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Prologue


There’s a particular type of mental exercise in Zen Buddhism called a koan. It is sometimes described as a riddle without a solution, but that misses the point a bit. True, koans are less about finding the solution and more about suspending yourself in the questioning state of mind, the void of the unresolved. But koans are not meaningless. It’s just that the process of getting to the meaning means more than the meaning itself.


If two hands come together and make a sound, what is the sound of one hand clapping?


I first heard this koan from my bohemian intellectual classmates at St. Petersburg State University in Russia. Buddhism was fashionable in a semi-ironic way, postmodern and Westernized. We would swarm the university’s famously long central hallway during the breaks between invertebrate zoology and ancient plants and show off our Zen skills to each other with a one-handed clap of fingers against the palm. Oh, the cleverness.


In time I came to see a deeper meaning in the koan. When two hands come together, the sound is what’s born out of their contact. Is this not a metaphor for all human experience? In order for me to hear, see, or feel anything, there must be a me, and there must be a non-me. A human and the world that surrounds the human. Experience is what happens when the two come together.


But the koan casts this as an illusion. There are not two things, but only one, and that one thing is making the sound. Neither I, nor you, nor anyone or anything else can be separated from nature as a whole—we are all part of it. To truly understand human experience, implies the koan, we must concede that the boundary between the human and the rest of the world does not truly exist.


I ruminate on the sound of one hand clapping because my scientific work lies on that elusive boundary of me and non-me: I study the miracle by which molecules form memories. In practice, that means I spend a lot of time staring through a microscope at neurons in petri dishes. In many ways, these neurons are no different than those that are wired together in my brain. They connect to each other as they normally would inside my brain and respond to chemicals that, in my brain, would induce memories. When you spend time with these neurons, you soon get a funny feeling—a sort of philosophical Magic Eye illusion. How could it be that what I am studying is at the same time part of what studies it—that is, me? Is my mind not run by the same kinds of neurons? Are my memories not stored in the same types of connections? The more I gaze into this junction of me and non-me, the more it seems to melt, running through my fingers like water as I try to grasp it.


Some would say that what puzzles me is the nature of consciousness: the mysterious and possibly unanswerable question of how brains generate first-person experience. But I think the puzzle is deeper than that.


There is a fundamental tension in the way that we think about ourselves and the world around us: everything in the world is made of the same stuff, and yet it feels somehow special to be me. This is what puzzles us about consciousness: if I have the same brain as everyone else, why does my self feel so special compared to all the others? But it is the same thing that puzzles us when we consider our place in the natural world. If genetically I am not that far from a fruit fly and chemically almost indistinguishable from a mushroom, why does being a human among other species seem so special? If I am made of the same stardust as rocks and oceans, why does it seem so special to be alive?


The levels are different—self versus others, human versus nonhuman, alive versus not alive—but the puzzle is the same. From what I can tell, both the Zen koan and scientific research insist that nature knows no true boundaries. But if they are right, then what is so special about being me?


Modern science is built upon materialism, the idea that matter is all that really exists. In science classes, the material world is presented as a cold and brutally disinterested space in which lifeless objects collide with one another according to a set of mathematical equations. Even something as lively as the gleam of a butterfly wing can be reduced by science to pigments, synapses, and chemical energies calculated to the second decimal point. Suggest that the gleam is anything but that, and it sounds like you are denying science and probably believe in ghosts or miasmas.


But my book puts forward another way of looking at the world. It emphasizes not the things, but the ideas—or what I call the essences (from the Greek eidos)—inherent in things. There’s nothing ghostly or unscientific about that. It is simply a shift in perspective, but it’s a shift that allows us to uncover the meaning of natural processes. Here’s what I mean. You could say: “A muscle in a leg of a human clad in blue and white propelled a spherical object into a network of synthetic strands in a metal frame.” Or you could say, “Messi scored a goal for Argentina in the World Cup finals.” The first perspective is materialist. We can use it to predict, say, how the trajectory of the ball varies depending on the angle of the kick. But the second perspective is the one to use if we want to understand the meaning of the action. And it is this perspective we will use to resolve our puzzle. To understand what is special about the human experience, we have to see what the human experience means from the vantage point of nature as a whole. And to get there, we must start at the very origin of life.


In this book, we journey from life’s beginnings forward through the eons until we arrive at the stupendous capacities of our own minds, here, now. Our journey proceeds in stages that are not simply geological eras nor successive branches on the evolutionary tree of life, but are rather stages in the slow crystallization of essences, “nature’s ideas.” With time, they become progressively more specific, nesting into each other like a set of Russian matryoshka dolls: being alive, being animal, being human, being a self. As we move forward through these nested boundaries, it becomes clear that the human experience is special not because of any one of them, but because of the complete set.


And then, something curious happens. When we reveal the entire matryoshka—and thus glimpse the human experience from the vantage point of nature—we see that what makes you and me different from the rest of the world are the very same things that we contribute to its flow, to its unified, eternal river of essences. What we think separates us from nature, in fact, makes us inseparable from it.
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I believe this unification of the world, both inner world and outer world, into a single, fluid oneness, is finally what the koan is trying to achieve. Intuition tells us that two hands must come together to make a sound, but in this book, we see that all sound in the world is made by a single hand.




Part I.


Where Everything Came From




Chapter 1.


In the Beginning Were the Letters
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Everything happens accidentally.


