized immediately the potential implications of this striking structure—it meant that RNA might be able to act like an enzyme, a biological catalyst, just as proteins do. Orgel then came up with the breakthrough idea that the early life on Earth must have done without DNA and proteins entirely. Instead, he suggested, life started only with RNA! This was a bold speculation at the time, and the notion that RNA might be able to both carry information in its sequence and speed up chemical reactions (until then considered in biology to be the exclusive province of protein enzymes) was too much to swallow for most researchers. It wasn’t until some twenty years later that, in another dramatic Nobel-winning feat, RNA enzymes were indeed discovered by chemist Thomas Cech and molecular biologist Sidney Altman. This was the seminal step that completely revolutionized thinking about the origin of life. It meant that, in principle, RNA could act as an enzyme to catalyze even its own replication, thus potentially solving a thorny “Which came first, the chicken or the egg?” dilemma. All of a sudden, it became possible to imagine a primitive cell that was much simpler than any currently existing cell. In this putative “protocell,” RNA molecules played dual roles both as the carriers of genetic information and as the cell’s enzymes, performing the basic functions of the cell. The latter included, most importantly, the replication of the genetic information. In this novel scenario, DNA and proteins could be seen as later “inventions” of evolution, custom designed specifically for the tasks of storing information and catalyzing chemical reactions, respectively. The tantalizing conception of a simpler time in the history of life, in which RNA alone played simultaneously all the starring roles in the cast of key cellular actors—being both the “chicken” and the “egg”—became known as the RNA World.


On the astronomical side, progress lagged somewhat behind initially, but then things started to advance at breakneck speed. Specifically, on October 6, 1995, astronomers Michel Mayor and Didier Queloz of the University of Geneva announced the first definitive detection of a planet orbiting a Sun-like star outside the solar system. Not surprisingly, they shared the 2019 Nobel Prize in Physics for their groundbreaking discovery.


Life-Bearing Worlds Galore?


It would be fair to say that on the question of the plurality of inhabited worlds we are now much closer to an answer than thirty years ago, but that the question is still open.


By fall 2023, astronomers had discovered more than 5,500 confirmed extrasolar planets (exoplanets) in more than 4,100 planetary systems. More than 930 of these systems have more than one planet. In addition, there were more than 7,400 candidate extrasolar planets, discovered primarily by the Kepler space telescope and the Transiting Exoplanet Survey Satellite (TESS), awaiting definitive confirmation. Can you imagine this? In just about thirty years, astronomy has advanced from a state of not knowing of a single planet orbiting a star other than the Sun, to a treasure trove of thousands and thousands of them! The immediate statistical implication is that our Milky Way galaxy is teeming with planets.


Even more exciting, astrophysicists now estimate that at least one in every five Sun-like or smaller stars in the Milky Way has an approximately Earth-size planet in the star’s so-called habitable zone (and the occurrence rate could even be as high as one in every three stars or higher). The habitable zone is that “Goldilocks” favorable ring-shaped range of distances from the host star, in which the temperature on the surface of an orbiting Earth-like planet is neither too hot nor too cold, but just right for liquid water (and potentially life) to stably exist. Typically, once the orbit of an Earth-size exoplanet and the properties of the host star (such as its surface temperature, luminosity, and mass) are known, the boundaries of the habitable zone can at least be estimated, assuming a composition for the planet’s atmosphere. The atmospheres are generically taken to contain primarily a combination of nitrogen, carbon dioxide, and water vapor, with the last two components assumed to be acting as greenhouse gases. While other factors, such as the atmospheric mass and composition, geological and geochemical drivers, the planet’s rotation rate, the presence of nutrients, the availability of an energy source, protection from harmful radiation, and indeed the type and stability of the host star itself, are important in determining whether a planet is truly “habitable,” studies suggest that theoretically there could be as many as hundreds of millions of, or maybe even a few billion, habitable planets in the Milky Way.


