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Prologue

On June 26, 2000, US President Bill Clinton announced that scientists had
completed a first draft of the human genome. That’s to say, they had
deduced the sequence in which nearly all of the three billion chemical
building blocks of our DNA are strung together. “Today,” he said, “we are
learning the language in which God created life.”

He was wrong, but not (just) in the way you might think.
People are, of course, used to politicians saying wrong things (and not

just about science). Yet the two scientists at hand did not rush to correct
Clinton. On the contrary, one of them—Francis Collins, then head of the US
National Institutes of Health, and now science adviser to President Joe
Biden—went on to echo the same sentiment by celebrating this newfound
ability to read “our own instruction book, previously known only to God.”

Many scientists will have bristled at these religious references, but truly
that was not where the problem lay. (At least, not unless you are an atheist
or a theologian.) The metaphors of the “language of life” and the
“instruction book” of humankind are even today routinely used to refer to
the human genome, which was analyzed (almost) in its totality by the
international Human Genome Project (HGP) as well as by the privately
funded parallel effort run by biotechnological entrepreneur Craig Venter,
who was also present at the unveiling ceremony and is an avowed atheist.1

More than two decades later, the information supplied by the HGP
consortium, and by the subsequent sequencing of tens of thousands of
individual human genomes, is proving to be a vital resource for biomedical
research. That was always the hope, and a significant part of the mission.
But not only has this information brought us little closer to understanding
life itself; it has in some ways shown us that we are further away from such
understanding than we thought. For if there is anything like a language of
life, it will not be found in the genome—which does not resemble any
instruction booklet ever made by humans.



Yet misleading metaphors for the genome remain as persistent and
popular as ever. The “blueprint” is a favorite, implying that there is a plan
of the human body within this three-billion-character string of “code,” if
only we knew how to parse it. Indeed, the whole notion of a “code”
suggests that the genome is akin to a computer program, a kind of cryptic
algorithm that life enacts. The “book of life” has even been given a physical
realization: it comprises a total of 109 distinct books, collected into 23
volumes (one for each of our chromosomes), in which page after densely
spaced page are filled with the sequence of four letters (a, t, c, g) that
represent the building blocks of DNA (fig. 0.1). I am happy to leave the
reader to judge which book—that one or this one—offers a clearer picture
of how life works. The aim of this book is to show why these metaphors are
inadequate, why they need replacing, and why we will not understand how
life works until we do. It also attempts to sketch out what might be put in
their place.

There’s no shortage of alternative metaphors for the genome itself: it has
been likened to a musical score, for example, or the script of a play. Some
of these analogies are improvements, though none is perfect. But the key
point is that looking to the genome for an account of how life works is
rather like (this simile is imperfect too) looking to a dictionary to
understand how literature works.



Fig. 0.1 The “book of life”? The human genome as recorded in 109 books produced from the Human
Genome Project. Books made by Kerr/Noble. Image courtesy of the Wellcome Collection.

When biologists are challenged about why the decoding of genomes—
ours and those of many other species—has offered so little real insight into
the process we call life, they will typically say that it has all proved to be
rather more complicated than we had anticipated. As Dutch biologist Bé
Wieringa said on his retirement in 2018 after a career devoted to studying
how genes affect life and health, “[after the HGP] we thought we’d be done.
The reality, of course, is we’re not. In fact, the possibilities have expanded
even further.”

Wieringa added rather poignantly, “If I’m honest, I really did believe that
cells and molecules [like genes and the molecules they encode] had a
slightly simpler relationship.” We all did; the HGP was largely predicated
on that belief. Ironically, the project itself has turned out to have offered one
of the best reasons why we should relinquish such dreams of simplicity.



But the alternative is not necessarily to capitulate to the bewildering
confusion to which Wieringa seems resigned. Instead, the findings of the
HGP are an invitation to say “Of course it is not that simple! How could we
have ever imagined that life itself could be? But what glorious, subtle,
useful ingenuity we are finding in its place!”

Letting go is hard, however. The “instruction book” view of the genome
persists precisely because the real story about how DNA and other
molecules produce and sustain cells and organisms is not that simple. The
metaphor offers consolation: it suggests a tidy tale that, even if it is wrong,
seems preferable to muttering “Actually, it’s more complicated than that.”
And it’s true that once you relinquish the idea that the “secret of life” lies in
the genome—if only we knew how to interpret it—biology can look totally
baffling. As I will show, just about all the neat stories that researchers
routinely tell about how living cells work are incomplete, flawed, or just
totally mistaken.

All the same, I believe we can do better. I will show how research in
molecular and cell biology over the past several years has painted a richer
and much more astonishing picture than that bleak and obsolete mechanical
metaphor. The picture does at times appear fantastically baroque and
perplexing, but in the end it takes the burden of control off the shoulders of
the genome, relying instead on principles and processes of self-organization
that, precisely because they have no need of tight genetic guidance, avoid
the fragility that would engender. I must stress that there is nothing in this
new view that conflicts with the neo-Darwinian idea that evolution shapes
us and all other organisms and that it depends on the genetic transmission of
information between parent and offspring. However, in this new view genes
are not selfish and authoritarian dictators. They don’t possess any real
agency at all, for they can accomplish nothing alone and lack a capacity for
making decisions. They are servants, not masters.

Fundamentally, this new view of biology—which is by no means
complete, and indeed is still only nascent—depends on a kind of trust. You
could say that genes are able to trust that there are processes beyond their
capacity to directly control that will nonetheless allow organisms to grow
and thrive and evolve. (Biologists need to develop that trust too.) This way
of working appears repeatedly in biology when things get complicated and
tasks get hard. When organisms first became multicellular, when they



became able to adjust to and exploit the full richness of their surroundings
through sensory modalities like vision and smell, when their sensitivity and
receptivity to the environment became genuine cognition, it seems that life
increasingly relinquished a strategy of prescribing the response of the
organism to every stimulus, and instead supplied the basic ingredients for
systems that could devise and improvise solutions to living that are
emergent, versatile, adaptive, and robust.

The new picture dispels the long-standing idea that living systems must
be regarded as machines. There never has been a machine made by
humankind that works as cells do. This is not to deny that living things are
ultimately made of insensate and indeed inanimate molecules: we need no
recourse to the old idea of vitalism, which posited that some fundamental
and mysterious force made the difference between living and inert matter.
Yet dispensing with the machine view of life allows us to see what it really
is that distinguishes it from the inanimate world. The distinction is as
fundamental and wondrous as the formation of the universe itself—but
more amenable to scientific study, and for that reason probably more
tractable.

In particular, life is not to be equated with that special kind of machine,
the computer. It is certainly true that life performs kinds of computation,
and indeed there are key features of biology that can be fairly well
understood using the theory of information developed to describe modern
information technologies. What is more, a comparison with machines can
sometimes be a useful way of thinking about how parts of the process that
is life operates. I will occasionally make such parallels. It is meaningful to
say that our cells possess pumps, motors, sensors, storage, and readout
devices. That, however, is very different from the modern trend of
discussing the fundamental features of living organisms by comparing them
to electrical circuits, computers, or factories. No computer today works as
cells do, and it is far from clear that they ever will (or that this would be a
good way to make a computer anyway). There is so far no technological
artifact that provides a good analogy for living systems. These are a
different kind of entity, with their own logic, and they have to be their own
metaphor.

We are already somewhat familiar with this logic. We know that, to solve
difficult challenges, it is sometimes best not to seek a particular,



prescriptive answer by reductive means, but instead to give people relevant
skills and then trust them to find their way to an effective solution—one
that can be altered and adapted as circumstances dictate. We can now see
that by organizing our human systems this way, we are simply reenacting at
another level of the biological hierarchy the process already operating
within us: we are utilizing the wisdom of how life works.

Central to this new view of life is a shift in the notion of what life itself
is. The problem of defining “life” has bedeviled biology throughout its
history, and still there is no agreed resolution. But one of the best ways to
characterize living entities is not through any of the features or properties
usually considered to define it, such as replication, metabolism, or
evolution. Rather, living entities are generators of meaning. They mine
their environment (including their own bodies) for things that have meaning
for them: moisture, nutrients, warmth. It is not sentimental but simply
following the same logic to say that, for we human organisms, another of
those meaningful things is love.

One key reason for the failure of the machine analogy is that cells work
at the scale of molecules, and things are different in the molecular world.
They are noisy, random, unpredictable—and life does not so much battle to
maintain order in the face of those influences as find ways to put them to
good use. Life thrives on noise and diversity, on chance accidents and
fluctuations. It simply couldn’t work otherwise.

There is, then, no unique place to look for the answer to how life works.
Life is a hierarchical process, and each level has its own rules and
principles: there are those that apply to genes, and to proteins, to cells and
tissues and body modules such as the immune system and the nervous
system. All are essential; none can claim primacy. As Nobel laureate
biologist François Jacob wrote, “There is not one single organization of the
living, but a series of organizations fitted into one another like nests of
boxes or Russian dolls. Within each, another is hidden.”

Thus, as Michel Morange, a professor of biology at the Ecole Normale
Supérieure in Paris, has said, “Biological function emerges from the
complex organization that spans the whole scale of life, from molecules up
to whole organisms or even groups of organisms. Complex functions find
their origin and explanation in this hierarchy of structures, not in the simple



molecular components that are there to direct products of gene expression.”
Life contains multitudes.

It is right to be amazed that it works at all. If, like Bill Clinton, you
believe that credit for life belongs to God, I hope you might feel that They
emerge looking far smarter and more inventive than the message of the
Human Genome Project implied. If you don’t feel a need to find a place for
God, then I encourage you simply to allow yourself to be enchanted by the
genius of life.

Fixing a Living Radio
How we go about solving a problem reveals a lot about the nature of
problem we consider it to be. In 2002, biologist Yuri Lazebnik, then at Cold
Spring Harbor Laboratory in New York, found a memorable way to
illustrate how we typically study biology.

He recounted how, as an assistant professor, he sought advice from a
senior colleague about the perplexing whirlwind of activity taking place in
his field (the study of spontaneous cell death, or apoptosis). What happens
in biology, he was told, is that researchers beaver away in their recondite
corners until some unexpected observation makes many think that what was
previously a mystery may be soluble after all—and what’s more, that this
effort may result in a miracle drug. But as the topic booms and publications
multiply in their hundreds or thousands, discrepancies and contradictions
begin to appear, predictions fail, the problem looks harder than ever, and
those drugs never materialize.

The generality of this scenario, wrote Lazebnik, “suggested some
common fundamental flaw of how biologists approach problems.” To try to
understand what that was, he followed the advice of one of his high-school
teachers by testing that approach on a problem with a known solution. He
set out to see if the methodology generally used in biology would work to
show how a transistor radio works. How would that approach generally go?
First, he wrote, researchers would persuade funders to let them buy a stack
of radios that all work the same way, which they will dissect and compare
with the broken one:



We would eventually find how to open the radios and will find objects
of various shape, color, and size. We would describe and classify them
into families according to their appearance. We would describe a
family of square metal objects, a family of round brightly colored
objects with two legs, round-shaped objects with three legs and so on.
Because the objects would vary in color, we would investigate whether
changing the colors affects the radio’s performance. Although
changing the colors would have only attenuating effects (the music is
still playing but a trained ear of some can discern some distortion) this
approach will produce many publications and result in a lively debate.

Another approach would be to remove components one at a time.
Occasionally, some lucky researcher will find a part whose removal stops
the device working at all. “The jubilant fellow will name the wire
Serendipitously Recovered Component (Src) and then find that Src is
required because it is the only link between a long extendable object and the
rest of the radio.2 The object will be appropriately named the Most
Important Component (Mic) of the radio.” And so on. Eventually, said
Lazebnik, “all components will be cataloged, connections between them
will be described, and the consequences of removing each component or
their combinations will be documented.”

Only then will the crucial question have to be asked: “Can the
information that we accumulated help us to repair the radio?” And can it? In
rare lucky cases, a fix might work—but the biologists won’t really know
why. Mostly, it won’t work at all.

So what’s wrong here? Lazebnik argued that biology is using the wrong
language—a qualitative and sometimes personalized picture of “this
component speaks to that one,” rather than the true circuit diagram of an
electrical engineer. Lazebnik’s somewhat tongue-in-cheek paper made an
extremely pertinent observation: the modus operandi of much of
experimental biology might not be the one that will furnish a genuine
understanding of how these systems work. Still, his prescription for doing
better by developing a formalized engineering-style language was
predicated on the analogy between a living system and a radio. He
anticipated the objection that “engineering approaches are not applicable to



cells because these little wonders are fundamentally different from objects
studied by engineers.” But he felt this was akin to a belief in vitalism.

That objection does not, however, follow at all. What if instead a radio
simply is not the right analogy—if biology doesn’t work like any
engineered system we have ever created? What if its operational logic is
fundamentally different? Then we will need something more than a better
formal language. We will need a new way of thinking—albeit not one that
need invoke any mysterious vital force. I believe that this is the situation we
face, and that both the successes and the failures of much biological
research in the past two or three decades point to this conclusion.

In 2000 cell biologists Marc Kirschner, John Gerhart, and Tim Mitchison
made a tongue-in-cheek allusion to vitalism in calling for a better way to
understand life than by a detailed characterization of its parts and of their
modes of interconnection. They “light-heartedly” called such an improved
view “molecular vitalism,” saying,

At the turn of the twenty-first century, we take one last wistful look at
vitalism, only to underscore our need ultimately to move beyond the
genomic analysis of protein and RNA components of the cell (which
will soon become a thing of the past) and to turn to an investigation of
the “vitalistic” properties of molecular, cellular, and organismal
function.

In other words, we don’t need some tautological “life force,” but we do
need to ask what it is that distinguishes life from the lifelessness of its
components. Only then will we have much hope of truly being able to fix a
“living radio.”

To keep life running, we have to do a lot of fixing. The body goes wrong
often, mostly in small ways but sometimes in big ones. We have become
fairly adept at the mending process we call medicine, but often by trial and
error, because we didn’t have good manuals to work from, but only
occasional glimpses of how this part or that functions.

Already the emerging new view of how life operates within us is
prompting some rethinking of medicine—of how we design drugs, say, and
why some diseases such as cancer are so hard to prevent or cure. Some
researchers now suspect that it might be time to shift the entire philosophy



underpinning medical research: for example, not to study and attack
diseases one at a time, or to try to kill pathogens (that are typically smarter
than us, adapting faster than we can retool our therapies) with bespoke
magic bullets, but to take a unified view of disease. Many diseases wreak
their effects through the same channels, and strategies for combating
diverse diseases might involve similar or even the same approaches,
especially involving the immune system.

And as we become more knowledgeable about where and when to
intervene in life’s processes, we can start to think of life itself as something
that can be redesigned. Efforts to do so systematically began with genetic
engineering in the 1970s, but that typically only worked well for the
simplest forms of life, such as bacteria. What’s more, it was limited by
intervening only at one level of life’s hierarchy: genetics. It was by no
means clear that every desirable goal could be attained by tinkering with
genes, and we can now see why: because genes don’t generally specify
unique outcomes at the level of cells and organisms.

Today we are beginning to redesign and reconfigure living entities,
tissues, and organisms at several levels. We can reprogram cells to carry out
new tasks and grow into new structures. We can create what some are
calling multicellular engineered living systems: not mere blobs of living
matter fed by nutrients in a petri dish, but entities with structure, form, and
function, such as “organoids” that resemble miniature organs. Yet we are
still very much in the foothills of this enterprise, trying to discern the rules
that dictate the forms into which cells organize themselves. As our
knowledge and our techniques improve, our ability to guide and select the
outcomes becomes ever more profound. Some researchers believe that
ultimately this will enable us to regenerate limbs and organs, and perhaps
even to create new life forms that evolution has never imagined.