LEO TOLSTOY War and Peace


When I first arrived in the United Kingdom for graduate school, one of the things that baffled me, as a Russian, was that everyone thought vodka was made from potatoes. Eventually I realized that there were all kinds of vodkas including the Polish potato kind, but at the time it seemed barbaric—every Russian knows vodka is made from wheat. I would walk around and ask people what vodka was made from, and when the British invariably said “potatoes,” I would rage in the way only a twenty-one-year-old can. The thing was, it all tasted the same. Which starch you use to make the alcohol really doesn’t matter all that much. It was the idea that was offensive. The idea that the starch should come from wheat, to me, seemed like an inherent part of what vodka was, regardless of the molecules it was made of. If the idea was gone, the vodka was no longer vodka—although it admittedly still worked for all intents and purposes.


Some might say ideas like this only exist in our minds, not in reality. Visitors from another planet would not be able to distinguish a wheat-based vodka from a potato-based vodka, therefore the two are not really distinct substances—so the argument goes.


But say the visitors are so advanced that they have access to all human brains and every signal passing through them; they can decode all our languages and read all our books; they can infer the role of wheat in Russian history, and potatoes in Polish history, based on soil chemistry, climatic observations, Chekhov’s plays, and the menus of local restaurants. If they can actually take all of this into consideration, they can certainly also see the two vodkas as being meaningfully different. So, in fact, the ideas do exist in reality—just not in the material composition of vodkas alone. To get to these ideas, the interplanetary visitors would have to understand a lot more than chemistry.


What we are about to do in this book is similar. We will look for a perspective broad enough to reveal “nature’s ideas” about what it means to be a human. Not the ideas that exist in our heads, but the ideas embodied in the world itself, in its flow, its patterns, the causal connections between its elements. Plato called nature’s ideas eidos, or “essences.” This is what I will call them, too, to distinguish them from the ideas of human beings.


Ancients had no issue with nature possessing ideas, rationality, creativity. But modern science classes trained us to reject any attempt to think of nature in rational terms. I once heard a respected professor at a conference boast during her keynote speech that she taught her students to never ask “why” questions. We are taught that things simply exist and asking their “point” is paganism—Zeus and sea-foam, not chemistry and biology.


But I think the ancients had something with all the paganism. To me, it is less silly to imagine the forces of nature in humanlike or divine form than to deny that there’s anything rational in nature at all. Whether you use the language of gods and spirits or the language of molecules and mutations, ideas—essences—permeate the world both living and nonliving all the same.


To Build and Destroy


Consider metabolism, one of the key features of any living organism. This glorious system allows us to stuff into our mouths virtually anything and, somehow, without any effort whatsoever, transform it into thoughts and actions. There are two sides to metabolism: anabolism, the buildup of big molecules from small ones, which requires energy, and catabolism, the breakdown of big molecules into small ones, which releases energy. Creation and destruction, two pure essences, like yin and yang. In its specifics, metabolism is extraordinarily complex—hundreds of carefully regulated enzymes constantly interconverting nutrients and energy to ensure that everything is always balanced. But at its core, metabolism boils down to something much simpler—so simple that it is written into the periodic table of chemical elements that hangs in every chemistry classroom in the world. If ancient Taoists knew the periodic table, I’m pretty sure they’d hang it in a temple.


The yin and the yang, creation and destruction, correspond to two atoms of central importance to life on Earth and probably on any other planet: carbon and oxygen.


Atoms, in general, are restless and needy creatures. They are always looking for something they can get from other atoms. As some readers will remember from high school physics, different kinds of atoms (also known as elements, such as carbon, oxygen, or iron) have a designated number of electrons, which hover like a cloud around the protons and neutrons sitting in the nucleus. Whatever their allotted number of electrons, atoms never seem to get it right and are always anxious to make some changes. The entirety of chemistry is some form of atomic hustle with electrons. Some atoms want to steal an electron from someone else. Others want to offload an electron surplus. Others yet look to form an electron-sharing partnership with another atom—a molecule. This—assembly into molecules—is one of the ways by which atoms control their anxiety.


Molecules of life—organic molecules—are distinguished by their large size. They are made up not of two or three atoms but tens, hundreds, even thousands of atoms with their electron clouds arranged into complicated three-dimensional structures. All of that is possible thanks to the properties of carbon.


In the broadest terms, life really is made of carbon, with a few other things stuck to it. Why carbon? It’s a uniquely cooperative element. A carbon atom can form four separate chemical bonds with other atoms, which is more than most elements. What’s equally important is that those partner atoms can also be carbons. Very few elements so readily bond with their own kind. The result is an infinite array of complex molecules with branched multicarbon chains and polygonal multicarbon rings of virtually unlimited shape and size.


You could say that as an element, carbon is practical, enterprising, and constructive. In Russian, the names of elements come with a preassigned gender, which certainly charges the air with gender stereotypes, but also adds an inescapable humanizing element. Platinum is female, iron is neuter, carbon is male. I have always thought of carbon as a sturdy middle-aged man, maybe a coal miner. In his dealings with other elements, carbon is reasonable and collaborative. He is not looking to steal anyone’s electrons, only to unify electron clouds into a communal whole, building impressive molecules of increasing scale. He shares equal rights with other carbons within their complex rings and branching chains. Carbon is even nice to hydrogen, pulling only slightly on his laughable single electron. (Hydrogen, the simplest element, consists of a single proton and a single electron—small and almost powerless in the chemical sense.)
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Oxygen is the yang to carbon’s yin. He—oxygen is also male in Russian*—is destructive, merciless, and ferocious. He rips apart anything in his way. The force with which oxygen pulls electrons toward itself is second only to fluorine,1 itself a much more exotic character. As oxygen rams into molecules, every complex arrangement is destroyed, every chemical bond broken, atoms separated, their electron clouds sucked into oxygen’s insatiable orbit. The energy stored therein is liberated with spectacular gusto, sometimes in the form of light and heat—that’s called combustion.