These staggering astronomical discoveries, coupled with the new, promising chemical-biological insights, have given both the search for extraterrestrial life and the attempts to create life through chemistry in the lab an enormous boost. When these scientific breakthroughs are further combined with existing geological findings on Earth, one may be tempted to conclude that life (of some form) could be ubiquitous. Significantly, geologists have shown that life on Earth was already quite abundant some 3.5 to 3.7 billion years ago—“only” several hundred million years after Earth’s surface cooled sufficiently to allow for liquid water to exist. We shouldn’t be surprised, therefore, that many have contracted that infectious optimism of the late astronomer Carl Sagan, historically perhaps the most passionate and effective advocate of the search for life elsewhere. Sagan once buoyantly declared: “The origin of life must be a highly probable affair; as soon as conditions permit, up it pops!” A number of biologists agreed at the time. Physiology or Medicine Nobel Prize laureate Christian de Duve went even further to pronounce that the appearance of life in the universe was “a cosmic imperative.”


Truth be told, we cannot really be sure of that. There are still many unanswered questions and serious uncertainties on all levels. For example, over the past few decades biologists have been arguing about which of the crucial characteristics of life—being made of cells, metabolism, catalysis, or genetics—emerged first. Predictably perhaps, scientists tended to split into four major camps. There was the “metabolism first” group whose members claimed that the ability to harness resources from the environment to keep the organism alive was the first and foremost capability that had to develop. A second camp argued for genetics or “replication first”—the capacity to generate offspring—undoubtedly a cornerstone of evolution by means of natural selection. A third coterie contended that it is hard to imagine genetics and metabolism without agents that could facilitate and accelerate the rate of chemical reactions, and therefore supported “catalysis first,” meaning that protein enzymes had to be a prerequisite for life to emerge. Finally, there was the “compartmentalization first” cohort—those who insisted that life could not have even started without first having some form of a tiny container, a primitive cell, a protocell, to hold together all the molecular principal actors and to separate them from their surrounding environment. Over the years, the members of each of these groups had become so passionately committed to their particular pet choice and so entrenched in their opinion, that at scientific meetings on the origin of life it was not uncommon for attending science reporters to hear a scientist from one camp unabashedly trashing the ideas of all the other groups. Science was almost emulating politics.


Well, that particular problem may have been solved. Amazingly, the most recent findings by origin-of-life researchers seem to suggest that the entire outlook on the origin-of-life question for the past four decades might have been misguided. The “which came first” debate originated from the fact that the leading scenario assumed that one must find a way to construct the first cells one piece at a time, with each component paving the way for the next one. This has changed dramatically in the past few years. Current thinking suggests that one could make the building blocks for the subsystems all at once. Researchers have managed to demonstrate that a few simple compounds, which were readily available on the early Earth, could trigger a network of chemical reactions (to be described in detail in the next five chapters) that could have produced—essentially simultaneously—nucleic acids (the core of the genetic molecules), amino acids (from which proteins are made), and lipids (the stuff from which cell walls are constructed). In other words, experiments in Jack Szostak’s own laboratory, breakthrough studies in the lab of chemist John Sutherland, and research by many of their colleagues hint that, in spite of being very intricate and precise entities, the first cells might have emerged from a relatively small collection of just the right building blocks. Accordingly, what researchers are now attempting to achieve is more ambitious. Rather than separately examining individual constituents, they try to draw a complete, unified outline—that is, a picture that would successfully integrate all the existing data from lab experiments in prebiotic chemistry (the chemistry that preceded life and via which the building blocks of life might have been synthesized) with observations from astrophysics, geology, and atmospheric science, in order to map a robust pathway to life. In this respect, future direct geochemical exploration of Mars (which will be enabled by the return of samples from Mars to Earth) could potentially offer exciting new opportunities. Its findings could bring about a leap in the understanding of life’s origins, by allowing us access to an early environment, the type of which has been erased from Earth’s geological record, due to recycling by the dynamics of Earth’s outer shell.