A Glimpse Ahead
There’s a lot in this user’s guide because there is an awful lot to life.
Modern biology is notoriously intricate, overburdened with fine details,
arcane terminology, and impenetrable acronyms, and bedeviled by caveats



and exceptions that make it nigh impossible to make any statement without
qualifications and footnotes.

It’s my contention, however, that there is not just a lot to life. A common
response to any attempt at generalization in biology is to say “Ah, but what
about exception X?,” almost as if it were a solecism to try to glimpse
beyond all the trees to get a view of the wood (or the forest, if you are in the
United States). Yet it is surely not the case that life is just a dizzying mess
of fine details in which every aspect matters as much as any other. That
can’t be true, because no highly complex system can work that way. If this
were how organisms are, they would fail all the time: they would be utterly
fragile in the face of life’s vicissitudes. It would be like making a
mechanism from a billion little interlocking cogs in which, if just one of
them snaps or jams or falls out of place, the whole thing will grind to a halt
—and then expecting this machine to work for eighty years or so while
being constantly shaken vigorously.

No, there are sure to be high-level rules that govern life, which do not
rely on the perfect integrity and precise placement of all its parts. But if
they are not summed up in the idea that we are “machines made [and
defined and governed] by genes,” then what are they?

It’s a curious paradox that, while in recent years these principles have
been becoming increasingly apparent, at the same time they have tended to
be obscured beneath an avalanche of data. Data can be very valuable,
indeed essential, for discerning general rules and patterns, but only so long
as we do not end up fetishizing the data themselves (by literally making
books from them, for example).

We have become extremely adept at gathering biological data, especially
about the sequences of genomes, the structures of proteins and other
biomolecules, and the variety of molecular components in cells and the
interactions between them. By analogy with the science of genomics, these
data sets are typically suffixed as “-omes”: there are proteomes,
connectomes, microbiomes, transcriptomes, metabolomes, and so forth.
Thanks increasingly to the assistance provided by artificial intelligence and
machine-learning algorithms, which can analyze far bigger data sets than
humans can, we are able to survey and mine these -omes to glimpse the
regularities and correlations within them. All this is immensely valuable,
but in the end what it tends to offer are descriptions, not explanations. One



sometimes senses that some biologists prefer it that way—that they hope
data mining will suffice for making predictions, so that we don’t actually
have to make sense of all the data or find coherent stories to tell about it.
Instead, we can just rely on computers to find correlations between this data
bank and that one. It’s not clear, however, that this alone will enable us to
make more and better interventions for human health. It’s even less clear
that it will act as a satisfying intellectual substitute for really understanding
how life works.

With this in mind, I want briefly to suggest some of the themes and
principles that will appear repeatedly in what follows, and which I hope
might offer some common threads that can guide us through the challenging
landscape.

Complexity and Redundancy: I once heard Nature’s former biology
editor say very wisely that in biology the answer is always “yes.”
(One might argue that it is in fact “yes, but. . . .”) By this she
meant that there are many different ways that a process can
happen—that a signal can be transmitted within a cell, that a gene
can be switched on or off, that cells can assemble into a particular
structure. Traditionally this feature has often been regarded as a
kind of fail-safe mechanism: because interactions between one
molecule and another can’t always be guaranteed to happen,
evolution has provided backups. But in fact we’ll see that the
logic of biological redundancy is often of a different kind: there is
a fuzziness to the system, so that different combinations of
interactions can have the same result, and a particular
combination can have different outcomes depending on the
context. This, it seems, is a better way to get things done in a
microworld beset by randomness, noise, and chance fluctuations.

Modularity: Life never has to start from scratch. Evolution works
with what is already there, even if this means redirecting it to new
ends. We might (with great caution!) compare it to an electronic
engineer who uses preexisting circuit components like diodes and
resistors, and standard circuit elements such as oscillators and
memory units, to create new devices. Thus life possesses a
modular structure. This is most obvious in the way large



organisms like us are assemblies of cells, as well as sharing
common structures such as hearts and eyes. Modularity is an
efficient way to build, since it relies on components that have
already been tried and tested and permits the modification or
replacement of one part more or less independently from the
others.

Robustness: Life’s resilience is remarkable. After a summer of
terrible drought that saw all of England turn yellow-brown, it has
taken only a few heavy rain showers for the green to start
reappearing. Life is not invulnerable, but it is extraordinarily good
at finding ways through adversity (which the world supplies in
dismaying abundance). We will never have adequately explained
life until we can understand where its robustness comes from. No
doubt the aforementioned redundancy is a part of that, but
robustness features in many contexts: in the way most embryos
grow into the “right” shape, wounds heal, infections are
suppressed, and more broadly, life on Earth has sustained its
continuity for close to four billion years.

Canalization: Life is what physicists might call a “high-dimensional
system,” which is their fancy way of saying that there’s a lot
going on. In just a single cell, the number of possible interactions
between different molecules is astronomical—and there are
around 37 trillion cells in our bodies. Such a system can only
hope to be stable if, out of all this complexity, only a limited
number of collective ways of being may emerge. The number of
possible distinct states that our cells adopt is far, far smaller than
the number of ways one cell could conceivably differ in detail
from another. Likewise, there are only a limited number of tissues
and body shapes that may emerge from the development of an
embryo. In 1942 the biologist Conrad Waddington called this
drastic narrowing of outcomes canalization. The organism may
switch between a small number of well-defined possible states,
but can’t exist in arbitrary states in between them, rather as a ball
in a rugged landscape must roll to the bottom of one valley or
another. We’ll see that this is true also of health and disease: there
are many causes of illness, but their manifestations at the
physiological and symptomatic levels are often strikingly similar.



Multilevel, multidirectional, and hierarchical organization: To
understand how life works, there is no single place to look. You
will never find all the explanations at (speaking both
metaphorically and literally) a single level of magnification. What
is more, each level in the hierarchy of life’s organization has its
own rules, which are not sensitive to the fine details of those
below. They have a kind of autonomy.3 At the same time,
influences can propagate through these levels in both directions:
changes in the activity of genes can affect the behaviors of whole
cells and organisms, and vice versa.

Combinatorial logic: It has been estimated that humans can
discriminate between around one trillion odors. Quite what that
number means is open to debate, but it is clearly very much larger
than the mere four hundred different “receptor” molecules in our
olfactory system: there is evidently not a separate molecular
detector for each smell. The different odor sensations must arise
from different patterns of activation of this relatively small set of
receptors. That is, the smell signals our brains receive are
combinatorial. Think, for comparison, of how just three light
sources (red, green, and blue-violet) in visual display screens can
create a whole gamut of colors through differences in their
relative brightness. Molecular signals that are combinatorial,
rather than relying on unique molecules to supply different
outputs, are widely used in biology, probably because they are
economical in component parts, versatile, adaptable, and
insensitive to random noise: all of them attributes that serve life
well.

Self-organization in dynamic landscapes: Many things are possible
in life, but not everything. Evolution does not select from an
infinite palette: there are specific patterns and shapes in space and
time that arise out of the complex and dynamic interactions
between the components of biological systems, much as there are
common features of cities or animal communities, or of crystal
structures or galaxies. Think of it rather like rain falling on a
landscape: the water itself is not programmed to flow in any
particular direction, but the shape of the landscape causes it to
gather in some places and to move away from others. The



language of landscapes, basins, and channels is often useful in
biology.

Agency and purpose: Agency is becoming something of a buzzword
in some biological circles, especially those concerned with
processes of cognition. The trouble is, no one seems able to agree
on what it means. Intuitively, we might suspect that what
distinguishes living organisms from nonliving matter is this
notion of agency: they can manipulate their environments, and
themselves, to achieve some goal. This makes agency
inextricably linked to ideas about purpose. That is probably why
the problem of agency has been (absurdly) neglected for so long
in the life sciences, where questions of purpose have long been
shunned as quasi-mystical teleology, perhaps only one step away
from the dreaded concept of intelligent design. The result of this
neglect and avoidance is that we can end up skirting around the
most characteristic feature of all life. I propose that the time has
come to embrace it—and that there is nothing to fear in doing so.

Causal power: One of the biggest obstacles to understanding how
life really works has been a failure to get to grips with causation.
It’s a hard problem, not least because causation is a vexed topic in
its own right; philosophers still argue about it. We already know
from daily experience how difficult it is to decide what counts as
a cause of a phenomenon. Are the words appearing on my screen
being caused by the impacts of my fingers on the keyboard, by
electrical pulses within my computer’s silicon chips, or by the
more abstract agency of my thoughts and feelings? But these
questions are not intractable, and we do have some conceptual
and mathematical tools for handling them. Too often, causation in
biology, as indeed in the world in general, has been assumed to
start “at the bottom” and filter up—so that, for instance,
characteristics at the level of an organism’s traits are deemed to
be “caused” by genes. As we’ll see, we can gain a better
understanding of how life works, and how to intervene in it
effectively, when we take a more sophisticated view of biological
causation.



If everything in this book is correct, it will be a lucky miracle, and no
reflection on my depth of understanding or intellectual powers. I suppose
that is hardly a statement to inspire great confidence in what you are going
to read, but the honest truth is that I am writing about issues that are still
being debated by experts, sometimes with vehemence. Nevertheless, I
believe there is no serious doubt that the narrative we ought to be telling
about how life works has shifted over the past several decades, and it is
time we said so. Given how increasingly important the life sciences—from
genomics to precision medicines and research on aging, fertility,
neuroscience, and more—are becoming in our lives, I believe this is nothing
less than a duty. The historian of science Greg Radick has argued that we
should “teach students the biology of their time,” and not the tidy
simplifications concocted a half-century or more ago. He is right—but we
should teach it to everyone.

The new story that is emerging is, it’s true, sometimes more complicated
than the old half-truths. But I think this story is coherent, cogent, and
consistently supported by many independent strands of research in genetics
and molecular biology, cell biology and biotechnology, evolutionary theory,
and medicine. Many of the details remain unclear and contentious, but the
broad outline seems now unassailable and, I believe, exhilarating in what it
tells us about the astonishing process that created a form of matter able to
begin understanding itself: us. What’s more, this new view of life plugs us
back into the universe. It does not replace or undo older ideas about natural
selection but deepens them to help us see what is truly different and special
about living organisms: what it really means to be alive.
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The End of the Machine
A New View of Life

Marjorie, then eighty-eight years old and living in a nursing home, was
among the millions of people infected with the coronavirus during the
COVID-19 pandemic that began in 2020. She was frail and asthmatic, and
she suffered from the inflammatory lung disease COPD. “If I get it, I’m
finished,” she had told me before her infection.

Another person who caught COVID was Ray, a fifty-six-year-old man in
good health and with no previous complications that would put him on the
danger list.

One of these two people—they are both real, but I’ve changed their
names—tragically died from the effects of the virus. And of course I would
not be setting up the situation in this way if it had gone in the direction you
would predict. No one was more astonished than Marjorie when she made a
quick recovery from the virus.

There are countless stories of this sort: of sad, unexpected deaths and of
unlikely escapes. While it was clear that older people were statistically at
greatest risk from COVID-19, no one knew quite how their own body
would respond to infection. Many people had the virus without even
knowing it, quite possibly transmitting it unawares to others who would die
from its effects. The vast majority of those infected did not die, but many
developed serious and long-term health problems of bewildering variety,
ranging from brain damage to blood clotting, persistent exhaustion to heart
problems.

The pandemic reminded us in a terrible manner how little we understand
about our bodies and about how they are assailed by the slings and arrows
of outrageous fortune. And yet in one sense we knew, right from the outset,
everything about the SARS-CoV-2 virus responsible for it all. No sooner
had the virus been isolated when it first emerged in Wuhan, China, than its



genome—a relatively short stretch of RNA (for the coronavirus, like many
other viruses, encodes its genes in the RNA molecule, not in the closely
related DNA that is the genetic fabric for all cellular organisms from
bacteria to us)—was sequenced and the protein molecules it encodes were
characterized. We quickly discovered the molecular-scale details of how the
virus attacks and enters human cells: the so-called spike protein on its
surface latches onto a protein called ACE2 on human cell surfaces.

The hard part was to understand what happened next. Sometimes the
virus might send the body of an infected person into a kind of immune
overdrive, damaging their lungs and their ability to absorb oxygen.
Sometimes, on the contrary, the infection produced no symptoms at all. One
of the (many) reasons why the controversial idea of “focused protection” as
a pandemic strategy—sheltering the vulnerable while allowing the virus to
infect those unlikely to greatly suffer from it, until herd immunity was
attained—made no sense is that we had no idea, other than via crude
statistical demographics of age and preexisting health conditions, who the
“vulnerable” actually were.

Despite this lack of understanding, we were able to develop vaccines in
record-breaking time that have done an excellent job of protecting most
people from the worst ravage of the virus. We knew how to use harmless
protein fragments of the virus, or pieces of RNA encoding them, to
stimulate our bodies’ immune defenses, triggering them to produce
antibodies that attach to the virus and block its action or flag it for
destruction.

Here too, though, the consequences were unpredictable. Most people
who had two doses of a COVID-19 vaccine only became mildly ill if
infected. (Why were two needed, and not just one, or ten? We don’t yet
really know.) But a small proportion of unlucky individuals got seriously ill
or even died from COVID-19 despite being vaccinated. Meanwhile, among
the millions of people who took the vaccine, the vast majority merely felt
tired or ill for a day or so, as if with a mild case of flu. Many noticed no
side effects at all. But a tiny minority suffered unpleasant side effects,
especially blood clots that could be life-threatening. The chances of this
were minuscule—much smaller than the chances of nasty consequences if
you caught the virus without being vaccinated—but still you mostly just



had to hope that you weren’t one of those very few who drew the short
straw.

This is surely a curious combination of circumstances. We have mighty
technologies for characterizing our pathogenic foes and for developing
medicines against them. The COVID vaccines, especially in the rapidity of
their creation and testing, have been one of the greatest triumphs of modern
science. And yet in some ways we seem little better off than we were in the
Middle Ages, seeking medicines (including COVID antivirals) largely by
trial and error, and having to hope that, if we’re infected, our god or blind
luck will spare us. How can this be? Why can’t we do better? If we can
“decode life” down to the atomic scale, what are we still missing?

A Brief History of Life
In ancient times, people didn’t particularly look for metaphors to
understand life. More often, they used life itself as a metaphor to
understand the world. Life seemed to be the organizing principle of the
cosmos.

But as for what it is—that was almost like asking what the classical
elements (air, water, and so on) were. Life was a fundamental property, not
something that could be decomposed into ingredients. For Aristotle, the
aliveness of living things was imbued by their soul (psyche). This is not to
be confused, although later it would be, with the Christian notion of a soul;
rather, it refers to a kind of innate capacity for action. The psyche had no
substance in itself, but it was inseparable from the body: it was in the very
nature of living bodies. Aristotle believed that a living body’s soul gives it
various capabilities for growth and self-nourishment, movement and
perception, and intellect. Different kinds of living bodies have different
degrees of soul: plants are capable only of growth and nutrition (they have a
vegetative soul), animals may also move and have sensation (a sensitive
soul), but only humans have the rational soul that also conveys intellect.