Take the essence of carbon, take the essence of oxygen, put them together, and you get the essence of metabolism, one of the most magical features of life on Earth. Carbon builds, oxygen destroys. This describes their properties anywhere in the universe, but it also describes how our bodies work at the most basic level: we make large molecules out of carbon and then break them down using oxygen.


There is no dichotomy more elemental to life on Earth than this one—whether you use the word in the chemical or philosophical sense. Everything else is built upon these two. Carbon’s cooperative nature means a limitless chemical palette from which life can draw its form. Oxygen’s propensity to break and grab means a constant turnover of old into new, and by extension, the impossible into the possible. Carbon represents the enterprising spirit that sets the tone for all the delightful innovations of life. Everything in living nature that grows, or branches, or builds up, anything that challenges the norm, anything that extends beyond the previously possible owes its existence to the atom of carbon and follows in its pioneering footsteps. But oxygen is equally vital to nature as we know it, just as death is part of life. Oxygen represents a morbid but unshakeable principle: for something to be created, something else must be destroyed. For anything big, anything complex, anything beautiful that exists in nature, there is a price to be paid, a resource to be used up, energy to be spent. Oxygen provides that energy. For carbon to build, oxygen must ravage. Oxygen is not just nature’s bully; he is a chemical Shiva—bringing rebirth through destruction. The two elements, in large part, define what it means to be alive.
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The Circle and the Dead End


Another signature feature of life on Earth is that it obeys the so-called central dogma, the closest biology comes to a physical law. This dogma captures the most puzzling feature of life’s molecular makeup. Francis Crick, co-discoverer of the DNA double helix, who first formulated the central dogma in 1957, put it best: “once ‘information’ has passed into protein, it cannot get out again.”


Let’s unpack. The “information” to which Crick refers is genetic information or, simply, genes: the heritable sequence of “letters” of DNA.* This information gets passed from one generation to the next by copying said DNA. But then, in each generation, the same information is also “passed into protein.” Proteins are life’s principal molecular machines, whimsical nanorobots with which everything in a living organism is done. Genes are basically blueprints for these proteins: the sequence of DNA letters is a code that is used to assemble them. This is what “information passing into protein” means. And here’s the dogma: once the code is in, it can’t get out. You can’t extract the blueprint from the protein and make another protein based on that.


Note that the statement that Crick chose to encapsulate the central dogma is not about what DNA can do (pass its contents from generation to generation and serve as a blueprint for proteins), but about what proteins cannot do: proteins cannot copy themselves. They are an informational dead end. Every protein eventually gets destroyed—either because it is no longer needed or simply due to wear and tear. When that happens and a protein falls apart, the information inside of it dies, and a new protein must be made again using a DNA blueprint. A protein by itself cannot carry a gene onward into the future. The reason this is so significant—and puzzling—is because in a living organism, proteins do nearly everything else.
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A protein is not just one specific substance; it is, rather, a type of molecule. Proteins are all the different chains that can be made from the same set of much smaller molecules called amino acids, which are strung together in sequence, like beads. There are a total of twenty different amino acids that occur in proteins (think twenty colors of beads). Amino acids are all simple molecules but quite different from each other in their chemical properties. A typical protein is made of several hundred of them—assembled in a particular sequence, it contorts into an intricate three-dimensional shape spattered with chemical groups operating as the gears and cogs of a machine. Humans have roughly twenty to twenty-five thousand different proteins in total,2 and there is a gene for each one, a corresponding region of DNA that serves as an instruction for assembling this specific sequence of amino acids. Each cell decides for itself which subset of these twenty thousand to produce, in what quantities, and at what time according to its needs.


These diverse proteins rule the living organism. Like workers of different professions, they do anything and everything there is to be done. We digest food using proteins, breathe in oxygen using proteins, and move using proteins. Proteins identify viruses, proteins synthesize the cell membrane, and when long-term memories are formed, proteins in the hippocampus are using proteins to send protein signals to other proteins in the cerebral cortex.


And in the most intriguing twist, proteins are also in charge of copying DNA—that very thing they cannot do for themselves.


Like proteins, DNA is a chain of molecules, in this case called nucleotides, strung together in a sequence. DNA chains are larger and clunkier than protein chains, and although they contain instructions for making proteins, they cannot do very many things on their own. Most of the time, DNA just floats there, while proteins climb all over it, making stuff happen—reading the sequence, repairing the sequence, copying the sequence. Without these proteins, DNA is almost helpless and certainly could not organize its own replication. So proteins are responsible for propagating DNA, which in turn holds the key to the existence of proteins. DNA needs proteins so that it gets copied, but proteins need DNA so they are re-created in each generation. That’s the ultimate chicken-and-egg.


Why this bizarre arrangement? If proteins are such universally capable molecules, if they are so much better as molecular devices than DNA, why can’t everything, including inheritance, just run on proteins? This, by the way, was the predominant theory until the 1950s, when the role of DNA was definitively proven. The reason for this is a key feature that DNA possesses and proteins lack. It is called complementarity, and it is the axis on which the circle of life spins.