Of course, neither the spectacular astronomical discoveries nor the promising results achieved so far in the laboratory give a definitive answer to the question of whether life is a freak chemical accident or a cosmic imperative. One could justifiably argue that, in the absence of direct evidence for an uninterrupted chemical route to life, we cannot be sure that even if the conditions are right, the emergence of life is inevitable. Similarly, the fact that astronomers haven’t (again, so far) found any convincing signs of extraterrestrial life leaves us in the dark in terms of assessing the probability that such life exists. One cannot reliably calculate the likelihood of an unknown process or an as yet undiscovered phenomenon. British physicist Paul Davies is one of those who correctly points out that just because there are many “habitable” planets in the Milky Way, it doesn’t necessarily mean that any one of them (other than Earth) is truly inhabited. We still do not know how likely it is for life to begin, even when an extrasolar planet’s temperature and chemistry are propitious. Our Earth’s biophilic conditions could have emerged entirely against the odds, and the evolution of an intelligent species could have been an even rarer fluke, rather than a generic outcome of evolution. The existence of humans, in particular, may have been fortuitously facilitated by a series of cosmic contingencies. For example, humans might not have appeared on the scene at all were it not for a serendipitous asteroid impact, some sixty-six million years ago, which led to the extinction of the dinosaurs.


This last point brings about a question that is undeniably as intriguing as the one about the probability of the existence of extraterrestrial life in general. Is there some form of complex or “intelligent” life out there in the Milky Way? In fact, the apparent contradiction between the absence so far of any evidence for the existence of intelligent life, and the expectation that we should have by now seen some signs of a technological civilization (technosignatures), has been dubbed the “Fermi Paradox.” This designation is based on a famous incident in which the celebrated physicist Enrico Fermi asked a few colleagues: “Where is everybody?” He was expressing his amazement over the fact that no signs of the existence of other intelligent beings in the Milky Way had been detected. Fermi estimated that under what he considered to be a reasonable set of assumptions, an advanced technological civilization could have reached every corner of our galaxy within a time much shorter than the age of the solar system. The null detection was therefore extremely perplexing. While many potential resolutions to the Fermi Paradox have been suggested over the years, there is still no consensus on which one, if any, is correct. One could even sensibly conclude that the mere fact that there are so many tentative explanations in itself suggests that none of those is truly compelling. More important, however, the Fermi Paradox does raise the unnerving possibility that there may exist some sort of “great filter”—a bottleneck—that makes the emergence, some stages in evolution, or the long-term survival of intelligent civilizations exceedingly difficult to transit. This concept was originally introduced by George Mason University economist Robin Hanson in 1996. If true, this could pose demanding implications even for life on Earth. The filter, or probability threshold, could have been in our civilization’s past, in which case we may be one of the very few civilizations (or maybe even the first!) to have successfully passed it. This would put an enormous burden of responsibility on our shoulders. But the filter could also be in our future, in which case the COVID-19 pandemic, or the current climate change crisis, may simply represent child’s play rehearsals for a future formidable task of successfully surviving such a filter. We shall return to the Fermi Paradox and its ramifications in Chapter 11.
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We hope that this brief introduction demonstrates that astronomers, planetary scientists, atmospheric scientists, geologists, chemists, and biologists (a large community that includes the two of us) are attempting to solve some daunting puzzles of which we don’t have all the pieces yet. Even with the enormous scientific progress we have witnessed in the past few decades, we still don’t know whether life is an extremely rare chemical accident, in which case we may be alone in our galaxy, or a chemical inevitability, which would potentially make us part of a huge galactic ensemble. Each one of these prospects entails its own far-reaching scientific, philosophical, practical, and even religious implications. These possibilities may even dictate our course of action with respect to a series of likely existential risks, whether self-inflicted by humanity or of cosmic origin. In some sense, alien life, or the absence thereof, can act as a mirror in which we can examine and contemplate our own accomplishments, but also our culpabilities and shortcomings. Aliens, if they exist, can help us identify and define what it precisely means to be human.