With the rise of a mechanistic view of the world in the seventeenth
century—the idea that all of nature can be understood on the basis of forces
acting between particles in motion—life became conceptualized as a kind
of machine. The mechanistic philosophy reached its apotheosis with Isaac



Newton’s laws of motion, laid out formally in his epic 1687 tract
Philosophiae Naturalis Principia Mathematica, but this vision of a
machine-cosmos was already well-established by then. In his Discourse on
the Method (1637), René Descartes set out a view of the human body as a
wondrous mechanism of pumps, bellows, levers, and cables. All of these
parts are animated by the divinely granted rational soul, which is lodged in
the body but, contra Aristotle, not dependent on that physical host (for it
would have been heresy to deny the immortality of the soul). Descartes set
out this mechanistic vision of the human body most extensively in his
Treatise on Man, which he began in the 1630s but abandoned when he
witnessed the consequences for Galileo of advocating philosophical ideas
that might be considered to conflict with holy scripture. (The Treatise was
published posthumously in 1662.)

The mechanistic picture of living things was taken further by the French
physician Julien Offray de La Mettrie, whose Natural History of the Soul
(1745) seemed to deny the need for that notion at all. Life was an innate
property of the living body, he said, not some supernatural force that sets
the parts in motion. As he wrote later, the human body is a “machine which
winds its own springs.” To the extent that we have a soul at all, it is a kind
of emergent property of our complexity of organization, the summed
complement of a fundamental “irritability” of the fibrous tissues of the
body. The book was denounced as blasphemous and La Mettrie had to flee
from Paris to Leiden, where in 1747 he published an even more trenchant
defense of the mechanical view of life, L’homme machine (Man, a
Machine). Here he presented humankind as no different from the
“perpendicularly crawling machines” that are beasts. All that distinguishes
us, he said, is a great complexity in the arrangement of our irritable fibers.

La Mettrie’s books got him into trouble, but by this stage of the
Enlightenment the church was fighting a rearguard action against the
increasing authority of science to speak to the nature of organic, living
matter. By the late eighteenth century, chemists such as Antoine Lavoisier
in France were analyzing living matter in the literal sense: breaking it down
into its constituent elements and studying the chemical principles, such as
respiration, on which it depended.

All the same, it remained profoundly puzzling what distinguished a
carbon-based organism from a piece of diamond, given that both could be



combusted into (as we’d now see it) carbon dioxide gas. Some suspected
that the difference was merely material: there was some special form of
substance that was inherently alive by virtue of its chemical composition.
The French naturalist George-Louis Leclerc, Comte de Buffon, postulated a
kind of matter called matière vive, composed of “active molecules” with an
innate tendency to move—a kind of “little life” that is “primitive and
apparently indestructible.” The life of organisms is then just the result of
“all the actions, all the separate little lives.” These living molecules also
possess a kind of primitive intellect from which that of animals arises1. This
“atomized” view of life as the sum of its molecular parts was shared by the
great systematizer of the Enlightenment, Denis Diderot, who speculated
about how a swarm of such “living points” can create “a sort of unity which
exists only in an animal.” Thus life arises from a kind of “vital force” that
animates its ingredients.

Buffon’s notion of a kind of primitive “living matter” was shared in the
late eighteenth century by the Scottish surgeon John Hunter, who dignified
it with the Latin term materia vitae without thereby shedding any new light
on what it might be. But in 1835 the French anatomist Felix Dujardin
claimed to have identified something of the kind: a gelatinous substance
made by crushing microscopic animals, which he named sarcode. It was
subsequently renamed protoplasm, and Austrian biologist Franz Unger
suggested that it might be a form of the organic substance called “protein,”
which was then recognized only as a nitrogen-rich organic material
common in living things. In the 1850s the English zoologist Thomas Henry
Huxley claimed to have isolated protoplasm—the “physical basis of life”—
from sediments dredged up from the sea floor, which contained carbon,
nitrogen, oxygen, and hydrogen. Its living character, he said rather vaguely,
resulted from “the nature and disposition of its molecules.” In fact Huxley’s
protoplasm turned out, to his chagrin, to be nothing more than a gel
produced by chemical reaction between seawater and the alcohol used as a
preservative for the organic matter in the sediments.

The idea of a “vital force” was hardly an answer to the puzzle of life. It
was, rather, a tautology that just displaced the question: things are alive
because their component parts are. Whence does the vital force arise? In the
early nineteenth century, some scientists suspected it might be of an
electrical nature, given how electricity discharged from storage devices
known as Leyden jars could make the dissected limbs or dead bodies of



animals twitch with apparent animation. At any rate, by demonstrating a
continuity between the chemical composition of “organic” substances
derived from living organisms and inorganic substances made from
evidently inert matter such as salts and gases, nineteenth century chemists
eroded the idea of a distinct form of matter that is inherently alive.

In 1812 the great Swedish chemist Jöns Jakob Berzelius dispelled the
idea that life could be explained by some mysterious vitality inherent in
matter by virtue of its composition. “The constituent parts of the animal
body,” he wrote, “are altogether the same as those found in unorganized
matter, and they return to the original unorganic state by degrees . . . after
death.” He despaired of getting to the bottom of the mystery, saying that
“the cause of most of the phenomena within the Animal Body lies so deeply
hidden from our view, that it certainly will never be found.” In seeking for
it, he said, “the chain of our experience must always end in something
inconceivable; unfortunately, this inconceivable something acts as the
principal part in Animal Chemistry.”

All the same, Berzelius added a fruitful notion. Rather than postulate
some “vital force”—“a word to which we can affix no idea”—we should
recognize that “this power to live belongs not to the constituent parts of our
bodies, nor does it belong to them as an instrument, neither is it a simple
power; but the result of the mutual operation of the instruments and
rudiments on one another.” In other words, it is not so much a question of
what the molecules are, but of what they do, and specifically, of what they
do collectively.

To that degree, then, life becomes a question of how its components are
organized. The question of organization came increasingly into focus over
the course of the nineteenth century as microscopic methods improved to
the point that researchers could look at living things below the level of the
cell.2 That all life is cellular was proposed in the 1830s by the German
zoologist Theodor Schwann, who wrote in 1839 that “there is one universal
principle of development for the elementary parts of organisms, and this
principle is in the formation of cells.”3 Schwann’s colleague, botanist
Matthias Jakob Schleiden (the two worked in the Berlin lab of physiologist
Johannes Müller), believed that cells were spontaneously generated within
organisms, but another of Müller’s students, Robert Remak, showed that
cells multiply by dividing. That notion was popularized and extended by yet



another Müller protégé, Rudolf Virchow, who coined the memorable phrase
(if your Latin was up to scratch) omnis cellula e cellula: all cells come from
cells. For Virchow, complex tissues and organisms are collectives of this
fundamental unit of life, which is a kind of “elementary organism” in its
own right.

Toward the end of that century, microscopic studies of cells showed that
they were no mere blobs of protoplasm-like matter but had internal
organization of some sort, visible as dark blobs, fibers, and other structures
that could be rendered more apparent by using dyes to stain them. There
were little granules that were named “mitochondria” in 1898, spongelike
membranes, and fibrous bodies labeled “chromosomes” (“colored bodies,”
referring to their ability to be stained by dyes). It wasn’t clear what all this
internal organization was for, but it showed that cells have components and
compartments of some kind, and an understanding of how they work would
surely demand that we characterize these structures in more detail.

That was hard—because they were so small, so numerous, and so varied.
Cell biologists could see changes occurring in the internal organization as
cells went through their cycle of repeated division. But understanding the
causes and significance of these transformations was another matter. All we
can do, said French physiologist Claude Bernard in 1878, is to “observ[e]
the facts nearest to us, [and] advance step by step till we finally reach the
determinism of these fundamental phenomena.”

But piling up facts won’t do; we need to understand general principles. In
the early twentieth century, the word organization was thrown around as a
kind of catch-all invocation of aspects of life barely understood even in
broad outline. “We are forever conjuring with the word ‘organization’ as a
name for that which constitutes the integrating and unifying principles in
vital processes,” admitted the American cell biologist Edmund Beecher
Wilson in 1923. This is a common pattern in biology, which began with
terms like soul, vital force, and protoplasm and, as we’ll see, has continued
by referring to such concepts as gene action and regulation: terms that label
things and processes barely grasped. This is not a failing of the science,
however, but a necessary tool for dealing with life’s dizzying complexity.
It’s better to have a vague concept that may act as a bridge across a void of
ignorance than to come dejectedly to a halt at the brink.



The Value and Dangers of Metaphor
There were, and still are, many disparate fronts on which scientists try to
understand how life works. Some study it at the scale of the cell,
characterizing all those exotically named components and their functions:
the nucleus, the mitochondria, the Golgi apparatus, endoplasmic reticulum.
Developmental biologists, meanwhile, try to figure out how cells grow,
specialize, and create tissues with particular shapes and locations in the
progression from fertilized egg to embryo to organism. And as some
biologists wrestled with the cell’s “organization” in the early twentieth
century, others were trying to understand the principles of heredity and how
these were connected to the entities that had been christened genes—as well
as how those processes related to the “great chain of being” in Darwin’s
theory of evolution by natural selection. And still others pursued the
chemists’ perspective on life by looking at its molecular nature, in
particular the biochemical transformations involved in metabolism and the
role and nature of the molecules called enzymes, made of protein, that acted
as catalysts for those reactions. Each of these pursuits was and is immensely
difficult and demands a deep stock of specialized knowledge, such that
biologists working in one field may find that they scarcely share the same
lexicon—or worse, that they use the same words for different purposes.
They do not necessarily concur about which are the most important
questions to ask about how life works.

What they do all share in common, however, is a strong reliance on
metaphor. To some extent that is true of all science—indeed, of all
language, even all thought. But biology perhaps has greater need of it than
other sciences precisely because the principles seem so hard to grasp and to
articulate. Favored metaphors change over time, but—and this is less often
appreciated—that does not simply mean that one supplants the other. The
concept of “vitalism” might be traced back to the Aristotelian soul and is
generally regarded as obsolete in biology today, but in fact we’ll see that it
still survives in cryptic forms, most particularly in the way biomolecules
and other reductive components of life may be unconsciously attributed a
kind of agency they do not really possess. The Cartesian mechanistic
metaphor is very much alive and well: biologists routinely speak of
“molecular machines” such as enzymes, and not without good reason. But
such language can morph into a literal view, in which we might really treat



microscopic biological entities as though they were cogs and motors that
operate in the same way as our technological ones. This, as we’ll see, can
be deeply misleading.

The organizational metaphor, meanwhile, is apparent in the way cells are
commonly described as tiny “factories,” within which biomolecules are the
workers that collaborate to churn out exquisitely crafted molecular
products, using energy from the “powerhouses” of the mitochondria and
creating waste that must be disposed of or recycled. To these older
metaphors was added another in the second half of the twentieth century:
information. In the age of the digital computer, biologists became
convinced that life itself was a kind of computation, an algorithm dictated
by a digital code of instructions imprinted in the storage tape of DNA.
“Today,” said François Jacob in 1970, “living organisms are seen as the site
of a triple flow of matter, energy, and information.” Rarely, he claimed, had
a metaphor imposed by a particular technological epoch been more apt.

All of these metaphors have their uses, for they were not coined without
good reason—and I will sometimes draw on them. But the old saw that the
price of metaphor is eternal vigilance4 is nowhere more apt than in trying to
understand life. Metaphors in biology have a dangerous tendency to turn
into “explanations,” and schematic representations of experimental findings
—how a set of molecules appear to interact, say—may be mistaken even by
experts for literal pictures of what happens.5 One of the fundamental
messages of this book is that we cannot properly understand how life works
through analogies or metaphorical comparison with any technology that
humans have ever invented (so far). Such analogies may provide a foothold
for our understanding, but in the end they will fall short, and will constrain
and even mislead us if we don’t recognize when to relinquish them. To truly
understand, say, how an embryo grows, says developmental biologist Jamie
Davies, “we must be prepared to move beyond homely analogies, based on
how we build things, and see the embryo in its own terms.” One obvious
but very profound distinction of life from machines, for example, is that life
must be sustained continuously or not at all: you can’t turn it off and on
again.

Comparing life to a machine, a robot, a computer, sells it short. Life is
hard to understand precisely because it is like none of these things we have
created. And when we forget the limitations of metaphor, our science fails



and its applications flounder. We might seek inappropriate or ineffective
medical interventions, for example. The fundamental problem with the
machine metaphor of life—which applies equally to the “electronic circuit”
metaphor—is that it compels us to consider the parts as things with
functions. We take up a particular component and ask: what role is this part
playing?

But as we will see, there are constituent elements of living things (such
as proteins) for which that might not always be a meaningful question. It’s
not just that the role of an entity depends on its context (which can be true
of machine parts too); the whole concept of a “role,” and of a mechanism in
which the role is enacted, becomes murky. Biologist Robert Rosen
summarized this conventional approach of reducing life to its parts nicely in
1991 when he said it amounts to the notion that we can (and indeed should)
“throw away the organization and keep the underlying matter” (see box
1.1). Rosen complained that molecular biology seemed as a result to have
relinquished any attempt to explain, and was content instead to merely
describe, or stand and watch. Even what it describes, he said, tends to be
weirdly static, idealized, and disembodied: there is no movement or
dynamics, no noise, and very little sense of things being organized in space.
The machine metaphor, Rosen claimed, had become so ingrained that to
question it was anathema, perhaps of a suspiciously mystical kind. “To
suggest otherwise,” he wrote, “is regarded as unscientific and viewed with
the greatest hostility as an attempt to take biology back to metaphysics.” It’s
time to let go of such prejudices.

Are Machines Even “Machines”?
Perhaps this also means letting go of prejudices about machines themselves.
For the fact is that even machines are not what they used to be. When the
metaphor is used in biology, typically it is intended to conjure up images of
mechanisms or robots with moving parts that respond in well-defined,
deterministic, and transparent ways to input signals: at its simplest, systems
of cogs and levers. That much is badly misleading. More recently the
analogy has been made with electronic circuits, where, for example,
electrical signals are directed along channels by switches and junctions



carefully designed and laid out by electronic engineers. That too is a poor
metaphor. So long as we insist that cells are computers and genes are their
code, that proteins are machines and organelles are factories, the picture
that emerges is a clumsy marriage of the mechanical and the
anthropomorphic. Life becomes an informational process sprinkled with
invisible magic.

Fig. 1.1 The structure of the bacterial flagellar motor, deduced by researchers at Zhejiang University
in China using the technique of cryo-electron microscopy (see p. 151). Image courtesy of Xing
Zhang and Yongqun Zhu, Zhejiang University; see Tan et al. (2021).



Now, I would certainly admit that even the traditional view of the
machine seems apt for some biological entities. Take the so-called bacterial
flagellar motor, an assembly of protein molecules that sits in the cell
membrane of bacteria and enables its whiplike flagella to spin and propel
the organism through water in a corkscrew-like fashion (fig. 1.1). Molecular
assemblies like this one rightly leave us awed about the kinds of structures
and devices nature can generate. They also help to explain why proteins are
commonly described as molecular machines. What could be more
reminiscent of our own technological devices than this—an axle built to
rotate inside a confining sleeve?

The machine metaphor for biomolecules was promoted by biologist
Bruce Alberts in an influential 1998 article titled “The Cell as a Collection
of Protein Machines.” The entire cell, he wrote, “can be viewed as a factory
that contains an elaborate network of interlocking assembly lines, each of
which is composed of a set of large protein machines.” The truth is,
however, that rather few biomolecular structures are as seemingly literal as
the flagellar motor in translating familiar mechanical notions—here, of a
rotary motor—to the microscale. More to the point, we should not expect
the principles of our own machinery to translate in a straightforward way to
the molecular scale, where the roles and even the nature of phenomena such
as viscosity, friction, rigidity, and adhesion are very different. As
philosopher of science Daniel Nicholson has said,

Owing to their minuscule size, cells and their macromolecular
components are subject to drastically different physical conditions
compared with macroscopic physical objects like machines, and . . .
using machine metaphors to explain microscopic phenomena is
consequently more likely to obscure and deceive than it is to elucidate
and enlighten.