DNA has only four different nucleotides, which is a whole lot fewer building blocks than in proteins. These blocks, nucleotides, are also not as diverse as different amino acids are—chemically, they are more or less similar molecules. What they have instead is this key property, complementarity, also known as base pairing. The four DNA nucleotides, known as A (adenine), T (thymine), C (cytosine), and G (guanine), are organized into pairs that stick to each other: A sticks to T; C sticks to G. This doesn’t seem like much, but it means everything.


Because each nucleotide has a complementary counterpart, any sequence of nucleotides also has a complementary version—for example, ATTCG is complementary to TAAGC, like a positive and a negative. If you have one sequence, you can create the other using the first as a template, and vice versa. A typical DNA molecule carries both a “positive” strand and a “negative” strand—two complementary chains stuck to each other and wound into a double helix. Unwind the helix—and you have two complementary chains. A special DNA-weaving protein, or DNA polymerase, comes along and rebuilds the missing strands—a positive to a negative, and a negative to a positive, according to the same simple rule: A to the T, C to the G. Voilà—you end up with two identical double helixes. This is how DNA replicates, and it is only possible thanks to complementarity.


It is humbling to think that the continuity of generations, sustained for billions of years, connecting each living creature to our common ancestors and the very origin of life on Earth, hinges on four small molecules, the letters of the genetic alphabet, sticking to each other in pairs. In a way, the complementary chains of DNA represent the very essence of life. Think about it: it is only in biology that multiplication and division are the same thing, thanks to DNA. To multiply, living beings divide. That doesn’t happen when, say, snowflakes multiply in the air or when dirty dishes multiply in the sink. But new living organisms always in some way bud off already existing ones, ultimately—because DNA is copied by splitting the original in two.


Proteins don’t have anything comparable. Amino acids don’t come in complementary pairs, so there is no way to make a replica of an already existing protein: information contained within them “cannot get out,” per Crick’s formulation of the central dogma.


In other words, proteins don’t have access to eternity. That—eternity—is why they need DNA, whose paired nucleotides provide just that.


On the other hand, DNA without proteins is inert and lifeless. It is only thanks to their extraordinary abilities that DNA can take advantage of its complementarity, replicate, and impose its genetic will on the living organism. So what DNA needs proteins for is their nanorobot-like chemical versatility—which ultimately boils down to their tool kit of diverse amino acids.


So, in their very chemical nature, nucleotides and DNA embody continuity, whereas amino acids and proteins embody functionality. These essences can be separated, but one cannot exist without the other, and life as we know it cannot exist without either of the two.


One might think of DNA and proteins as equal partners in the industry of life. Actually, the relationship between these two great molecules of nature, and between the essences they embody, is more complex. DNA and proteins are not equals. A random change in DNA, as in a mutation, means a change in all proteins encoded in it, a change that could persist forever. But a random defect in a protein is as short-lived as the protein itself. Once the defective molecule falls apart, it does not affect DNA, or future generations, which continue to produce the same protein without any alteration. At the end of the day, it is DNA that controls proteins, not vice versa.


That’s really quite tragic. Proteins, these marvelous molecular machines capable of almost anything except self-replication, are forced, because of this deficiency, to labor for the benefit of the genes, controlled by their needs, subject to their whims. That which reproduces holds the power. Later in this book, we see this rule play out again and again: in the relationship between worker ants and their queen, in the relationship between the body and its sex cells, even in the relationship between individual experience and culture. Here, in the mutual arrangement of a few atoms in amino acids and nucleotides, the same essence is embodied in its purest, primordial form.


The World before the Dogma


The central dogma—the rule that genes “flow” from DNA to proteins and not vice versa—is usually represented in biology classrooms with a flowchart containing an extra level in the middle: DNA, to RNA, to proteins. RNA is DNA’s cousin, a similar molecule made out of slightly different nucleotides—the “NA” in both acronyms stands for “nucleic acid,” and the first letters—“R” for “ribo-,” “D” for “deoxyribo-”—refer to these small differences in the chemistry of RNA and DNA’s building blocks. RNA sits in the middle of the central dogma flowchart for no obvious reason. DNA is for inheritance; proteins do the jobs. You could imagine DNA directly converting into proteins. But that’s not how it happens. In reality, DNA is converted into proteins through the medium of RNA. First, a region of DNA must be transcribed (essentially, printed out) into its RNA equivalent. Then the printout must be translated—the sequence of RNA converted into a sequence of amino acids.


This two-step conversion, in itself, does not make a lot of sense. It seems like one of those things that you are just required to accept in a science class without asking “why.” That’s just how it is! But I can’t think of a better place to ask “why” and to look for a reason RNA exists. Because the answer explains not just how molecules work—it tells us how our story on this planet begins. The thing is, RNA might have been the original form of life. The reason it’s still there is because everything else grew around it.


Let’s back up a little. To get from a gene to a protein, first, you have to transcribe the gene into an equivalent string of RNA. This is straightforward because RNA and DNA are so chemically similar. Just like you can copy DNA using complementarity (A to the T, C to the G), you can transcribe it into RNA in the same way (except RNA has a slightly different nucleotide, U instead of T, though the two are functionally equivalent). All you have to do is find a gene you are interested in on the long meandering helix of DNA, unwind that part of the helix, and duplicate one of the strands using RNA nucleotides, like a photocopy of a page in a book. The photocopy—RNA—then peels off the book—DNA—and prepares to be converted into protein.