To solve these puzzles, we must take some specific actions. About four centuries ago, Galileo was one of those who gave us a road map for the path we should follow if we want to decipher the cosmos. The only way to find out truths about nature, he contended, is through patient experimentation and careful observations, which can eventually lead to thoughtful theorizing. The theories, in turn, have to be tested by further experiments and observations. This is the basis of the so-called Scientific Method—the somewhat idealized empirical process of acquiring knowledge. As even Sherlock Holmes once noted, “It is a capital mistake to theorize before one has data. Insensibly one begins to twist facts to suit theories, instead of theories to suit facts.” We need to continue to simultaneously perform laboratory experiments aimed at finding a chemical pathway to life (if one exists), and astronomical observations with the goal of detecting signs of extraterrestrial life (again, if those are not exceedingly rare). The lab experiments themselves involve two major steps. First, chemists need to fully understand how the building blocks of biology might be synthesized on a young planet. Second, once the right biological molecules exist, biochemists need to discover how a collection of such molecules can assemble to start functioning like a living cell. These findings, in turn, can inform geologists, planetary scientists, atmospheric scientists, and astronomers about the necessary planetary environments that can allow for life to emerge.


As we shall describe in detail later in the book, given the objective difficulties that a quest for life in an immeasurably vast universe (or even just in our home galaxy) entails, and to increase the chances of success, astronomers have adopted a three-pronged plan of attack on this problem. One endeavor concentrates on looking for past or present extraterrestrial life in the solar system. A second effort aims at searching for signs of life (biosignatures) in the atmospheres of Earth-like extrasolar planets that are in the habitable zone of their host stars. A third venture attempts to take a shortcut in the entire search process by trying to detect signatures of an intelligent, technological civilization. Here is a brief description of just a few of the existing and near-future life-searching astronomical facilities. With the successful launch of the James Webb Space Telescope (JWST) on Christmas Day 2021, and the preparatory identification of suitable target extrasolar planets for JWST by the Transiting Exoplanet Survey Satellite (TESS), astronomers got their first chance to characterize (or at least detect) the atmospheres of relatively small, rocky exoplanets, or somewhat larger (sub-Neptune) ocean-bearing exoplanets. The researchers’ eventual goal will be to search for gases that are far out of chemical equilibrium in a way that could not have been produced by purely abiotic (unrelated to life) processes. As we shall explain in Chapter 9, for example, the discovery of an atmosphere that is very rich in oxygen would suggest a potential candidate for a life-hosting planet, since we know that the oxygen in Earth’s atmosphere originated almost entirely from one source only: life.


Other exciting projects are also underway. The European Extremely Large Telescope (ELT), a 130-foot-diameter (39 meters) telescope, is planned to start operation in 2028. This telescope, which will be the largest optical/near-infrared “eye on the sky,” will attempt to even image Earth-like extrasolar planets. Similarly, the Giant Magellan Telescope (GMT), an 83-foot-diameter (25 meters) telescope, is under construction at Las Campanas Observatory in Chile’s Atacama Desert, and the Thirty Meter Telescope (TMT) is possibly destined for Mauna Kea in Hawaii. The telescopes are expected to start observing around 2030.


The search for extraterrestrial technosignatures (which started with SETI, the Search for Extraterrestrial Intelligence) has also been gaining momentum. In addition to the Allen Telescope Array, of which the first forty-two elements have been built at the Hat Creek Radio Observatory in rural Northern California, there are projects such as Breakthrough Listen, which targets about a million nearby stars at radio and visible-light wavelengths. At the end of 2019, Breakthrough Listen started a collaboration with TESS, which allows it to scan planets discovered by TESS. China’s Five-hundred-meter Aperture Spherical Telescope (FAST) also lists “detecting interstellar communication signals” as part of its science mission. In addition, the Galileo Project is complementary to traditional SETI, in that it searches for physical objects—rather than electromagnetic signals—artifacts that could be associated with extraterrestrial technological equipment.


It would be an exaggeration to claim that we know that the discovery of extraterrestrial life is right around the corner. But all of these endeavors and others do give realistic reasons for optimism. If life in the Milky Way is ubiquitous (or if we simply get very lucky!) we could potentially discover a life-bearing planet within the next one or two decades.


We think that the discovery of extraterrestrial life (especially intelligent life), or the synthetic production of life in the lab, would constitute a revolution that will dwarf the Copernican and Darwinian revolutions combined. What we want to share with you, the reader, is a ringside seat to the captivating quests toward these grand goals. We truly believe that our generation is most likely to play that pivotal role in the history of humankind, in being the first to know where we came from and if we are alone in our galaxy. There is nothing the two of us—the authors—fear more, intellectually speaking, than the thought that we may not be here when these momentous discoveries are made. Perhaps not surprisingly, the inevitability of death only highlights the meaning of the search for life.