I think Nicholson is right. As we’ll see, it is not just that molecular-scale
phenomena such as molecular vibrations and randomness make the machine
metaphor a little fuzzy; in general, proteins, and Alberts’s “assembly lines,”
don’t employ the same principles at all. And living organisms as a whole do
not work like machines that resemble any we have ever made.



Biologist Michael Levin and computer scientist Josh Bongard argue that
we might turn this fact on its head and reconsider our notion of what a
machine is: to regard living things as “machines as they could be.” “We
view life as an especially interesting class of machines that is making us
expand the limiting old ideas of what machines are and how to make them,”
says Levin. We should not make life fit the image of our present-day
machines, but we might yet make our machines in the image of life. Thus
we might, in the future, use living systems as the inspiration for new kinds
of artificial device. In a sense we have already begun to do this. Today’s
information technologies are creating a hazier picture of design and
function, for example by being tolerant of faults, noise, and errors in ways
that don’t simply rely on redundancy: on having backup circuits to handle
component failures, say. It’s becoming harder to say, or even to discern, just
how the device works.

The artificial intelligence algorithms that, by analogy with the brain, we
even call “neural networks” are a good example of this. These networks
function not by design—doing their job the moment they are switched on—
but through learning and training. They are wired somewhat like the tangles
of interconnected neurons and synapses in our skulls, and we have treated
them a little like black boxes: they work, but we’re not sure what rules they
use. We have also developed computer algorithms that improve their own
performance not by painstaking debugging but by a process that mimics
evolution: making random changes and favoring ones that work.
Functionality arrives not by design based on deep understanding but by trial
and error combined with a selection procedure to assess the effects of such
scattershot change. But increasingly, such bio-inspired approaches to design
don’t seem to be enough. To make improvements and to have confidence in
what emerges, we need to know something about how these systems work. I
am confident that biology will point the way to such understanding.

Some might argue, then, that a “machine” is any entity that effects some
change prompted or guided by environmental stimuli. Almost by definition,
that type of “machine” seems a reasonable description of biological cells
and organisms. My aim, though, is not to demolish the machine metaphor
so much as to complicate it: to demand that, like all of the popular tropes of
biology, it not be used lazily, excessively, or misleadingly. I am not sure
biology is generally very vigilant about its metaphors.



What Is Living All About?
There’s another crazy question I must ask at this stage. It’s crazy because,
given that it has been debated furiously for millennia without any
consensus, there is no prospect that I will answer it here. All the same, it’s
important to raise it at the outset.

Here we go, then: What even is life?
Commonly, the question has been interpreted as a demand for a set of

criteria against which we can judge whether an entity is “living” or not: a
kind of tickbox checklist. And so we see claims that, for example, life must
be self-reproducing, or must undergo Darwinian evolution, or must embody
complex self-organization, and so on.

Then problems arise because we find that some entities make the cut that
we feel should not, and some do not that we feel ought to. This is probably
an inevitable consequence of having only one set of interrelated living
things to go by. Life on Earth is astonishingly and wonderfully diverse,
from single-celled parasites to elephants, but it all came from the same
source and so all shares, for example, the features of being cellular, being
water-based, and possessing DNA and proteins and so on. We can’t decide
whether or by how much those shared attributes are essential or, on the
contrary, just parochial (see box 1.2).6

Happily, I’m not obliged here to try to offer a definition of life, nor to
consider the equally vexed issue of how it began. Eons of evolution insulate
us now from the mysteries of life’s origin—time enough for us now to treat
it as a different kind of matter from the rocks and oceans of the early Earth,
not in terms of its fundamental constituents but of how they got to be where
and what they are. I’m not obliged to define it because my topic here is
already laid out in plain view. We are ourselves arguably the most puzzling
variety, not because we represent any pinnacle of evolution, but because we
are able to ask how life works from the curious position of being inside it.

My subject, then, is how the living things we know about, and in
particular, us and other complex creatures like us, actually work. Some of
these workings of the human organism don’t generalize to bacteria and
other single-celled organisms, and so we certainly won’t need to fret about
whether, say, they may apply also to viruses, which occupy a disputed
territory between the living and the inorganic.



All the same, I am not going to totally evade that question above, because
the how of life can’t wholly be disengaged from the why.

Already I’m in hot water. Science, we are often told, is not supposed to
ask why questions, because that way lies teleology, or God (it is hard to
know, for many scientists, which is worse). The more we understand about
the universe, wrote physicist Steven Weinberg, “the more it also seems
pointless.”

But if it is true that the universe is pointless, why do so many people feel
uncomfortable with, even antagonistic to, that suggestion? Surely because it
conflicts with what we experience. The life of even the most atheistic and
dispassionate of scientists is filled with moments that very much “have a
point”—moments that matter. One couldn’t sustain meaningful human
relationships if that were not so. If life had no point, why would we bother
sustaining it at all?

I’m quite certain that Weinberg, a deeply read and thoughtful humanist,
would have concurred that his view doesn’t preclude the existence of
meaning for people. Of course we care about others and about ideals and
principles, of course we seek and feel purpose. But in the grand scheme of
things (so the Weinbergian argument would go), this is all very parochial.
Sure, it matters a lot to me that I don’t miss my flight, or that my mother is
being well cared for in the hospital—but that can be hardly supposed to
matter for the inhabitants of Trappist 6a, an Earth-like planet orbiting a star
forty-one light years away,7 or, for that matter, to anyone alive (if there is
anyone alive) six generations in the future.

Weinberg’s vision of a universe without purpose or meaning has become
so much the scientific orthodoxy that it is almost obligatory for biologists to
insist on it too. Words like purpose, meaning, even function, are treated
with a caution bordering on disdain in the life sciences. At best they are
corralled with scare quotes that proclaim them mere figures of speech; at
worst they are excoriated as signifiers of a surreptitious religiosity.

Such aversion has often led biology to deny its own nature. For one of
the best ways to characterize living entities is not via any specific features
—replication or evolution, say—but the fact that for them, there is meaning.
Things in their environment may take on meaning. Life, we might say, is
that part of the universe that is not “pointless.” And the fact that this “point”



is not merely parochial but in fact entirely personal is not to be sniffed at.
On the contrary, this is all it can mean.

For I am afraid that Weinberg’s much-quoted remark is, when considered
carefully, itself without meaning. It makes a category error, using words
where they do not belong. It is rather like saying that the more we
understand about water, the more it seems friendless. There is no more
reason why we should expect to find meaning in cosmology or particle
physics than we should expect to find happiness or wisdom there. Meaning
is not some mysterious force or fluid that pervades the vacuum. No; life is
what creates such meaning as exists in the cosmos. Only for living things—
or, to speak more generally, for things that, by their very nature, are imbued
with purposes and goals—can there be a “point.” I suspect it is in fact
precisely by virtue of being a thing that has autonomous goals, and that can
autonomously attribute meaning, that an entity can be said to be alive.8

For some feature of an organism’s environment to acquire meaning, the
organism doesn’t have to be “aware” of it. I don’t think (although some
biologists would dispute this) that a bacterium is conscious of its
environment. The organism simply needs mechanisms for evaluating the
value of that feature and acting accordingly. Looked at this way, life can be
considered to be a meaning generator. Living things are, you could say,
those entities capable of attributing value in their environment, and thereby
finding a point to the universe.

Does this work as a definition of life that includes all we’d want it to and
excludes the rest? Probably not. Could we make mindless machines that
could mimic the meaning-generation of life? Probably—just as we can
devise computer algorithms that mimic all kinds of lifelike features, such as
self-replication and evolution. I don’t think that’s a problem. I’m not
concerned with arbitrating what we admit to, and reject from, the Life Club.
Rather, I want to introduce this idea because I think it needs to sit at the
base of all consideration of how life works. A key reason why the machine
metaphor for life is limited is that it doesn’t include the possibility of
meaning. To get to a machine that creates meaning, we need to move far
beyond the traditional conception of a machine.

Similarly with the idea of life as computation. A computational algorithm
that takes input data and generates some output from it doesn’t really
embody any notion of meaning either. Certainly, such a computation does



not generally have as its purpose its own survival and well-being. It does
not, in general, assign value to the inputs.9 Compare, for example, a
computer algorithm with the waggle dance of the honeybee, by which
means a foraging bee conveys to others in the hive information about the
source of food (such as nectar) it has located. The “dance”—a series of
stylized movements on the comb—shows the bees how far away the food is
and in which direction. But this input does not simply program other bees to
go out and look for it. Rather, they evaluate this information, comparing it
with their own knowledge of the surroundings. Some bees might not bother
to make the journey, deeming it not worthwhile. The input, such as it is, is
processed in the light of the organism’s own internal states and history;
there is nothing prescriptive about its effects.

There is currently no well-developed theory of meaning in science, nor
are there theories for understanding the related concepts of purposes, goals,
and intentions. In part, this is because the very existence of such factors in
how life works has often been denied; at best, they tend to be regarded as
“as if” properties, which it merely looks like living things possess. This is as
peculiar as supposing that consciousness is merely an illusion that we
believe we have—that stance denies the very phenomenon it is adopted to
describe. In chapter 9 I suggest how meaning, purpose, and goals can be
made respectably scientific attributes.

The reason life can generate meaning (for itself) is that it evolved. It may
be that we can imagine other kinds of system we would want to call life that
have not evolved by natural selection, or indeed by any other means. I’m
agnostic on that issue—but again I don’t need to wrangle about it here,
because I’m talking about life that did evolve through Darwinian natural
selection.

We have to tread carefully here. There is absolutely no reason to suggest
that the purpose of evolution itself is to produce meaning-generators;
evolution has no purpose that we can discern, nor any reason to have one.
It’s the other way around: meaning-generators are successful entities in a
Darwinian world. Making meaning is a great way of staying alive and
propagating—so much so, indeed, that it’s probably the only way to be
alive at all.

Any explanation of how life works must take account of its evolved
nature. This in turn means that even if there is no reason to suppose that the



mechanisms of life are optimal, as good and effective as they could possibly
be, it’s fair to suppose that there is some advantage to them being the way
they are and not otherwise. If we find (as we do!) that life doesn’t work by
carefully passing information from the genome up through tightly
orchestrated supply chains of molecules until the blueprint has been
realized in the organism, we might reasonably conclude the reason that this
strategy is not used is that there are better ways of making an organism (and
perhaps even that this strategy couldn’t work at all).

These ideas may help to sharpen the notion of function that is commonly
invoked in biology. To ascribe an entity a function is to suppose that it has
goal-directedness. While biologists in the early twentieth century fixated on
the concept of organization as a defining feature of life, in fact organization
per se is by no means unique to living matter. Crystals are highly organized,
at least in the sense that they are highly orderly. Chemists speak routinely of
“self-organized” molecular systems that can spontaneously form complex
structures without any involvement of life processes, purely as a result of
the play of forces between the constituents. As we’ll see, living systems
make use of such self-organization because it is a cheap way of creating
order and structure: it doesn’t need lots of detailed encoding and guidance
but is granted “for free.” But the organization we generally see in living
systems is not of the sort that can appear in nonliving ones. The intricate
structures that microscopists see inside cells, and even the molecular-scale
organization of “devices” such as the protein-manufacturing ribosome or
the light-harvesting complex of photosynthesis, have the form they do
because they have a function. They have acquired it by means of natural
selection, which is fundamentally a goal-creating process. Such language
can make biologists nervous,10 but it need not. It says only that evolution is
a process by which goals and functions are created—a process that may
arise spontaneously in nature and thus in some sense is inherent in physical
laws.

Biologists often like to quote the title of a 1973 essay by Ukrainian
American evolutionary biologist Theodosius Dobzhansky: nothing in
biology makes sense except in the light of evolution. I’m not sure, though,
that the deepest implication of Dobzhansky’s statement is always
understood. It is not simply saying that evolution is the universal process by
which life has been molded—and it certainly cannot mean that as a
consequence all we find in biology has been shaped and dictated by the



adaptationist requirements of Darwinian natural selection. Rather, the point
is that we need to acknowledge what evolution does to matter: it gives
matter goals and functions. That is what makes evolved life so special.

Box 1.1: How Much Does Reductionistic Data Collection Help Us
Understand How Life Works?

To judge from all the efforts life scientists make to gather immense data
sets, you might suppose that their discipline is hampered by lack of
information. Huge international projects exist (and have existed) to map
out the entire genome, to characterize every protein and RNA molecule
and every way in which they interact, to create maps of the brain or of
developing embryos at the scale of individual cells. Sometimes it may
seem that no sooner have we filled up one vast database than we move
on to the next, before we have even interpreted what we have gathered
already. Sometimes this rush to the next Big Data challenge is justified
with the implication that that’s what we needed all along. And yet all this
information is sometimes gathered in the absence of what science really
needs to make progress: hypotheses to test. It’s almost as if there’s a
belief that insights will simply begin to seep out of the data bank once it
reaches a critical mass.

These biological data sets can yield important insights, and I will draw
on some of them in this book. What’s more, plenty of biologists are
deep, synoptic thinkers; most of what I will say is indebted to them. And
biology has so much data to collect because life is so very complicated,
so heavily populated with diverse component parts. But there are two
related problems for a mindset that demands more data while remaining
skeptical of theories to explain it. First, that attitude encourages a view
that everything is detail, and that no idea is valid if an exception to it can
be found. (In biology, exceptions can always be found.) Second, and
more problematically, it imputes a bottom-up view of what matters,
which is to say, of causation: we can’t understand the causes of things
until we have a comprehensive list of the parts involved. Those notions
pervade, for example, current efforts to identify gene variants associated
with traits by conducting statistical analyses of the genome sequences of
hundreds or thousands of individuals. These studies do often find



correlations, and that’s useful knowledge: it means we can make
assessments of, say, the statistical risk a person has of developing a
disease based on their genetic profile. But such studies are often
accompanied with a warning that we don’t yet understand how the gene
variants cause the trait or risk in question. What they may overlook is
that the correlation in question is that—a correlation—and nothing more.
It might not be a sign of true causation at all.

As biochemist Mariano Bizzarri and his colleagues have said, “To
understand mechanisms and provide conceptual insight into how and
why processes occur, a shift of attention is required from genes to
patterns and dynamics of the causal connections between components.”
In this book I will try to talk about how life works in terms of causes.
That, after all, is generally the sort of explanation science looks for, not
least because it points to effective ways of intervening in a system to
effect changes that can be predicted. In general, scientists won’t be happy
making claims about how some system works until they are confident
that their explanation is predictive. In the book’s final chapters I look at
what might be done practically with the knowledge we have gained in
recent decades about the way life—and especially the life that quickens
our own bodies—functions.

Box 1.2: Cells as “Life’s Atoms”

Geneticist Paul Nurse, a 2001 Nobel laureate in physiology or medicine
for his research on the cell cycle (the series of events that occur when
cells divide), has said that the cell is “the basic unit of life.” There is no
entity generally agreed to be alive that is not cellular.

And yet during the second half of the twentieth century the cell was
destined to play second fiddle to the gene, which came instead to take
pride of place in a reductionist dissection of life’s processes. Only by
degrees did it become evident that this will not do—for genes are not
alive, but cells are. The cell, says Michel Morange, was “rediscovered”
as “a major level in the integration of biological processes.” This
rediscovery that we could not ignore cell-scale phenomena, he adds,
“was probably the most important change that has taken place in



molecular biology since its rise in the 1950s”—and yet he says that most
biologists didn’t even notice the change at all.