This next step, however, is much more complicated. Proteins and nucleic acids are totally different. There’s nothing like “A to the T, C to the G” to guide the assembly of one molecule based on another. You have to convert a sequence of nucleotides into a sequence of completely unrelated molecules—amino acids, which make up the proteins. It is like translating one language into another, and it requires some high-grade molecular trickery. It happens at an all-important cellular factory called the ribosome, a large, oddly shaped molecule that takes in the RNA printout of a gene and converts it, letter by letter, into the amino acid sequence of a protein.
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This is where it gets especially interesting. Here we have the ribosome, a critical element of a living organism, a wondrous protein-making factory that interconverts two molecular languages. Virtually all molecular machines in nature are proteins: proteins do all the jobs, including even copying DNA, which can’t achieve replication on its own. You would think that the job of creating proteins would also belong to proteins. And yet, surprisingly, this is not so. Instead, the ribosome employs RNA—hence the “ribo” in its name.


This is extremely unusual. Generally speaking, nucleic acids are not good at doing jobs—any jobs. DNA is especially inert and would never consider anything as flamboyant as being part of a protein-making machine. RNA is not that much better—it is also made of nucleotides, and like any nucleotide chain, it is big, awkward, and nowhere near as versatile as a protein. Nucleic acids are almost always used as information carriers, not as components of functional devices, which, in turn, are almost always protein based.


But there are exceptions to the rule. Sometimes RNA acts surprisingly like a protein: it doesn’t just carry a code in its sequence, but actually does something as a molecule, a clumsy visitor from the high-society nucleic acids, getting its hands dirty with protein-esque manual labor. Some RNA molecules even look like proteins: instead of long formless strands of the DNA kind, they fold into compact three-dimensional shapes, very much in the protein fashion. The ribosome is a perfect example—the most notable enterprise organized by such protein-like RNAs. This protein-making factory is actually a conglomerate of different molecules, but RNA runs the show: it does the most critical jobs of selecting the appropriate amino acids and connecting them to one another during the protein assembly process.


What is going on with RNA, this protein wannabe in the nucleic acid family? You can imagine the central dogma flowchart with DNA and proteins alone, and yet RNA stubbornly intervenes and in fact holds the key to the entire “flow of information into protein.” Why is it there at all? The reason, say biologists who favor the “RNA world” theory, is that RNA was the original, most ancient life-form that had ever existed on our planet and, simultaneously, the prototype of both proteins and DNA, which evolved later as more specialized extensions of RNA’s abilities. In other words, RNA is a relic of the origin of life, much like the cosmic microwave background is a relic of the Big Bang.


At first glance, RNA compares unfavorably with both DNA and proteins. It’s not great for storing genes in the long run because it is less stable than DNA. In today’s world, only some viruses with very simple genomes are able to store their genes in the medium of RNA, and those viruses (COVID and flu, to name a couple) mutate and evolve a lot faster than viruses that opt for DNA (for example, rabies—this is why getting vaccinated once is good for life). RNA is also not as good as proteins at doing jobs because its nucleotides are chemically inferior to proteins’ amino acids. So DNA is a better archive, and proteins are better machines than RNA.


But what is profoundly unique about RNA is that it can be an archive and a machine at the same time. It can embody the essences of DNA and proteins—continuity and functionality—within a single physical unit.


It is for this reason that evolutionary biologists love RNA as much as they do. Since RNA can both do things and be replicated, the easiest way to imagine the advent of the “central dogma world”—today’s world with its codependent trio of DNA, RNA, and proteins—is to start with self-sufficient RNA that replicates itself.


Maybe it exists alone, multiplying only its own sequence, and its many copies gradually diversify. Maybe it altruistically replicates every random RNA it can find. In either case, over time, many different RNAs are created and replicated together. They take on a variety of molecular jobs that aid their collective reproduction. Then, eventually, comes the greatest milestone in the history of this “RNA world”: the invention of proteins.3 The advent of the ribosome—in its original form, a complex and folded RNA machine—enables RNAs themselves to transform their sequences—today known as genes—into protein sequences, producing an unlimited number of amino acid–based nanorobots. This invention opens a new world of possibilities for RNAs to create novel functions and optimize already existing ones. Almost all work is then relegated from RNA to proteins, save for a few rare instances (such as in the ribosome itself). A great variety of new jobs is created: proteins learn to replicate RNA, mint nucleotides, harvest and store energy, and eventually to create cell membranes and all the other essential components of a living organism. Finally, proteins create a new, superior, highly stable archive for storing genes: double-stranded DNA. The “central dogma world” as we know it is complete.


All in all, if we accept that RNA world is how things started, given a billion years or so plus some imagination, you can probably get from there to everything else.


But how do you get to this presumed starting point—a self-sufficient, self-replicating RNA? Is it even possible? The answer appears to be yes. Scientists have been able to artificially create an RNA system that can self-replicate indefinitely without any help from proteins.4 The nuance is that this system is not just a single self-sufficient RNA molecule making copies of itself, but rather several molecules that achieve their replication collectively. To simplify somewhat, molecule A replicates molecule B, B replicates C, and C replicates A, so no single molecule is sufficient, but the combination is locked in a loop that replicates all its members.