There are people, no doubt, who will see the attempts to originate life from chemistry in the laboratory as endeavors to unlock some “forbidden knowledge”—trying to “play God” in some sense. In fact, a poll by the Pew Research Center in November 2021 found that only one in six Americans do not believe in an afterlife, and nearly three-quarters of US adults believe in heaven (which is tantamount to believing that there is more to the origin of life than pure chemistry). We don’t feel that investigating the origin of life should be somehow taboo. A strong epistemic curiosity has always driven humans to try to decipher nature’s secrets and to answer numerous “How?” “What?” and “Why?” questions. When it comes to something such as life—arguably the most precious thing to us as human beings—it would be unconscionable to think that we would not want to find its origins, or to discover whether it is something exclusive to Earth. As Galileo himself once put it: “I do not feel obliged to believe that the same God who has given us our senses, reason, and intelligence, wished us to abandon their use.” It is only in what we do with the knowledge that we acquire, that we should definitely apply our ethical, moral, and humane principles, to decide what is right and what is wrong.


Some people even argue against endeavors of astronomical exploration and the search for alien life, considering it a dangerous thing to do. Again, while there is indeed no guarantee for the type of relationship humanity may develop with beings that could be dramatically different from us, we do not think that the human sense of wonder, which has always driven efforts far beyond those needed for mere survival, is stoppable.


In his charming book The Little Prince, Antoine de Saint-Exupéry describes an inspiring conversation between the narrator and the little prince, before the latter is about to return to his home planet/asteroid. The little prince says: “All men have the stars, but they are not the same things for different people.… But all these stars are silent. You—you alone—will have the stars as no one else has them.” The narrator wonders: “What are you trying to say?” To which the little prince replies: “In one of the stars I shall be living. In one of them I shall be laughing.… It will be as if all the stars were laughing.… You—only you—will have stars that can laugh!” Imagine indeed how we would feel if we really knew that a certain extrasolar planet is inhabited, or if we truly understood how life here, on Earth, came into being.


We start our journey of exploration at our home planet Earth. Since life on Earth is the only life-form we know about so far, the first question that chemists have been struggling with is, Could life on Earth truly have emerged from ordinary chemistry? Or, more specifically, could living protocells assemble from chemicals that are expected to have been around on the early Earth? To answer this crucial question, researchers in prebiotic chemistry first embarked on attempts to identify a chemical pathway to the production of the building blocks of RNA and of proteins. The goal of the next step was obvious: to build a cellular system that can undergo Darwinian evolution. We describe these fascinating endeavors, their vicissitudes and successes, and the conceptual revolutions that had to take place, in the next four chapters. Inevitably, there is quite a bit of chemistry involved, and we are aware that many readers may be a bit “rusty” on their biochemistry. We do feel, however, that we have here a unique opportunity to provide interested readers, maybe for the first time, with a truly up-to-date, detailed account of the incredible advances and achievements in this field during the past two decades. We think that the three most intriguing fundamental questions in science are related to origins: the origin of the universe, the origin of life, and the origin of mind or consciousness. Of these, the origin of life seems right now to be the most solvable, given current research tools and technologies.















CHAPTER 2



The Origin of Life


The RNA World


You know life.… It’s rather like opening a tin of sardines. We are all of us looking for the key.