But not all cellular life is the same at this most fundamental level. As I
mentioned earlier, the advent of modern microscopy revealed that cells
have internal structure and organization. In our own cells there is a
central compartment called the nucleus, separated from the rest by a
membrane, in which most of the genetic material—the chromosomes
containing almost all of our DNA—is sequestered. Our cells have a
variety of other membrane-bound compartments, such as the
mitochondria (where chemical energy is generated and where small
strands of DNA contain thirty or so of our genes) and the Golgi complex
(fig. 1.2).

Fig. 1.2 A human cell is divided into many compartments, called organelles.

Bacteria, as well as another type of single-celled organism called
archaea, have a different kind of internal organization. They have no
nucleus; their DNA floats freely in the cellular liquid called the
cytoplasm. Single-celled organisms that have no nucleus are called
prokaryotes, and they are the most ancient form of life on Earth.
Organisms whose cells have nuclei are called eukaryotes, and they are
believed to have arisen later in evolutionary history—perhaps around 2



billion years ago—by the merging of a prokaryote with another cell, the
likely nature of which is still disputed. There are single-celled
eukaryotes, such as yeast, but all multicelled organisms are eukaryotes.

Multicellular animals, or metazoa, emerged during the Precambrian
period; the earliest fossil evidence for them dates back to around 635
million years ago. As well as familiar bilateral animals like humans
(which have mirror-image left and right sides), metazoans include
sponges, jellyfish (cnidarians), and invertebrates called ctenophores or
comb jellies. As we’ll see, despite their shared cellular nature, metazoans
have some distinctly different operating principles as compared to
prokaryotes
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Genes
What DNA Really Does

In his 1968 book The Double Helix, Nobel laureate James Watson gave an
exhilarating account of how he and Francis Crick discovered the double-
helical structure of the DNA molecule. When they made this breakthrough
in 1953, DNA was still not universally recognized as the stuff from which
our genes are made. Watson and Crick not only settled that debate but also
revealed the vital clues to “how DNA works”: how it can encode biological
information, and how it is able to replicate. They thereby united
biochemistry with genetics—two fields that previously had labored largely
in isolation from one another. Some consider the discovery of DNA’s
double helix to be the most important scientific discovery of the twentieth
century. It’s not clear how a meaningful ranking of that sort could ever truly
be made, but the work certainly launched the genetic age.

Watson’s book also transformed the way science is written about. His
narrative was no sober account of intellectual endeavor, but full of
scurrilous details, not least about his own libidinous exploits. It is notorious
now for its unreliability, and in particular for its boorishly sexist and
patronizing description of the pivotal contributions to the problem made by
the British biochemist Rosalind Franklin. A lesser-known fabrication,
however, is Watson’s claim (which he only recently admitted was pure
invention) that, when he and Crick finally realized what the structure of the
DNA molecule must be, Crick regaled the occupants of The Eagle pub in
Cambridge, the duo’s favorite watering hole, with the claim that they had
discovered “the secret of life.”

That part of the story has been endlessly recounted, mostly at face value.
That it was accepted with such enthusiasm is not, I suspect, just because it’s
a vivid and entertaining image. For the idea that life has a “secret” is
ancient. It appears in the most famous fictional account of life’s creation,
Mary Shelley’s Frankenstein (1818), in which the young medical student



Victor Frankenstein attests that he has discovered “the cause of generation
and life,” enabling him to “besto[w] animation upon lifeless matter.” The
idea is inherent in all the old talk of an “animating principle” or “vital
spirit” that infuses and quickens living matter.

That life has an essence, a secret, that distinguishes the living from the
inanimate, is an understandable assumption. For the distinction is hardly
gradual: nothing seems more final and absolute than death. We talk, it’s
true, about people who were “brought back from death” by medical
intervention, but there is a difference between a procedure that might restart
an arrested heart within minutes and the viability of the body of an elderly
person who has exhaled their last breath.

Yet in years to come, it will be seen as deeply peculiar that we ever
entertained the idea that Watson tried to seed with that apocryphal story:
that life itself somehow inheres in the DNA molecule. To use a very crude
analogy, that’s a bit like a literary scholar proclaiming to have discovered
the “secret of Dickens,” only to whip out an abridged dictionary and say
“It’s all in here!” Why we do still humor this notion is an interesting
question for historians and sociologists of science—which is to say, it
surely reveals something about how science is shaped by the power
dynamics of status, authority, and narrative control.

The simple fact is that there is no place, no setting of the microscope, and
certainly no molecule, at which we can look and declare “here is life!”
“Life” is not wholly encompassed in the gene, the cell, not even the
organism, and certainly not the organism outside its ecosystem. A single
human cell might be the fundamental unit of our “aliveness,” but no matter
how closely we study it, we will never know about the immune or digestive
systems, or the functions of heart and brain, and certainly we will gain no
insight into the experience of being alive. “How life works” depends on
how wide a field of view you wish to take.

I’d contend that our explanations, especially at the popular level, have
tended to focus on two scales. The first is the most obvious: what we can
see. We are rightly fascinated and entranced with the rich splendor of the
natural world, its abundance of species and forms, and how they live and
die and compete, work, and cohabitate in so many different environments
on our planet. This is life’s grandeur as viewed by Charles Darwin, who
saw it in hedgerows and earthworms, finches, iguanas, climbing plants, and



bees. The stratagems that living things deploy to survive and thrive are the
stuff of countless books and documentaries.

The second level is that of the gene: those pieces of DNA that seemed—
after the breakthrough by Crick, Watson, Franklin, her academic colleague
Maurice Wilkins1 in London (and others too)—to explain Darwin’s
“dangerous idea” in the most reductionistic way, as the outcome of certain
molecular propensities. By completing the melding of modern genetics with
traditional Darwinism, the discovery of the structure of DNA and the
consequent understanding of how genetic information is apparently
encoded and copied at the molecular scale made it seem that the story of
life was complete from bottom to top, absent the intervening details that
only specialists cared about. The hereditary process and the gradual
evolutionary changes in living entities could be explained by the inheritance
of and the gradual changes in the information imprinted in the sequences of
chemical units that make up the DNA of genes. All that remained was to
explain how the latter led to the former: in the jargon of evolutionary
biology, how genotype (our complement of genes) becomes phenotype (our
complement of observable traits—height, blood type, body shape,
behavioral proclivities, and so on).

The conventional story here is that DNA carries the genetic program;
proteins (encoded in the sequences of the building blocks of genes) enact it;
and through some chain of reactions parceled into the notion of “gene
action,” matter comes to life. As the biologist Peter Medawar expressed it,
embryonic development must be “an unfolding of pre-existing capabilities,
an acting-out of genetically encoded instructions.” All that was left to do
was to read those instructions. Once this picture crystallized in the 1960s,
the road to the Human Genome Project was already clear.

What’s more, there was now a clear hierarchy of significance in the
stages of “gene action,” in which the detailed mechanics by which genes
became organisms was secondary, almost irrelevant. “The approach of
genetics,” said biologist David Baltimore in 1984, “is to ask about
blueprints, not machines; about decisions, not mechanics.” This new view
of genetics, he said, “leaves the greasy machines and goes to the executive
suite where it analyzes the planner, the decision makers, the computers.”
The usual story now is that those “greasy” details are mind-bogglingly



complicated, but superfluous to a general understanding of how genes beget
life (fig. 2.1).

Fig. 2.1 The popular view of how genes create living things. As philosopher of biology Daniel
Nicholson (2014) puts it, “The [metaphor of the] genetic program does not explain development, it
merely black boxes it.”

But then, as historian of science Evelyn Fox Keller puts it, “a funny thing
happened on the way to the holy grail. That extraordinary progress [toward
understanding life] has become less and less describable within the
discourse that fostered it.” We went into the executive suite and found it a
bewildering mess, its information strewn all over the place with no
discernible plan, and no one seeming willing or able to make decisions at
all. Life is not, after all, a black box with genes at one end and organisms
and ecosystems at the other. For genes aren’t what we thought.

Life as It Seemed
In an odd way, the popular view of genes with which we have become
burdened echoes the flaw in the classic “argument from design” of natural
theology in the nineteenth century. The latter asserted that forms and
functions as exquisite as those we find in nature, and perhaps in the human
body in particular, could not but require an intelligent Creator. They
couldn’t possibly happen through blind chance. But natural selection
showed how, on the contrary, they could.



Yet that Darwinian process was then enlisted as a source of a plan that
could substitute for God’s work. For surely a body as intricate and reliable
as ours could not be produced unless there were some preexisting blueprint
for it? And seemingly, only the genes could encode that, for they were (in
the conventional view) all our bodies start with.

However, this now venerable picture of how life works doesn’t jump
straight from genes to genus, so to speak. We do sometimes sketch in some
intermediate stages. My daughter’s school biology lessons have reminded
me what we are typically taught about how life works; the story goes
something like this:

• Genes are bits of DNA in our chromosomes that encode molecules
called proteins. The entirety of our personal genes constitutes our
genome.

• We inherit a blueprint for ourselves from our biological parents: it
is a shuffled mixture of both their genomes.

• This instruction book of DNA is read out in the processes called
transcription and translation. In transcription, the information in
a gene is copied into a strand of RNA, which has a chemical
structure very similar to DNA. That RNA strand is then used as a
template for making a protein.

• Most proteins are enzymes, and they orchestrate and catalyze the
chemical processes by which cells metabolize, grow and divide.

• The exquisite actions of proteins enable the construction and
maintenance of cells, the most fundamental components of truly
living systems.

• Our cells are programmed by genes to assemble into tissues and
organs.

• Cells and tissues go on doing their thing until they wear out, and
we die. But not before we (if we are so blessed) have passed on
our own genes to progeny via the sex cells.

• And so it goes on.

Given the constraints of a school curriculum, this isn’t by any means a
terrible distortion of the truth (as far as we currently know it). If you want



to pass school biology exams, or to have some notion of what the
fundamental components of living systems are, this old view will do well
enough. Proteins are in some sense encoded in bits of our DNA, and they
do facilitate and coordinate much of the molecular action within cells. And
cells do assemble themselves into tissues and organs. There is some
justification for every part of this story.

The real problems lie in the overarching narrative. It is not enough to say
that the full story is “a bit more complicated than that.” No: the change is
not (just) in the details, but in the big picture. So I do think it is troubling
that the story above has hardly changed in the past fifty or so years, because
the science has changed profoundly in that same span.

I suspect that a large part of the reason why the story hasn’t changed is
not that educationalists have some hidden agenda, but because we don’t
know how to improve (not replace!) it. And there will probably never be a
unique, privileged moment when we can pause and say: “Aha, time to
change the big picture!” The historian of science Thomas Kuhn famously
argued that science often advances in a series of revolutions or “paradigm
shifts” where the entire explanatory framework changes and scientists start
speaking in completely new terms: the shift, say, from the Earth-centered
cosmos of Aristotle to the Sun-centered universe of Copernicus.2 If so, I
don’t believe we are at any such moment in biology. Perhaps biology has
never had such a paradigm shift. Many biologists might want to argue that
Darwin’s theory of evolution was one such, but that’s really just a neat
retrospective argument with a rhetorical function of its own. Darwin’s
theory was controversial at first, not so much theologically as scientifically
—and by the end of the nineteenth century it was looking almost moribund.
It was rescued via the mathematical theory of population genetics, but is
even now being refined, adapted, extended, and argued over (not to mention
misused).

Rather than having undergone any revolutionary shift in thinking, I see
the evolving view of modern biology as being like that from a drifting boat.
The shoreline changes only slowly, perhaps imperceptibly, until one day
you look out and realize you’ve come to a very different place and nothing
is familiar any more. I daresay that a science as complicated as biology will
need to recalibrate its story every few decades. I believe that such a
recalibration is currently long overdue.



But does it even matter if we’re given an outdated view of how life
works? I think it does. No society can make informed judgments on
whether to accept or how to regulate new medical technologies if it has too
simplistic and distorted an idea of how they work. In particular, as genetics
looms ever larger in our lives in the age of genome editing, cloning, and
genetic screening of people and embryos, we need to know what genes
really are and are not.

This isn’t just a matter of public understanding. It affects decisions made
in policy and health, not to mention public trust in science. And
misconceptions about genes also hinder the progress of science itself—
some biologists are, for example, remarkably unaware of how profoundly
differently even those in other subdisciplines of their subject think about
genes. Science thrives on disagreements, but these are only productive if the
protagonists speak the same language and are, if not on the same page, then
reading the same book.

If the above account of how life works seemed satisfactory to you, I hope
you are not offended by the following analogy. For I find that account a
little like explaining how great works of fiction get written in the following
terms:

• Words are bits of information that encode meanings.
• The exquisite interactions of meaning-rich words give rise to

things called sentences, the most fundamental of literary entities.
(There’s some debate about what it takes to qualify as a sentence,
but never mind.)

• Sentences are assembled, according to the author’s blueprint, into
pages and chapters, which in turn are the components of books.

That’s a fairly comprehensive account, wouldn’t you say? All, that is, apart
from any hint of how it happens. The story might then be expressed like
this:

words (+ magic→) → sentences (+ magic) → chapters
and books



Here’s the equivalent account of how life works:

genes (+ magic) → proteins (+ magic) → cells (+
magic) → tissues and bodies

A lot of this book is concerned with the magic parts—which are, of
course, not magical at all, but are far more interesting and wonderful than
that. But it is also about whether this whole sequence is the right way to
look at the problem, putting genes at the start and tissues and bodies at the
end. (I have organized my chapters that way for reasons of continuity, not
of priority. In the manual of life, genes are an important chapter, but not
more than that.)

By “interesting and wonderful,” I admit that I often also mean
“complicated,” even dizzyingly so. There are good reasons why most
popular accounts avert their eyes from the baroque digressions of molecular
biology. But the main reason this has happened is that researchers
themselves have been baffled by it. Even to them, the complexity of cell
processes often seems too much: we can watch the conjuring trick being
done, and know there is a rational, nonmagical explanation for it, but we
cannot for the life of us see what this explanation is. Often we think we are
getting somewhere, only to watch our hypothesis collapse in the face of a
new experiment.

It is only now—which is to say, over the past decade or two—that we
have begun to do better: not only to be able to tell a new story but to
glimpse what makes it cohere. Put this way, you might not be entirely
surprised to hear that part of the difficulty is that we were looking at the
problem the wrong way. Just as it was never the case that the “explanation”
of a book, or even of a sentence, can be reduced or atomized to
explanations of the individual words, so it is with how life works. Each
level of the process is not wholly defined by or inherent within the level
that precedes it. To put it another way, what is in that “magic” is something
else that the system needs: some added information, context, and causal
power. Living things are not, after all, complex yet deterministic readouts of
genes. In Michel Morange’s words, “Biological processes are genetically
controlled, but this does not imply that the gene products are in and of



themselves responsible for these processes. They are simply components
that participate in these processes.”

Geneticization
If you think that sounds like a remarkably modest role in comparison to
how genes are usually portrayed, you won’t be alone. “At the close of the
twentieth century,” wrote biologists Marc Kirschner, John Gerhart, and Tim
Mitchison in 2000, “genetics reigns triumphant as the central theme in
biological thought.” In popular discourse, genes are a kind of essence of
being: they make us what we are. “It’s in my genes,” we like to say—or
equivalently, “It’s in my DNA.” What is? Pretty much everything, if some
press reports are to be believed. In the mid-1990s, sociologist Dorothy
Nelkin and historian Susan Lindee pointed out that claims had been made
for the existence of “violence genes, celebrity genes, gay genes, couch-
potato genes . . . even genes for sinning.” DNA, they said, “has become a
cultural icon, a symbol, almost a magical force”—nothing less than “the
secular equivalent of the Christian soul.”