This scenario actually seems even more realistic vis-à-vis the origin of life. In nature, almost everything begins with an accident, but almost every accident ends in nothing. For there to be anything useful, there must have also been many RNAs doing many random things that never took off. Rather than imagining that one day among them a single Promethean benefactor started replicating everybody else, we are invited to imagine a soup of random and diverse RNA chains minding their business and going about their own agenda set by their randomly assembled sequences, until one day this soup finds itself interconnected through mutual replication. One day just the right combination of biochemical activities falls into place and forms something like the self-replicating collective the scientists created: A happens to make more B, B to make more C, and C to make more A—and there could have been thousands more RNAs involved in this collective cycle. Call this the “loop in the soup” model. Once the replication loop is formed, the circle of life starts spinning and continues to this day.


But just because this is achievable deliberately in the lab does not necessarily mean it is achievable spontaneously in real life. What could this primordial RNA brewery possibly be, in a real, physical sense? In search of the answer, most experts look to the deep sea.
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Warm Little Vent


To create a soup of RNA capable of “going live,” you need to solve several problems. First you need to spontaneously create nucleotides, the “letters” from which chains of RNA could be assembled. On modern planet Earth, any spontaneously created complex molecule would either get immediately broken down by oxygen or eaten by some microorganism, but neither was present on the primordial planet, so there was a bit more room for spontaneity. The best-known evidence that something can be spontaneously created is the famous Miller-Urey experiment. In 1953 chemists Stanley Miller and Harold Urey demonstrated that if you take some simple chemicals, seal them in an oxygen-free tube, and proceed to heat and zap them with electricity (emulating lightning on ancient Earth), eventually a whole array of complex organic compounds will be produced. Miller and Urey didn’t quite get to nucleotides, and for a while the spontaneous generation of those particular molecules seemed implausible. But based on recent research, at least the bulk of a nucleotide can be spontaneously assembled from simpler molecules under conditions resembling what we know of ancient Earth, so it’s beginning to look more and more possible.5


Next, there must be enough raw materials to mold into these nucleotides and ultimately RNA. Beyond carbon, oxygen, and hydrogen, you need phosphorus and nitrogen, and ideally a variety of other microelements that might facilitate chemical transformations. Modern organisms rely on a good part of the periodic table, including exotic elements like copper and manganese required in small quantities for specific chemical tricks they are good at.


There must also be some source of energy—a force that could turn simple molecules into complex ones. Miller and Urey imagined lightning that would strike “warm little ponds” (a phrase originally uttered by Charles Darwin himself). Ponds are attractive for an additional reason: spatial constraints. Life as we know it is all based on water, so it must have started in the water. But it could not have started in the open ocean, because all participating molecules must be kept in one place, as they are in a modern organism by our cell membranes, blood vessels, and gut linings.


So you need water, chemicals, and energy in a tight space. A little pond struck by lightning fits. Another place that fits even better is a deep-sea hydrothermal vent.


Although there are many different opinions when it comes to life’s birthplace, as of this book’s writing, the most popular theories are associated with these mid-ocean geysers that spew hot water and minerals from deep in the Earth’s crust.6 Vents seem to embody several ideas foundational to today’s life-forms, and for that reason many questions about the origin of life can be answered by finding just the right type of vent. It is almost as if a hydrothermal vent were a prototype of a living being.


First, hydrothermal vents are chemically rich. Vents are tapping into the crust of the Earth, so the water they spew contains a variety of substances and chemical elements. These often get deposited around the water source, producing an array of impressive structures of different shape, size, color, and chemical composition, depending on the water’s mineral content. This allows for a wide variety of chemical reactions that would otherwise be considered unlikely, which, from a chemist’s point of view, is also a trademark feature of life.


Second, hydrothermal vents build up around a source of energy, much like living organisms. Their discharge contains energy in both chemical form, such as hydrogen gas, and in the form of heat. The temperature differential—between the heat inside the vent and the cold water of the surrounding ocean—might itself have played a role in the origin of life, since it provides a way to constantly stir the hypothetical soup of primordial RNA, much like today circulation stirs the hormones, nutrients, and oxygen in our bodies.


Finally, the hydrothermal vents offer even better spatial constraints than “warm little ponds”: the columns that build up around the geysers are porous, and the typical size of the pore is remarkably similar to the size of a modern cell, such as those in our multicellular organisms. These tiny mineral bubbles may have been the original testing labs for the development of life. Even more compellingly, the surface inside the pores is adsorbent, which makes it more likely that hypothetical nucleotides would assemble into hypothetical RNA chains—it would be easier for the “letters” to find each other and combine into sequences while clinging to the pore’s surface.7


To picture a representative location, think of the Lost City, a mid-Atlantic “hydrothermal field” discovered in 2000.8 Although the “city” itself is relatively recent (not even mountain ranges have existed for billions of years), some experts argue that sources of this type most resemble the ancient cradle of life. The Lost City is an eternally dark, five-hundred-square-meter area at the bottom of the ocean studded with numerous hydrothermally derived structures: pipes, chimneys, and cathedrals as tall as a twenty-story building. Some of them are hot and active, others are cool and dormant, and the entire field is populated by scores of extraordinary creatures, most notably a whole jungle of unusual microorganisms. Although we will never know, at the very least it seems possible that our history begins in a similar place. Are there new lifeforms brewing in the depths of Lost City as we speak? The rules have changed in the past four billion years: the planet is now taken over by ever-hungry living organisms and saturated with that ever-destructive gas oxygen, both of which make it seemingly impossible for entirely new forms of life to emerge. But perhaps we are underestimating the power of chance.