—Alan Bennett, Beyond the Fringe


Attempts to find a path that leads from the chemistry on the surface of the young Earth to the beginnings of biology encountered many problems right off the bat. First, there was that perplexing issue we mentioned in Chapter 1, of the complexity of modern biology, where everything depends crucially on everything else in a circular way. Recall, for example, that the molecules of DNA and RNA are needed to encode the information that specifies the assembly of those very proteins that are required to make DNA and RNA. This complicating feature introduced obvious “chicken or egg” causality dilemmas. There was, however, a second, even more fundamental problem. That was the question of whether a chemical pathway, in which starting materials are transformed through a series of steps into desirable products, could even exist, without that pathway being shepherded by the enzymes and the control systems of biology. A few researchers have indeed explicitly asserted that the odds of a multiple-step chemical synthesis occurring spontaneously in nature are exceedingly low. Cosmologist and astrobiologist Paul Davies, for example, presented the following probabilistic argument: Suppose that life’s origin needs a particular sequence of ten critical and precise chemical steps (he assumed that ten represents, if anything, an underestimate to the number of critical steps that are truly required). Assume further that each one of those steps has a probability of occurrence (during the period throughout which the planet remains habitable) of 1 percent (again, a value he considered to be optimistic). Then the combined probability for life to originate is staggeringly low—one in a hundred billion billion, to be precise.


For many years, these and similar perceived difficulties have been seen as insurmountable obstacles. Impressively, however, origin-of-life researchers now think that they have discovered ways in which Nature could have, in principle at least, managed to solve these types of thorny problems. In this and the subsequent four chapters, we shall follow the remarkable progress that has been achieved in recent years in our understanding of the origin of life. Unavoidably, this brief review involves some of the hardly pronounceable names of compounds usually associated with biochemistry, and a collection of intricate chemical and physical processes. We shall try to concentrate on those parts of the story that have been truly essential along the path of discoveries and breakthroughs. We shall also attempt to highlight the conceptual difficulties that had to be overcome and the ingenious solutions to those impediments. We hope that this approach, even if challenging, will allow for an appreciation of the logic, beauty, brilliance, and patience entailed in the scientific process.


The proposed solution to the first problem—that of the self-referential nature of modern biology—was to posit the existence of a rather different, extremely simple primordial biological cell, or protocell. This hypothesis in itself, however, immediately led to new puzzles (in addition to the fundamental question of how such structures came to exist in the first place). In particular, researchers had to understand how these protocells could grow and divide without any of the complex machinery that is available to modern cells. To address this specific hurdle, scientists had to adopt a complete “assumption reversal” process—to take the core notions of the subject, and turn them on their head. This was a bit like what happened in recent years with the taxi industry. Your first assumption if you wanted to start a new cab company might have been that taxi companies have to own cars. The reversal would be that taxi companies don’t own any cars. A mere two decades ago, this last concept might have sounded completely unhinged. Today, in contrast, Uber and Lyft are the largest “taxi” companies to have ever existed. The point that origin-of-life researchers had to realize was that whereas modern cells have an internal biochemical apparatus that directs growth and cell division (and enables the cells to adjust to a changing planetary environment), most likely, precisely the opposite had to be the case for primordial cells. That is, it was the environment that supplied everything in terms of materials and energy to the protocells, and it was fluctuations in the environment that provided the engine that effectively controlled cell growth, division, and replication.


To go any deeper into the likely origin and structure of the first cells, we have to consider many additional questions. Those range from geological scenarios and prebiotic chemistry to the very nature of those cells and the evolutionary events that might have led to modern life. Importantly, we should not expect to be able to answer all of these questions at once, and we have to anticipate that there will be quite a few false starts, blind alleys, detours, and setbacks as we attempt to reach a more comprehensive picture. Here is just a partial list of questions we need to answer: What were the key starting materials needed to initiate the process of cell formation? What were the most likely sources of energy that powered the necessary chemical reactions? What were the requirements needed to construct a cozy home for the very first cells? And, perhaps even more important, how many environmental niches were necessary for life to emerge? In other words, did life on Earth need certain environments to generate the building blocks of life, but different ones to nurture life itself once it had started?


On top of these fundamental queries there are many others, some of which are more specific. For example, although the several-decades-old scenario known as the RNA World—the stage in the evolution of life on Earth in which self-replicating RNA molecules dominated life processes—provided an attractive view of a simpler time in the history of life, it also raised a host of questions and controversies, many of which are yet to be resolved. The key problem, of course, is figuring out how piles of chemicals that accumulated on the surface of the early Earth could possibly lead to even the simplest of RNA World cells.