Given that all of this is a misconception—there are not genes for any of
these attributes, and genes are not what make us who we are (although they
contribute)—we have to ask why they have been given such omnipotence.
The answer is complicated. Nelkin and Lindee suggested that the notion of
a gene has partially filled a void exposed by social change. We are in, they
said, “a time when individual identity, family connections, and social
cohesion seem threatened and the social contract appears in disarray.”
Perhaps society has seized on a scientific idea that seemed to offer
consolation when the traditional support of religious belief has atrophied?
The gene, says Morange, “has become something onto which our fears and
fantasies are projected.”

In 1991, just as the Human Genome Project was beginning,
epidemiologist Abby Lippman called this tendency geneticization. As she
put it, this is “an ongoing process by which differences between individuals
are reduced to their DNA codes” and eventually “human biology is
incorrectly equated with human genetics, implying that the latter acts alone
to make us each the organism she or he is.”3 Was that tendency simply a



cultural misappropriation of the science, or have scientists contributed to
and colluded with it? There can be no doubt that they have. “Our fate,”
James Watson has said, “is in our genes.” (Spoiler: it is not.) “We know,”
the canonical textbook Molecular Biology of the Gene, written by Watson
and others, tells us, that “the instructions for how the egg develops are
written in the linear sequence of bases along the DNA of the germ cells.”
(Spoiler: they are not.)

Nelkin and Lindee recount how geneticist Walter Gilbert liked to
introduce public lectures by pulling from his pocket a compact disc filled
with genetic sequence information and saying to his audience “This is you.”
(Spoiler: it isn’t.) It still goes on. The website of the National Human
Genome Research Institute, which oversees the Human Genome Project,
claims that the human genome is “nature’s complete genetic blueprint for
building a human being.” (You guessed it: not true, again.) Behavioral
geneticist Robert Plomin called his 2018 book on genes Blueprint, saying in
it that genes are “the main systematic force in life.” DNA, he says, “isn’t all
that matters [in making you who you are] but it matters more than
everything else put together.” (OK, you know the drill.)

Those who say these things do (I think) genuinely believe them, so it’s
interesting to wonder why. As Nelkin and Lindee remind us, “every map is
someone’s way of getting you to look at the world in his or her way.” Just
as there are physicists who will tell you that everything that happens can
ultimately be explained by physics alone (it can’t), and chemists who tell
you that in the end biology is just chemistry (it isn’t), so by asserting the
primacy of the gene, geneticists are establishing an intellectual pecking
order when they attribute more to genes than they should. We might recall
here that many scientists of the early twentieth century were convinced that
eugenics was a necessary and rigorously scientific consequence of Darwin’s
theory of evolution. It wasn’t; but they believed it because it justified their
view of how the world works, with its “natural” hierarchies of human value.
The idea that DNA makes you what you are is not in itself as pernicious as
eugenics, but it’s a hair’s breadth away if you are not careful, and is just as
flawed.

What’s curious is that it isn’t biologists in general who will tell you these
things. Many of those who work in fields where genes aren’t the main focus
—in developmental biology, say, which looks at how organisms grow, or



behavioral biology, or zoology, or even, at the other end of the microscope,
at the structural biology of proteins—don’t ascribe such primacy to genes at
all. Their way of looking at the world doesn’t need such a narrative. It’s
strange, then, that we seem to have bought so avidly into the picture that
Watson painted, in which our DNA is “what makes us human.” The reasons
for this are complex, although I think they have something to do with a
desire for a simple narrative and for a new locus of our “essence” or soul.

Birth of the Gene
I suspect too that genes acquired their prestige through being yoked to that
other grand narrative of the living world: Darwinian evolution. Both ideas
are central to the concept of heredity, whereby features are passed on from
parent to offspring.

Charles Darwin himself proposed that inheritance of traits happens in a
process he called pangenesis, in which cells in the body shed tiny particles,
gemmules, carrying information that controls and directs development. He
supposed that the gemmules accumulated in the reproductive organs and
were passed on to offspring. Darwin’s pangenesis theory isn’t actually
much like the idea of genes encoded in the chromosomes being replicated
and passed on between generations, however, for Darwin believed that
gemmules might be altered by interactions with an organism’s environment
before being passed on via the sex cells. Pangenesis might therefore permit
the inheritance of characteristics acquired during the parent’s lifetime, the
kind of evolution posited in the early nineteenth century by the French
zoologist Jean-Baptiste Lamarck.

In 1889 the Dutch botanist Hugo de Vries modified the pangenesis idea
by suggesting that each trait is imprinted by a separate particle, which he
renamed a pangene. He and the German evolutionary biologist August
Weismann proposed that the hereditary material, whatever it was, is carried
in the so-called germ cells: eggs and sperm. In 1892 Weismann proposed
that a strict barrier exists to any transmission from body (somatic) cells to
the germ cells. Thus, any genetic changes that happen to somatic cells could
not be inherited; Lamarckism is impossible. Information can only travel in
the other direction, from the germ cells to the somatic cells. In 1909 the



Danish biologist Wilhelm Johannsen shortened de Vries’s term to genes; the
English biologist William Bateson had already coined the term genetics
three years previously.

In the 1860s, as Darwin was developing his pangenesis theory, a
Moravian friar named Gregor Mendel was conducting plant-breeding
experiments in Brno, in what is today the Czech Republic, that would later
be invoked to clarify what pangenes are. Mendel looked at how the
characteristics of garden peas—their color (yellow or green) and texture
(smooth or wrinkly)4—depended on their parentage. Peas are “true-
breeding”: they self-pollinate, producing offspring that look like the parent
plant. Mendel cross-bred different plants to see which characteristics would
result. He found that the results could be explained by assuming that the
plants inherit traits discretely, transmitted intact and without blending. The
trait of one or other parent prevails, and the ratios of outcomes indicated to
Mendel that traits are of two types: dominant, where inheriting the trait
from either parent will cause it to manifest in the offspring, and recessive,
where the trait will only appear if it is inherited from both parents.

Notice that all this was couched in terms of the traits themselves. It’s
commonly said that Mendel attributed these traits to some material
“factors” that pass between generations, a harbinger of our concept of
genes. He did not, however, suggest any underlying mechanism for the
proportions by which traits are inherited, beyond the notion of dominant
and recessive traits. The key message of his work was rather that traits are
inherited unchanged and unmixed.

It’s another part of the legend spun around Mendel that a copy of the
treatise he published in 1865 called Experiments on Plant Hybridization sat
unread in Charles Darwin’s library at Down House in Sussex. Had Darwin
bothered to read it (the story asks), might he have realized that Mendel
seemed to have uncovered evidence for his pangenesis theory? But even if
Darwin had possessed a copy of Mendel’s book—and it is in fact unclear
that he did—it is far from obvious that he would have deemed it of much
relevance to his evolutionary theory. Mendel was, after all, not concerned
with evolution at all, but with breeding. A temptation to arrange and edit
past events to fit a neat story bedevils all efforts to understand history, but
perhaps nowhere more so than in the history of science, where the impulse
to construct hagiographical Great Man narratives is perversely strong.



By the same token, although we’re often told that Mendel’s results were
ignored until the end of the century, to the extent that this is true at all it was
not because no one understood their significance (or even knew about
them), but because their connection to evolutionary theory was not as
evident then as it seems now. At any rate, the work wasn’t “forgotten” until
being “rediscovered” by de Vries and others—it was simply that these later
scientists perceived its relevance to their concept of what genes are and do.
Before then, Mendel’s results were typically considered to offer support for
the widespread belief that offspring of hybrids tended to revert to the
characteristics of one or the other parent rather than blending them. It’s not
so much, therefore, that their relevance to genetics and inheritance more
generally was only recognized in the early twentieth century; rather, it was
only then that such relevance was created.

Interpreted in modern terms, Mendel’s observations on patterns of
inheritance imply that the trait-determining genes come in different
varieties, called alleles. For each gene, you get one allele from your father
and one from your mother. (They each have two, and which one you get is
determined at random.) The maternal and paternal alleles may or may not
be the same; if they differ, each may give rise to different versions of the
respective trait. For example, there may be an allele of a gene influencing
eye color that generally gives rise to brown eyes, and another allele of the
same gene that generally produces blue eyes. To a first approximation, all
humans have the same set of genes in their genome, but we nearly all have
a different set of alleles, which is why we all differ in the traits that are
influenced by genes. Some people have alleles associated with greater or
lesser height, with different skin tones and eye colors, as well as different
behavioral attributes.

One might also infer from Mendel’s experiments on peas that each trait
of an organism is encoded in a single gene, and is inherited discretely: it
becomes this or that. It’s sometimes said that his findings were neglected
because most researchers “incorrectly” believed that traits are, on the
contrary, blended when inherited from parents. But of course that is often
the case, for example with skin pigmentation or height. Some traits do seem
to be inherited discretely—eye and hair color are often cited as typical
examples, although the truth is more complicated—while others appear to
vary continuously. Traits that are inherited according to Mendel’s laws5 are



said to be “Mendelian,” but they are the exception rather than the rule.6 And
even when a trait follows Mendelian genetics of inheritance, it doesn’t
follow that the corresponding phenotype will do so. For these reasons, some
researchers argue that teaching genetics at school according to Mendelian
principles, while being relatively easy to understand, ingrains from the
outset a false conception of how genes work.

From the 1910s, the British scientists Ronald Fisher and J. B. S. Haldane
and others developed mathematical models of how different alleles spread
through a population under the influence of Darwinian natural selection,
which favors alleles associated with traits that give individuals an adaptive
advantage. Using statistical reasoning, which Fisher pioneered, these
models were able to handle traits influenced by more than one gene, some
of which might manifest as graduated rather than discrete variations. This
work reconciled the discrete inheritance of traits apparently demanded by
Mendel’s results with the blending seemingly implied by Darwin’s theory.

But what were these gene particles? In 1919, American biologist Thomas
Hunt Morgan suggested that they might be a “chemical molecule.” But even
in 1933, when Morgan was awarded the Nobel Prize for his work on the
genetics and inheritance of fruit flies, he admitted that there was no
consensus on the matter, and that genes might even be purely fictitious
entities, useful for thinking with but not to be identified as physical objects.
(If that seems surprising, bear in mind that until experiments by French
physicist Jean Perrin in 1908, scientists weren’t even sure if atoms were real
things.)

By that stage, however, the evidence was mounting that genes really were
material entities, most probably of molecular dimensions. In 1935 Morgan’s
student Hermann Muller showed that X-rays, known to be capable of
ionizing atoms and molecules (knocking electrons off them to give them an
electrical charge), could induce mutations in flies, suggesting that genetic
mutation was caused by some physical change to a gene-carrying substance.
In 1935 Muller’s sometime collaborator in Berlin, the Russian geneticist
Nikolai Timoféef-Ressovsky, published a paper with German physicists
Karl Zimmer and Max Delbrück which reasoned from such X-ray mutation
studies that genes are molecules of some kind, mutations of which must
correspond to an alteration in the way the atoms are arranged. Might they,



the researchers wondered, be a polymer of some kind—a string of repeating
chemical units?

There was by then already a strong candidate for the material component
of genes. Among the structures revealed inside cells by microscope studies
in the late nineteenth century were tiny objects that would take up dyes and
become more readily visible, for which reason they were called
chromosomes (“colored bodies”). Before a cell divided, the chromosomes
would condense into well-defined little particles, generally with an X shape,
and would be copied so that each was doubled. These copies would then
become segregated so that one copy of each found its way into the two new
cells. In 1902 geneticist Walter Sutton suggested that chromosomes might
therefore be the locus of the genes. The German biologist Theodor Boveri
made the same suggestion around the same time, after noting that sea-
urchin embryos only develop properly if they have all their chromosomes.

Each of our somatic cells7 contains forty-six chromosomes: two copies
each of twenty-three different varieties. (Other animals have different
numbers: cats have nineteen pairs, dogs thirty-nine pairs.) The gametes
(eggs and sperm) are special in that they each contain only one set of
chromosomes. This makes them haploid cells, as opposed to the diploid
somatic cells.



Fig. 2.2 The chromosomes condense into X shapes before being separated on the filamentary protein
scaffold called the mitotic spindle during cell division (mitosis).

When cells divide in the process called mitosis—as they do when an
organism grows from an embryo, and indeed continue to every day in our
body as cells get replaced—the complete set of forty-six chromosomes is
duplicated, and one full set of pairs goes into each of the daughter cells.
There is a complex and wonderfully clever biological apparatus, involving
bundles of self-assembling protein filaments, that orchestrates this process
and ensures that the chromosomes are apportioned correctly (fig. 2.2).

But what then are chromosomes? Chemical analysis revealed that they
are partly made of protein: the substance that seemed to be ubiquitous in
living things, and which was known already to be the fabric of the enzymes
that catalyzed metabolic reactions. Some kind of protein seemed a natural
candidate for the genetic material. But chromosomes also contained another
molecule, originally called “nuclein” but later labeled a nucleic acid:
specifically, deoxyribonucleic acid, or DNA. This is a polymer of four types
of chemical unit (nucleotides), containing a sugar molecule (deoxyribose), a
phosphate group, and a substance belonging to the general class of
molecules called bases. The four nucleotides are distinguished by their



different bases: adenine (A), cytosine (C), guanine (G) and thymine (T).
Maybe, some researchers wondered, DNA was a kind of scaffold or support
for the gene-bearing proteins of the chromosomes?

In 1943 the American microscopist Oswald Avery found that the
converse seemed to be the case. He and his young colleague Maclyn
McCarty, working at the Rockefeller Institute Hospital in New York, were
able to extract and isolate a substance they called the “transforming
principle” that was able to convert a harmless strain of pneumococcus
bacteria to a virulent one, and they found that it was composed of almost
pure DNA. Their conclusion that DNA is the hereditary material was
supported by studies at the start of the 1950s by Alfred Hershey and Martha
Chase at the Cold Spring Harbor Laboratory in Long Island, which seemed
to indicate (but fell short of definitively proving) that DNA is involved in
the replication of bacterial viruses. In 1953 Hershey expressed his thoughts
on the matter with caution: “My own guess is that DNA will not prove to be
a unique determiner of genetic specificity, but that contributions to the
question will be made in the future only by persons willing to entertain the
contrary view.”

But such an intervention was already at hand. The work of Watson,
Crick, Franklin, and Wilkins, based in large part on Franklin’s
determinations of the structure of the DNA molecule using the technique of
crystallography (see p. 150), revealed how the hereditary information
believed to be carried by genes may be encoded in DNA in the sequence of
A, C, G, and T along twin strands of this natural polymer, entwined in the
iconic double helix (fig. 2.3).8



Fig. 2.3 The DNA double helix: two strands of DNA are linked by weak chemical bonds called
hydrogen bonds (dashed lines) that bind nucleotide bases on opposite strands. C fits with G, and A
with T. This makes one strand the complementary partner of the other: wherever an A appears in one,
a T appears in the other, for example. The sequence of these paired bases along each strand is the
genetic sequence, which encodes information that is passed on when the DNA is copied before cell
division. The Human Genome Project has now read this sequence for essentially all of the human
genome, comprising about 3 billion base pairs.