The Junkyard Tornado


For almost all of human history, at all stages of humankind’s cultural and scientific development, the existence of life was seen as a miracle—something beyond the explanatory power of common sense. Until the nineteenth century, even secular scientists believed that life must possess some special force that fundamentally distinguishes it from nonlife—today we call this rejected school of thought “vitalism.” Modern science says that the gap between life and nonlife can be breached—this transition is called abiogenesis.


I think the reason abiogenesis is such a contentious topic outside of scientific circles—it’s been likened to a tornado assembling a Boeing in a junkyard—is that many people feel that it erases the distinction between life and nonlife and, in doing so, takes away something that makes human existence special. Surely the miracle of life is not just all those dull atoms and molecules!


But if we recognize that atoms and molecules can mean things—that they can represent nature’s essences—then the continuity of life and nonlife ceases to insult the dignity of life in any way. Instead, it connects each of our individual lives to profound, elemental forces that define what we are in the broadest of terms. Look at the properties of carbon and oxygen, and see the contours of metabolism, the cycle of matter and energy. Look at nucleotides and amino acids, and see the foundation for the central dogma, the life cycle of continuity and functionality. Look at a hydrothermal vent, and see an outline of a living organism. Human existence can be special and life miraculous not despite these connections but because of them. What they reveal is that ideas don’t exist only in human heads but are inherent in all things, even the simplest ones and even the nonliving ones. The essences of life stem from the essences of nonlife, and do so in a continuous, unbroken flow that begins long before the origin of living nature.
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As for how life came to exist, the theories might change in the future. But there’s one thing about the origin of life that requires no proof other than, perhaps, a walk in the forest: life happened. At that, I gasp in awe.





 


*As are most elements. Besides platinum, the only females are sulfur, copper, mercury, and antimony, whereas gold, silver, tin, and iron are neuter.


*It is curious, but not surprising, that Crick chose to put the word information into quotation marks: back in 1957, at the dawn of modern genetics, this computer-science language was still very new, and applying it to genes—to life—seemed like science fiction. Today no one would flinch.




Chapter 2.


A Good Idea
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Listen! If stars are lit, it means—there is someone who needs it?


VLADIMIR MAYAKOVSKI


The lab where I did my doctoral research was located within a three-minute walk from the site of the greatest clash between evolution and religion in scientific history: the Oxford evolution debate of 1860. This battle between proponents of the Darwin’s theory of evolution and Anglican defenders of the Bible took place at the Oxford University Museum of Natural History, or University Museum, as it was then known, on the day of its opening, June 30, 1860, as if it were specifically built for the epic showdown. The Oxford debate is often considered the historical moment when humankind pivoted from the theory of intelligent design to the theory of evolution.


The battle, according to Darwin’s friend, Joseph Dalton Hooker, who attended the debate, “waxed hot”—blood boiled and ladies fainted. What so animated the debaters and spectators alike—there’s no precise record, but there were maybe five hundred or even a thousand of them—was the recent publication of Charles Darwin’s magnum opus, The Origin of Species.* This wasn’t one of those cases in which a great idea goes unnoticed for half a century. Darwin’s theory caused a furor the moment it went into print. Everyone was talking about it, and passions flared. On stage at the museum, the conservatives, headlined by the Oxford bishop Samuel Wilberforce, mocked the evolutionists’ supposed ape ancestry. The evolutionists (led by the London biologist and self-proclaimed “Darwin’s Bulldog,” Thomas Huxley, who remains etched in history not in least part thanks to this catchy canine alias) fired back that evolutionary theory is plain logic. Neither spared any vitriol.1 But the most memorable moment of the debate may have been offered by “a grey haired Roman nosed elderly gentleman,” who, according to Hooker’s account, stood in the center of the audience and shook an “immense Bible” over his head, castigating Darwin for his ungodly lies, until he was booed away.2 This was none other than Robert Fitzroy—by then, rear admiral, but some thirty years earlier, a twenty-six-year-old captain of the Royal Navy, freshly appointed commander of HMS Beagle.


The Beagle had a dark past—its previous captain shot himself in his cabin—and Fitzroy wanted a companion to keep him sane (his own uncle, a notable political figure, also had committed suicide by slitting his throat with a pocketknife, which must have added to Fitzroy’s anxiety). Charles Darwin, a twenty-two-year-old geology student, was not his first choice—Fitzroy particularly disliked the shape of his nose—but eventually he took Darwin on board the Beagle, setting off the chain of events that would give rise to the modern theory of evolution. At the time, however, Fitzroy, a devout Christian, had no way of knowing of the heretical horizons to which the voyage would lead. The two young men got along. Fitzroy, four years Darwin’s senior, assumed the role of a kind of nautical Virgil to Darwin’s Dante—a wise guide leading his apprentice through ocean and jungle. It took almost three decades for the insights that Darwin gained during the voyage of the Beagle to mature into The Origin of Species and culminate in their triumph at the Oxford debate. This must have been a crushing blow to Fitzroy, who surely regretted showing the world to the eventual evolutionary messiah. Five years after the debate, Fitzroy put a razor to his own throat, following in the footsteps of his uncle, as he so feared.


It’s hard not to see his end as the ultimate defeat of faith in the face of dispassionate, godless Darwinism. After all, the theory of evolution contends that our fate is inseparable from the fates of our ancestors. Darwin has won. God has lost.