There are puzzles on other levels too. For instance, experiments done in the UK Medical Research Council laboratory of chemist John Sutherland, along with work by other colleagues, have taught us much about the chemical pathways that might have led to the emergence of the building blocks of RNA—molecular units known as ribonucleotides. But those same experiments have also shown that other, closely related molecules would inevitably be synthesized together with the starting materials of RNA. Unconstrained by the protein enzymes that control the synthesis of everything in modern cells, prebiotic chemistry would have generated a much messier mixture of chemicals. Why then did RNA and not one of those “cousin” molecules materialize from such a muddle? There is also the related, important question: On extrasolar planets, might something other than RNA have emerged as the first genetic molecule of life? Or is there something in the nature of chemistry itself that somehow favors RNA, so that life everywhere in the cosmos has to begin with the very same RNA chemistry? Such wide-ranging questions might at first blush seem to belong to the realm of metaphysics rather than biochemistry, but recent work has demonstrated that a systematic exploration of the chemistry involved can give us compelling answers.


The problem of how to navigate to the RNA World was laid out as a challenge to the scientific community some thirty years ago by chemists Leslie Orgel and Gerald Joyce. The first attempts to address this issue placed in stark relief the question of how to start from the sort of chaotic mixtures that the early origin-of-life efforts seemed to produce in trying to experimentally mimic prebiotic chemistry. This stumbling block—the transition from a confusing jumble to the homogeneous, well-controlled chemistry that we observe in living cells—seemed intractable for many years, but a series of surprising recent discoveries suggests that the solution may be rather simple, almost trivial (in retrospect, of course).


It turns out that a potential answer to at least this key riddle of life, of why RNA and not something else, can be expressed by the unexpected statement: Because RNA Always Wins! Here is a brief explanation. Consider our starting point to be a messy “soup” of chemicals, only some of which are the correct seed materials for making RNA. Imagine now that these chemicals are dissolved in a pool of water on the surface of the young Earth, where they are exposed to the intense ultraviolet (UV) light of the young Sun. Amazingly (or perhaps inevitably, depending on your point of view), experiments have shown that the building blocks of RNA tend to be the most resistant to UV irradiation, while many of their cousin molecules are destroyed by UV light. This undoubtedly helps, but we are still left with a fairly complex mixture. The next step toward producing RNA requires the building blocks to join together into chains (to polymerize)—essentially creating short, single-stranded bits of genetic materials. While this step has not been sufficiently studied yet, the preliminary evidence suggests that some molecules assemble into chains faster than others. As a result, the less reactive molecules are left behind. Lastly, there is the chemistry of replication itself, in which those small chains are being copied, and the copies are copied again, to produce ever more progeny molecules. Szostak and his colleagues have begun to study this process carefully, systematically comparing the outcomes obtained from different starting materials. The results so far seem to indicate that RNA always wins. The nucleotide building blocks of RNA always react faster than their competitors, so that RNA tends to be created, while the alternatives are constructed more slowly or not at all, and therefore falter. We can think of these three stages—first, resisting UV radiation; second, faster polymerization; and third, more effective copying—as a series of purifying filters. As the original hodgepodge passes through these phases, it becomes progressively distilled, first by UV light, then by chain assembly, and finally by copying chemistry. At the end, a relatively homogeneous RNA emerges, clean and ready to achieve its destiny of giving birth to the RNA World.


We don’t want to give the readers the impression that this story of how RNA might have triumphed over its rivals, and emerged as a champion to begin life and dominate its evolution, is without its critics or free of controversy. Indeed, there is a vigorous discussion about all aspects of this narrative. Whether or not it is really the case that, out of all the myriad possibilities, only RNA has the right properties to initiate life is a very complex question, to which we are not likely to know the definitive answer for quite some time. Whereas there is no doubt that a systematic synthesis and examination of alternatives will rule out many relatives of RNA, this approach will always leave us wondering whether there is something else that is just as adequate as RNA, which we have simply not considered yet. What could give us an answer (at least in principle)? The most convincing evidence, of course, would come from the discovery of life on some distant world (such that we could be certain that it had evolved independently of life on Earth). But even that would not give an immediate answer. The first step would indeed be to find compelling signs for life on other planets. That discovery, if and when it comes, would at least demonstrate that life is not incredibly hard to start—there is no impassable bottleneck. We would instantaneously know at that point that we should expect that a relatively simple pathway from chemistry to the beginnings of life exists, in which each step has a reasonably high probability of success. Even so, finding out whether life on exoplanets also started with RNA will remain a huge challenge, unless that alien life includes intelligent beings who are willing to communicate with us.