The idea that genes are encoded in linear sequences of chemical building
blocks was not, however, quite the slam-dunk implication of Crick and
Watson’s 1953 paper that is often implied. Even by the mid-1950s not all
biologists were willing to commit to the idea that genes reside in DNA.
Some regarded them as indivisible units, like beads on a string: “atoms” of
heredity. But the American physicist-turned-geneticist Seymour Benzer
showed that, like the atom, they have internal structure, of which (Benzer
argued) the minimal unit is a single base pair of DNA. In other words,
genes were indeed a kind of molecule. The field of molecular genetics was
born.

Genes Were Never Alive



The gene concept thus emerged from two directions. They were the units of
inheritance, and they were also now believed to be molecular entities that
conveyed discrete characteristics or traits. The unification of Darwin’s
theory of natural selection with the Mendelian inheritance of particulate
genes gave twentieth century biology its central explanatory framework,
dubbed the Modern Synthesis in 1942 by biologist Julian Huxley, Thomas
Henry Huxley’s grandson.

But in fact there never was a proper reconciliation of the “evolutionary
gene” that mediates inheritance and the molecular gene that acts somehow
in cells to shape an organism through development. Genes undoubtedly
have a special role in evolution, for they are the only aspect of the organism
that is directly passed on between many successive generations (see box
2.1). To some evolutionary biologists, genomes are thus synonymous with
the organism, the rest being dispensable detail. Until recently, say cell
biologists Ana Soto and Carlos Sonnenschein, “the concept of ‘organism’
was considered superfluous by some molecular and evolutionary
biologists.”

This indifference to the organism—to put it bluntly, to what is alive and
how it works—persists today. That might seem a little bizarre to anyone
who thought that biology was the study of life itself. It is certainly
intellectually thin, for no understanding, let alone appreciation, of the
natural world can focus on just a single level. It is as if physicists were to
decide that there is no such thing as solidity or friction or opacity, but only
fundamental particles and forces. Organisms are no more curious
epiphenomena caused by genes than a thunderstorm is an epiphenomenon
of electrons. Rather, they are real things in the world, and not entirely
explicable from the bottom up. The gene’s-eye view of life (indeed, even of
evolution) is shaped by a particular scientific model and is valid only within
the context of that model. It does not and cannot deliver an account of the
world as we find it. The problem with atomizing organisms into genes is
that genes are not alive (fig. 2.4)—and once you have set aside life to get to
the gene, you can’t get it back again. The gene is far too atomized a unit to
tell us much at all about how life works.



Fig. 2.4 Why, in a nutshell, understanding genes will not enable us to understand life.

This is exactly why genes are depicted as “agents”—specifically, as
selfish replicators—in gene-centered biology: because there is no other way
of recovering agency from genes alone, except to simply assert it (see boxes
2.2 and 2.3). Richard Dawkins makes his preferred order of autonomy clear
when he writes, “I prefer to think . . . of the cell as a convenient working
unit for the chemical industries of genes.” That is the logical endpoint of the
evolutionary-gene perspective, and it more or less relinquishes any claim to
understanding how living things function as such.

The Code
What exactly is it, then, that genes really do? In 1940 the American
geneticist George Beadle and the microbiologist Edward Tatum studied the
effects of mutation-inducing X-rays on the growth of bread mold
(Neurospora), and found that each mutation seemed to disrupt a step in the
biochemical pathway by which the mold produced a particular vitamin. “As
a working hypothesis,” they wrote in 1942, “a single gene may be
considered to be concerned with the primary control of a single specific
chemical reaction.” That’s to say, it makes a particular enzyme. This
became known as the “one gene, one enzyme” hypothesis.



Even at that time it was suspected that this formulation might be too
simple, as some genes seemed to have several effects. But the link between
genes and protein enzymes seemed secure. As Francis Crick put it in 1958,
“the main function of the genetic material is to control . . . the synthesis of
proteins.” He suggested that DNA carries at least some of the information
that specifies the chemical structure of a protein.

Proteins are made from small molecules called amino acids, joined
together in a chain that typically folds up into a specific shape. This shape,
and the chemical behavior of the protein, depend on the sequence of amino
acids, of which there are twenty varieties in natural proteins. Crick was
proposing that a gene encodes this sequence information of a protein. As we
now know, the genetic information is transferred first to an RNA molecule
(called “messenger RNA,” mRNA) in a process called transcription, and
the mRNA is then used to make a protein in the process of translation (fig.
2.5). Both steps are facilitated by enzymes. One, known as RNA
polymerase, puts together the mRNA using one of the strands of the DNA
double helix as a template, while a large molecular complex called the
ribosome, containing both proteins and other RNA molecules, translates the
mRNA to the corresponding protein.



Fig. 2.5 The transfer of information from a genetic (base-pair) sequence in DNA to an amino-acid
sequence in a protein happens in two steps: transcription, where the information is first copied into a
messenger RNA (mRNA) molecule; and translation, where the mRNA is used to make the string of
amino acids (a polymer called a polypeptide) that then folds up into a protein molecule. Both
processes are orchestrated by enzymes: the first by an enzyme called RNA polymerase, the second by
a complex assembly of proteins and other RNA molecules called the ribosome.

In an informal note in 1956, Crick came up with what he called the
“Central Dogma” of biology, which specifies the direction in which
information is transferred from molecule to molecule in protein synthesis: it
goes from DNA to the intermediary RNA, and from RNA to protein (fig.
2.6). To “play safe,” Crick allowed for the possibility that information
might somehow go back from RNA to DNA, and perhaps directly from
DNA to protein, even though there was then no evidence of either process.
But once the information was in the protein, it could never flow back to
DNA or RNA, or indeed laterally from one protein to another. I’ll return to



the Central Dogma later (box 4.2) to see how well it has stood the test of
time.

Fig. 2.6 The Central Dogma of biology as depicted by Francis Crick in 1970. The solid arrows show
what happens in general (DNA → RNA → protein), while the dashed arrows show some special
cases.

How does a gene encode a protein? The simplest assumption is that there
is a correspondence between the sequence of base pairs in DNA and of
amino acids in a protein. There are just four types of DNA base, but twenty
amino acids in naturally occurring proteins, so it takes more than one base
to encode each amino acid uniquely. Indeed, we can deduce purely on
mathematical grounds that you need at least three bases per amino acid,
because there are 4 × 4 = 16 permutations of pairs of the four bases—not
enough to encode each amino acid uniquely—but 4 × 4 × 4 = 64 distinct
triplets. This gives rather more different triplets than is needed for this



“genetic code,” but maybe some triplets are ignored or used as alternative
ways of encoding the same amino acid?

And that is indeed exactly how the genetic code works. Biochemists
Heinrich Matthaei and Marshall Nirenberg found the first correspondence
in 1961. They showed that chemically synthesized RNA containing only
uracil bases (the RNA equivalent of thymine, T, in DNA) would be “read”
by the enzymes that produce proteins from RNA to create protein-like
molecules containing only the amino acid phenylalanine. In other words,
uracils alone encode this amino acid. Nirenberg won the 1968 Nobel Prize
for this work.

Later in 1961 Crick wrote a paper outlining the key principles of the
genetic code. It is, he said, a triplet code that is read out linearly from a
fixed starting point, and is degenerate, meaning that each amino acid might
correspond to more than one base triplet (or codon). The race then began to
crack the full code linking base-pair triplets to amino acids, a project
completed in 1967. The task was more challenging than some had expected,
partly because not all of the codons encode amino acids. Three are instead
instructions to stop the enzyme RNA polymerase from reading the DNA
sequence, signaling the end of a gene.

The paradigm was now clear: genes encode proteins via the genetic code,
such that a genetic sequence of bases in DNA corresponds to a particular
sequence of amino acids in the product proteins. And once you have
proteins, the rest of the cell’s workings are just a matter of chemistry. As
David Baltimore put it in 1984, “The cell’s brain had been found to be a
tape reader scanning an array of information encoded as a linear sequence,
that is ultimately translated into three-dimensional proteins.” This, it
seemed, is how life works.

Of course there would be more details, and the usual story is that those
details have proved to be extraordinarily complicated. But the fact is that
they are not details at all. Not only has our picture of what genes are and
what they do, what DNA and RNA and proteins are like and how they
interact, become far more complex than the simple information flow
envisaged by the early pioneers of molecular biology, but within those very
changes of thinking lie the seeds of a substantially different view of life.



Gene Packaging
Rather like the famous photos of Albert Einstein as a white-haired eccentric
poking out his tongue or riding a bicycle, the popular images of DNA are
hardly representative. While it is fashionable in these post-genome days to
show it as an endless string of As, Cs, Gs, and Ts, stock images of the
molecule almost always depict that celebrated double helix, delightfully
suggesting the twin snakes of Wisdom and Knowledge intertwining around
the caduceus, the staff of the physician’s god Hermes.

But it is rare that DNA looks this way. In the nucleus of our cells, the
molecule is packaged up into a substance called chromatin—a filamentary
assembly of DNA and proteins—in which only very short stretches of the
“naked” helix are fleetingly revealed. There is twice as much protein as
DNA in chromatin (as well as typically around 10 percent by mass of RNA,
mostly as nascent transcribed chains).

If we want to know how DNA really functions, it is not enough to zoom
in to the molecular level to disclose the beautifully simple staircase of base
pairs. That structure conveys the impression of the genome as a book lying
open and waiting to be read. But in fact this “text” is closed, sealed, and
packed away in chromatin. How DNA is arranged within chromatin at
larger scales seems to be central to the processes of replication and
transcription that we have come to think of in terms of neat base pairings.

Stretched into a linear double helix, the three billion or so base pairs in a
single complete genome of human DNA would measure 1.8 meters long.
That strand, divided into forty-six chromosomes, has to be packed into a
nucleus just six thousandths of a millimeter (six micrometers) or so across.
As a result, the DNA chains have to be condensed into a compact form. In
the smallest human chromosome, a double strand of DNA fourteen
millimeters long is compressed into a structure about two micrometers long:
a packing ratio of seven thousand. In the first stage of packaging, the DNA
is wound around protein disks called histones to form a bead-like structure
called a nucleosome. Each disk is composed of four pairs of distinct types
of histone protein; a fifth histone, called H1, seals the DNA to the disk at
the point where the winding starts and ends. Each nucleosome binds around
two hundred base pairs of DNA in two coils, and there is very little “free”
DNA between adjacent nucleosomes, sometimes as little as eight base pairs



(fig. 2.7). The string of nucleosomes forms fibers about thirty nanometers
(millionths of a millimeter) wide, which is the basic structural unit of
chromatin.

The chromosomes only acquire the distinctive X shape for a brief time
during the cell cycle, as the cell prepares for division. The rest of the time
you’d search the eukaryotic cell in vain for those molecular tetrapods. What
you find instead in the cell nucleus looks like a tangled mess. But it’s not
simply that: the three-dimensional structure of chromatin is quite carefully
controlled in the cell. Exactly how chromatin is compacted and unraveled is
still poorly understood, although it is very important for how the genome
works. Specialized enzymes and protein assemblies carefully orchestrate
the process of restructuring and repacking chromatin.



Fig. 2.7 The structure of chromatin: a composite of DNA and protein, in which the DNA is wound
around histones and packaged into fibers.

There are in fact two types of chromatin in the nucleus while a cell is not
dividing and its chromosomes remain unpacked. The most abundant form is
called euchromatin, and it is relatively open, a bit like a polymer gel. The
other form, heterochromatin, is more compact, with a density comparable to
that of the X-shaped chromosomes during cell division, and is confined to a
few small patches. It’s tempting to suppose that euchromatin is “active”
DNA, which is loose enough to let the transcription apparatus get to work
on it, whereas heterochromatin is compressed for storage, like a big data



file. But it’s not so simple, sadly: even chromosomes containing a large
amount of dense heterochromatin can be transcriptionally active, for
example. Some researchers think that there are further subtleties of DNA
organization yet to be revealed beneath these blanket terms.

If all of this complexity destroys the pretty illusion created by the iconic
double helix as a transparent repository of genetic information, it also opens
up a much richer panorama. The fundamental mechanism of information
storage and transfer in nucleic acids—complementary base pairing—is so
elegant that it risks blinding us to the awesome sophistication of the full
process of getting that information in and out, let alone what it actually
means. The molecules do not simply wander up to one another and start
talking. You might say that they must first be assigned that task, and must
then petition higher levels of organization before permission is granted. For
gene transcription is carefully regulated.

For example, genes on DNA are accompanied by sequences near (and
“upstream” of, in terms of the direction of readout) their start, typically a
hundred to a thousand base pairs long, called promoter sites. Particular
proteins must bind to these regions in order for transcription by RNA
polymerase to begin. Several different molecules, especially proteins called
transcription factors, are involved in this initiation process. What happens at
a promoter site determines whether transcription can happen; but the
chance that it will is influenced by DNA sequences called enhancers, of
which there are hundreds of thousands in the human genome, typically fifty
to fifteen hundred base pairs long. Perplexingly, enhancers may sit a long
way away from the gene they influence—perhaps as many as a million base
pairs or so. What’s more, genes don’t necessarily have their own dedicated
enhancers; some may share enhancers and thus may be co-regulated, even if
the genes themselves lie very far apart along a particular chromosome.
We’ll look later at how these seemingly unlikely situations are possible.

Quite aside from these complications of gene regulation, the
conventional picture of DNA as a succession of protein-encoding gene
sequences is muddied in various other ways. For one thing, some genes or
chromosome regions are duplicated in the genome, sometimes in many
copies. Some of these duplications have become fixed in a genome over the
course of evolutionary history, and will be reliably copied each time DNA
is replicated for cell division. Other duplications can happen spontaneously



in individual organisms, for example when chromosomes are shuffled
during the formation of the germ cells (a process called meiosis).
Sometimes cells can end up with duplicate copies of entire chromosomes
because of the way they have been distributed as cells divide. The
production of an egg or sperm cell with an extra copy of chromosome 21,
known as Trisomy 21, is the cause of the developmental changes
characteristic of Down syndrome.

Gene duplication is typically regarded as an “error” of DNA replication,9
but it is thought also to have an important role in evolution. If a gene is
duplicated, this creates a backup so that one of the copies can undergo
mutations without deleterious effects in the organism. It is freed from the
harsh constraints of natural selection, enabling it to evolve a completely
new function—say, to encode a new type of protein that might find some
useful role. In this way, gene duplication is thought to be a source of
evolutionary innovation, making new kinds of behavior or organism
possible. There are many known examples where gene duplication is
adaptive, such that it seems to be selected for in organisms exposed to
stresses such as heat, cold, or high concentrations of salts or toxic metals.
Of course, such duplications don’t happen in order for that innovation to
occur; they are likely to be random in themselves. A harder question to
answer (for which there is not yet any consensus) is whether, because of its
potential benefits, some degree of gene duplication is actively permitted,
rather than simply slipping past the cell’s mechanisms for ensuring the
fidelity of DNA replication.

I should mention too that duplication of short sections of DNA outside
those regions corresponding to protein-encoding genes is rampant. These
segments are known as transposons and are able simply to insert copies of
themselves randomly in other parts of the genome (including within a
protein-coding gene). Because they may serve no useful function for the
organism, such DNA segments are generally regarded as parasitic: their
accumulation can be deleterious to health and evolutionary fitness. They are
not “selfish genes” (see box 2.1), but there is a genuine argument for
considering them to be “selfish DNA.” However, some researchers now
think that some of these transposons might play a beneficial role in the cell,
for example by reshuffling the genome and providing opportunities for
variation and innovation to occur. We’ll hear more about the possible roles
of DNA sequences besides protein-coding in the next chapter.