This is the story we have been taught. Humans, we are told, used to believe in a passionate, creative God until Charles Darwin came along and replaced all that passion with a cold, disinterested space of random events that auto-selects the winners and the losers. Darwin put nature on autopilot. In school, we are taught that evolution—the replacement offered for divine inspiration—has no goals. It stumbles blindly into the future with no idea of what might stick. Giraffes have long necks not because they had prudently exercised them in previous generations (as some early biologists believed), but because neck length was initially random, and then short-necked giraffes all died out, leaving behind only the long-necked ones. Ever since the Oxford evolution debate, teachers of science have discouraged their students from thinking of nature as a rational design. Darwin, we understand, disproved God.


But to see post-Darwinian nature in this way—as a dull, soulless automaton—is to miss the point. In fact, you could say that Darwin did the opposite of what we think he did. By exposing to the world the creative power of natural selection—an omnipresent force of innovation that drives the evolution of species—Darwin did not so much disprove God as he inadvertently injected God into every aspect of the physical world.


The Collector of Finches


Newton had an apple fall on his head, Archimedes yelled “eureka!” while taking a bath, and “Pythagoras’s pants” have, according to a Russian rhyme, “on all sides—the same expanse,” referring to an illustration of the Pythagorean theorem that resembles trousers (it doesn’t make total sense in Russian, either—the “sides” of the “pants” do not, in fact, have the same expanse). No such middle-school comedy sketch exists for Darwin, probably because it took him twenty-plus years to eke out a theory after the Beagle’s return, which was not terribly conducive to cinematic effect. But if we had to choose, the closest thing Darwin has to Pythagoras’s pants is the Galapagos finches.


The Galapagos Islands are a volcanic archipelago in the Pacific Ocean west of Ecuador. These islands appeared recently in geological time and have never been in contact with the continent, so plants and animals have never freely moved between them and the South American mainland. Galapagos does, nevertheless, have plenty of plants and animals—occasional castaways that manage to pass the distance from the continent to one of the islands in the archipelago.
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Darwin took great interest in the flora and fauna of Galapagos. In his era, that meant ripping out every plant he saw (for drying), as well as shooting copious birds (for preserving their skins). Based on letters, Darwin seems to have had a blast collecting these bird skins and enthusiastically shot up to ten birds a day, amassing a collection of almost comical proportions. One type of bird that Darwin bagged in great numbers was the finch, a small bird about the size of a sparrow.


There seemed to have been lots of finches on Galapagos. More than other birds. Even more curiously, birds nesting on different islands had small but consistent differences, especially in their beak shape. Some finches seemed to have beaks that were better suited to catching insects, others to a vegetarian diet. One beak, for example, might be sturdy and useful for cracking nuts, another, thin and effective for pecking bugs from cactuses. The differences were especially pronounced when birds with several types of beaks coexisted on a single island.


According to an apocryphal but convenient legend, this observation caused an argument between Darwin and Fitzroy. Fitzroy is supposed to have pressed for independent “centers of creation” on various islands, targeted foci of intelligent design adapted for each island’s conditions. On an island with more cactuses, God placed a cactus-feeding bird, and on the island with more nuts, a nut-eating bird. Darwin, though, could not shake off his doubt: was this really part of God’s original plan? What if the plan had nothing to do with it? What if all these different finches became like this gradually, descended with modification from a common ancestor? (Darwin preferred the phrase “descent with modification”—the word “evolution” is only mentioned once in the entire Origin of Species, and that in the final paragraph.) What if the different finches were not placed on different islands by divine order, but they adapted to local conditions themselves?
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There it is, the birth of a great theory!* My favorite way to put Darwinism in a nutshell is this:


variation + inheritance + selection = evolution


First, there must be a variety of finches with somewhat different beaks to start with. And indeed, no two finches are exactly alike, as is always the case in nature. Second, there must be inheritance: a finch with a large beak must produce large-beaked offspring and a finch with a small beak, a small-beaked one. That is also the case for finch beaks and for any other hereditary trait. Third, there must be selection, a preference for one beak or another in a given environment. And in fact large beaks clearly have an advantage on the nut-rich island, whereas birds with slender beaks can gather more food on the cactus-rich island.


But see, says Darwin: if you put one, two, and three together, you must get evolution. It is logically inevitable! Better adapted birds multiply faster, and so gradually beaks evolve to suit their environments. And so does everything else in nature.


If life is a car and evolution is its motion, then variation is the car’s fuel. Without random chance constantly supplying a variety of new possibilities, there’s never anything new, so evolution can’t move forward—there’s no fuel.


Inheritance is the wheels of the car. It’s what physically moves life forward, connecting generation to generation, preserving the creations of chance, re-creating them in new physical form again and again. This is what sets life apart from nonlife: the ability to re-create—reproduce—itself. There’s lots of variation in nonliving nature, too: for example, rocks are all different from each other. But there’s no inheritance: rocks don’t evolve because they don’t re-create themselves. You can even have variation and selection but no inheritance: for instance, picking your favorite brand of beer in the grocery store. This does not lead to the evolution of beer because you are not re-creating it. And what if you did? Suppose you are a brewer and decide to re-create the flavor of your favorite beer. Of course it ends up slightly different, but customers like this “new generation” of beer even more than its “parent.” Your beer becomes hugely popular thanks to “selection” by customers—it displaces other brands, which “die out.” Is this really much different from the evolution of species? As long as there’s “inheritance”—even if it comes in the form of imitating beer—evolution is possible.
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