Looking Back from Modern Life into the Past: The RNA World


At the beginning of this chapter, we described how the confounding complexity of modern life erected a conceptual barrier, which for many years obstructed reasoned thinking about the origin of life. The recognition that very early life had to be extremely simple, with RNA playing a central role as both a means of storing information (although not as robustly as DNA) and the molecular basis of the first catalyzing enzymes (even though RNA is not as good a catalyst as protein enzymes), provided researchers with a fresh insight, and allowed for a simplifying breakthrough. In the late 1960s, three scientists were the first to realize the significance of what has become known as the RNA World: Carl Woese, now famous for his work on the evolutionary tree of life; Francis Crick, of structure-of-DNA fame; and Leslie Orgel, one of the true pioneers of prebiotic chemistry (as mentioned in Chapter 1). All three perceived that the fact that RNA chains could fold up into complicated three-dimensional shapes implied that RNA might be able to act as an enzyme—could catalyze chemical reactions—just like proteins. The ramifications of this understanding were astounding: if RNA could catalyze its own synthesis, the origin of life might come down simply to the origin of a self-replicating RNA, or an RNA replicase (an enzyme that catalyzes the replication of RNA from an RNA template). Unfortunately, with the attention of the scientific community at the time having been focused on unraveling the mysteries of protein enzymes, no one took seriously the idea that RNA could act as an enzyme, and this crucial key to the origin of life languished in obscurity for some fifteen years.


The news that RNA molecules could act as enzymes eventually struck the scientific community like a thunderbolt only in 1982. In that year, two separate groups of scientists discovered RNA enzymes hiding in plain sight, within two very different parts of modern biology. Tom Cech, a biochemist at the University of Colorado, Boulder, had been studying the process of RNA splicing for several years. RNA splicing is in itself a somewhat puzzling process, in which cells copy the information stored in DNA into long RNA chains, and then mysteriously clip out and discard chunks of that chain by cutting it twice in the middle and joining the ends back together again. RNA splicing is widespread in biology, but how exactly it occurs was unknown in the early 1980s, and many labs were racing to uncover the underlying mechanism. Tom Cech decided to study splicing in an esoteric microorganism with the rather complicated name Tetrahymena thermophila—a ciliated unicellular organism that is commonly found swimming around in small ponds. This organism had the convenient property of making a very large amount of a particular RNA, which it then spliced in a fairly simple manner, thereby making it an ideal system in which to study how splicing worked. At the time, the general assumption was that the process of splicing was carried out by protein enzymes, much like all other known chemical reactions in cells. Consistent with this hypothesis, Cech set out to purify the protein or proteins responsible for splicing by first purifying the unspliced RNA, and then adding back cellular proteins in the hope of seeing splicing as it was taking place. Frustratingly for him, however, he was unable to separate the splicing activity from the RNA itself. After strenuous, multiple unsuccessful efforts, he felt compelled to conclude that the RNA must have been catalyzing its own splicing.


Needless to say, this conclusion was received with some skepticism by the scientific community, which was still wedded to the idea that all enzymes are proteins. Critics even went so far as to claim that Cech must have simply failed to remove the catalytic protein from his RNA preparation. This incredulous response inspired Cech to do things differently. He obtained unspliced RNA not from Tetrahymena cells, a process that might have led to an inadvertent contamination with the long-sought splicing enzyme, but by making the unspliced RNA in a test tube, from DNA and just one bacterial enzyme that could transcribe the DNA into RNA. What he found was amazing: while RNA prepared in this way could not possibly contain any splicing enzyme, it still spliced, all by itself! In other words, in this roundabout way, a fruitless quest to purify a protein that turned out not to even exist opened up a new exciting window on biology—the discovery of RNA enzymes, also known as ribozymes.
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