As well as the complication of gene duplication, the picture of an orderly,
linear arrangement of genes along DNA is undermined by the fact that
some genes can overlap: the same bit of DNA can encode more than one
RNA transcript. Such overlaps are particularly common in viruses and
bacteria, where the genomes are very compact and space-efficient—but
they are found in the human genome too. Overlapping genes cannot
therefore be equated with unique and exclusive DNA sequences.

The Problem(s) with Genes
Despite all these caveats, complications and conditions, Crick’s point
remained: a gene was a means of getting a protein. But what then? The
prevailing view up to the 1980s and 90s was that somehow the activation—
the technical term is expression—of a gene to make a protein leads to some
specific physiological or developmental outcome, and that there thus is a
fairly direct link between genotype and phenotype, and a mapping of one to
the other. Certain alleles should lead predictably to certain traits.

As an editor at the science journal Nature in the 1990s, I began to sense
that it wasn’t so straightforward. I felt a bit like Keanu Reeves’s character
Neo in The Matrix when he starts to doubt that he can take the world around
him at face value because of little inconsistencies and oddities: glitches that
he is tempted to shrug off, but which, once confronted, will compel a
complete revision of how he thinks things work. In our weekly editorial
meetings, my colleagues in the biological sciences team would regularly
announce that they had accepted for publication a paper showing that gene
X, thought to be involved in function Y—it might be limb development or
pregnancy—turned out to be important too for phenomenon Z, such as
cancer or the immune response. I was an editor for the physical sciences
and a biological naïf, and would listen with great interest but minimal
understanding. Finally I built up the courage to ask, “So what does that
mean?” The answer was delivered almost gleefully: “We have no idea!”

It’s no wonder my fellow editors were perplexed. Such observations
didn’t seem to fit with the consensus intuition that genes have specific roles
to play in how cells and organisms form and function. This intuition was
reflected in the very names given to genes and the proteins they encode,



which often relate to the context in which they were first identified. So
there is, say, the BMP gene that encodes “bone morphogenetic protein,”
which is involved in bone growth, and TNF, encoding a protein called
tumor necrosis factor that can kill cancer cells.10 Often genes are labeled for
a developmental defect that some mutation of the gene produces in the
organism they are found in, which is typically that workhorse of genetics,
the fruit fly Drosophila melanogaster. Mutations of the wingless gene may
result in flies without wings, and mutations of hunchback—well, you can
guess.

Seems reasonable? You have to call genes something, and naming them
after traits they seem to induce or relate to is a convenient shorthand for
remembering the gene’s effect. Except . . . those Nature papers (and a great
deal of other research) seemed to cast doubt on whether these organism-
level traits truly were the gene’s fundamental effect after all. Many genes
seemed to have more than one phenotypic effect, and they were sometimes
so different in different experiments or contexts that it was hard to fathom
how there could be any relation between them.

Wingless is a good example. In work that won them the 1995 Nobel Prize
in Physiology or Medicine, geneticists Christiane Nüsslein-Volhard and
Eric Wieschaus showed that this gene (wg for short) is involved in the
formation of body segments of the fly embryo. If the embryos lack the right
segments because of a wg mutation, they can’t develop wings.

Jump now to research in the early 1980s by Roel Nusse and Harold
Varmus on cancer in mice. The two researchers were studying a virus that
caused tumors to grow in infected mice, because of its ability to induce
genetic mutations. They found that one gene in particular became
problematic—a so-called oncogene, meaning that it was apt to cause cancer
when mutated. They gave it the anodyne name Int1 because it was
associated with cancer-linked genomic regions called integration sites.

Many other species have equivalent genes to mouse Int1: in the jargon of
genetics, it is a highly conserved gene. Fruit flies have such a gene—but in
1987 it was discovered that fly Int1 is none other than wingless. Same gene;
different names and functions. So the name became an awkward
portmanteau: wg/Int1. Then it became clear that this gene wasn’t alone. It
was a member of a whole family of similar genes, which were collectively



given the condensed abbreviation Wnt (usually pronounced “wint”), so that
Wg/Int1 became Wnt1. We humans have nineteen known Wnt-type genes.

What, then, is the real function of Wnt genes—or rather, of the proteins
made from them? The best one can say is that they are involved in passing
chemical signals arriving at the outside of a cell into the inside of the cell.
This is a bit like asking what the meaning of the word in is. Loosely, it
relates to interiority; the dictionary definition is “expressing the situation of
something that is or appears to be enclosed or surrounded by something
else.” But it’s better to say that it depends on the context in a sentence.
Rather different things are going on in “I put my foot in my mouth,” “He’s
one of the in crowd,” “In spring it rains,” and “Come in, please!”

I’m going to answer the question another way. I’ll explain later what this
peculiar answer means, but my purpose here is to show just how baffling a
question like “What does Wnt do?” can become. To answer it, molecular
biologists might draw a diagram like fig. 2.8, which shows the interactions
of the Wnt protein with other proteins, called the Wnt signaling pathway.

Each of these blocks or ovals represents a protein, and the general idea is
that the Wnt protein collaborates with others in making some complex
assembly of molecules at the cell membrane that relays a message, ending
finally in transcription of other genes. One sees a lot of diagrams like this in
Nature and other journals, and they send out the message that molecular
biology is bizarrely intricate to such a degree that it is hard to know what
matters and what does not, or how to interpret this dance of molecules.



Fig. 2.8 What does the Wnt protein do? Here’s a typical picture to “illustrate” that. Each of the blobs
is a kind of protein. How do they fit together, and for how long? How do they move about? What is
the role of each of them? And are you any the wiser?

So that’s Wnt (for now): nothing fundamentally to do with growing wings
(or not), and in fact impossible to assign any meaningful “function” at all in
terms of its effects on the organism. It is, to borrow a turn of phrase from
the legendary Liverpool soccer club manager Bill Shankly, much more
important than that. And this was happening everywhere. Genes with names
awarded in one context turned out to be identical to genes given different



names in another context. And genes associated with one trait proved to be
implicated in a quite different trait too. It looked horrible.

In the 1990s, many studies of gene “function” relied on a technique
called gene knockouts. It had become possible to use biotechnologies to
selectively disable a given gene in an organism and see what happened.
This seemed like the perfect tool for figuring out what genes did: if you
stop them functioning and see a particular effect (such as a growth defect)
in the organism, it was reasonable to suppose that the gene was involved in
the development of the defective component. It’s a bit like trying to isolate
a fault in an electrical circuit by replacing each component one by one, the
same approach described by Yuri Lazebnik in his article on whether
biologists could work out how to fix a radio (p. 7).

The trouble was, the results of gene knockouts were often utterly
bewildering. Studies might have persuaded everyone that gene X was
absolutely central to the proper functioning of the organism, but then when
it was knocked out, there was no apparent effect whatsoever, and the
organism seemed to remain perfectly healthy. Or maybe gene Y was known
to be involved in eye development, but knocking it out had no effect on eye
growth; instead it resulted in a faulty immune system.

Here’s an example of the complexity of such effects. There’s a protein
called Src, one of a class of enzymes called kinases, which modify and
activate other proteins. Kinases have a crucial and widespread role in the
pathways by means of which a signal arriving at the outside of a cell (such
as a hormone) is transmitted to the processes that occur inside it. Src seems
to be involved in controlling the rate of cell division. Disrupting such a vital
phenomenon as cell division would be expected to have major
consequences for embryonic development. Yet when researchers knocked
out the gene encoding Src in mice in 1991, they found almost no effect on
development, even though such mice do die soon after birth because of
problems in bone growth. A closer look at the Src pathway makes this
outcome a bit easier to understand, because the details are so subtle and
complex. Other proteins, for example, may switch and activate Src itself,
and Src interacts with several target molecules and may thus influence
several different developmental pathways. A similar result was found in
1992 when researchers produced mice lacking a gene called p53, which is
also involved in regulating the cycle of cell division, and mutations of



which are commonly linked to cancers. Although p53 seems to be deeply
embedded in the process by which cells divide healthily, mice without it
developed normally, albeit being prone to develop tumors after birth.

A common response to such puzzling null results of gene knockouts is to
say that cells have highly redundant pathways for conveying signals. There
are many routes, so if one is blocked, there’s generally another that can be
used. But that is at best an oversimplification, implying as it does that each
pathway still has a well-defined start, end point, and function in the cell; all
evolution has to do is make a backup. The cell’s “wiring” simply doesn’t
have this sort of character. Its logic is different, and it undermines our
intuitive notions of what a particular molecule or pathway “does,” and what
its role is in building and maintaining an organism. If, in an organization,
someone omits or forgets to do a task (or is simply absent from work), a
problem can often be averted not by ensuring that someone else will step in
and do it in their place (that is, by building redundancy into the chain of
labor), but by taking compensating actions further down the line. That latter
strategy might in fact be a better way to run the business.

Given all this, it is far from clear how we should interpret the notion of
“genetic control of development and behavior.” Genes may influence these
things, but we often have no idea how, nor can we predict the phenotypic
consequences of genetic changes. An engineer would laugh at that
definition of “control.” Michel Morange wryly points out that when
knockout experiments have produced an unexpected result, the response has
often been to change the question. “If only minor effects are observed
instead of major ones,” he says, “then the solution is simple: the minor
question becomes a large one that has to be studied urgently.”

Reading the Genes
Faced with all this, my naive self in the 1990s began to wonder if we
actually had the right picture of what genes “do.” Just how does a
phenotype depend on a genotype, after all?

At that time it seemed we were about to find out, for the Human Genome
Project was underway. It aimed to read the DNA sequence of every known
gene. Even at its outset, it faced the somewhat troubling issue that just 2



percent or so of our genome actually accounts for protein-coding genes.
The conventional narrative was that our biology was all about proteins, for
each of which the genome held the template. (A protein-coding gene is on
average about eight thousand base pairs long, although the range is wide:
from a few dozen base pairs to more than two million.) But we had all this
other DNA too! What was that for? The common view was that it was
mostly just junk, like the stuff in our attics: meaningless material
accumulated during evolution, which our cells had no motivation to clear
out. It just wasn’t worth the effort.11

What of that 2 percent of functional DNA though? Most geneticists
estimated that it contained around fifty thousand to a hundred thousand
genes. This seemed reasonable for a complicated organism like us.12 After
all, the soil-dwelling nematode worm Caenorhabditis elegans, which is just
one millimeter long and has just a thousand or so somatic cells, has about
twenty thousand genes—and we are considerably more sophisticated a
piece of work than that!

But as the project progressed, the estimates of our gene count began to
shrink. Perhaps we only had around forty thousand genes! Wait, no, it’s
even fewer. . . . The eventual tally comes to a little over twenty thousand
protein-coding genes, depending on exactly how you count them. Hardly
anyone in biology had imagined that this would be enough to make a
human. There just don’t seem to be enough “instructions” in the “blueprint”
of the body (as the Human Genome Project still insists on calling our DNA)
to put together something so complex. This overestimate, by a factor of
three or more, of the number of genes in the human genome is often
presented as an amusing example of how wrong “experts” can be. But the
real significance was not in the numbers. It was in the assumptions that lay
behind them. We had the wrong story about genes.

Crick’s definition of a gene as a part of DNA that encodes a protein
structure is no longer adequate, for reasons that will become more clear in
the next two chapters. For one thing, we now know that some sections of
DNA that are conserved, inherited, and correlated with traits—that is,
meeting the criteria one might reasonably associate with the traditional idea
of a gene—don’t code for proteins at all. Rather, they act as templates for
RNA molecules that have important roles in the cell in their own right.
We’ll see later what some of these roles are. Confusingly, such DNA



sequences are said to be “noncoding,” even though they do encode
important information, because of the traditional association of DNA
coding and of a genetic code with proteins. Yet again, biology finds its
assumptions somewhat embarrassingly embedded in the language it is
obliged to keep using even after those assumptions have been proved
wrong.

There is no consensus about whether or when such noncoding DNA
sections warrant being called (noncoding) genes—simply because there is
no longer any agreement about what, at the molecular level, gene should
designate. One recent suggestion is that a gene be defined as “a union of
genomic sequences encoding a coherent set of potentially overlapping
functional products.” What’s striking about this definition is that, unlike
Crick’s, it is hard to understand and needs unpacking. It suggests that a gene
is a part of the genome that encodes some molecule or set of molecules
(either protein or RNA) with biological functions. If the DNA regions
encoding these product molecules overlap, the gene includes all those parts
pertaining to the respective product molecule. And if a single region
encodes a set of several related products, they all come from the same gene.

Developmental biologist Fred Nijhout has offered a different, rather more
general definition of the gene. They are, he says, “passive sources of
materials upon which a cell can draw, and are part of an evolved mechanism
that allows organisms, their tissues and their cells, to be independent of
their environment by providing the means of synthesizing, importing or
structuring the substances . . . required for metabolism, growth and
differentiation.” That too is a tellingly convoluted way of putting it. But the
overall message could not be more plain: genes, know your place.

Whatever it is that genes have been traditionally said to do in the cell
might then be better ascribed to events happening all over the genome.
There are functional modules in the genome, but they are not laid out in a
nice, linear, static format. They may overlap, or be broken into scattered
parts, and the functioning of one part might rely on the involvement of
another, sometimes considerably distant, part. Philosopher Francesca
Bellazzi argues that as such, genes are emergent features of how cells work.
They offer a useful way of thinking about one of the key functions that
DNA serves in a cellular context, but can’t simply be identified with a



specific piece of that molecule. “The gene,” says Bellazzi, “has its proper
home in the cell and cannot be understood without it.”

At any rate, whatever it is that a genome encodes, this is nothing like the
way information is encoded on magnetic tape or in a sequence of
algorithmic instructions. What it perhaps better resembles is the
organization of the brain. There was a time when the brain too was thought
to be neatly compartmentalized into sections with specific roles in behavior:
this region controls friendliness, that region is responsible for aggression or
perseverance. Such a picture provided the basis of the nineteenth century
discipline of phrenology, according to which it was believed that
measurements of the skull could reveal the disposition and shape of the
brain beneath it and thus disclose aspects of character.

The old view of genes as distinct segments of DNA strung along the
chromosomes like beads, interspersed with junk, and each controlling some
aspect of phenotype, was basically a kind of genetic phrenology. That’s not
to ridicule it, for after all, even the central idea in phrenology—that the
brain is composed of modules—is not entirely wrong. There are regions of
the brain that have specialized functions: one region is implicated in
language processing, another in vision, another in spatial memory, and so
on. Damage confined to one of these areas can result in extremely specific
cognitive impairments without affecting other abilities. But to suppose that
the independent and autonomous operation of each region produces specific
aspects of behavior is wrong. The brain relies on complex interactions
between them, and has to integrate the activity of each area into a coherent
response in a way that we still don’t fully understand. And so it is for the
genome too.

Perhaps in this respect, then, David Baltimore was right to call the
genome the “brain of a cell” in 1984. But in a deeper sense he was quite
wrong, for his implication was that the genome controls the cell. It does not.
Rather, it supplies resources for the cell as an autonomous and integrated
entity. We call the origin of those resources genes—but in truth genes are
not so much parts of the DNA molecule as conceptually derived from them.
So genes are no more a blueprint for our bodies than they are a blueprint for
our minds, or indeed our lives. They impart capabilities; the rest is up to us,
in interaction with our environment.



How Genes Echo in Traits
In some ways the blueprint metaphor has been given fresh impetus by the
ever-expanding pool of genomic data. For this wealth of data enables us to
see ever more plainly how genes influence what we are, making it possible
to spot even very faint correlations between alleles and traits. Here’s how
that works.

Imagine an ideal situation in which two individuals have fully sequenced
genomes that are identical except for just one difference in a specific gene
—say, Alice, one of our almost-identical twins, has allele 1, and the other,
Amy, has allele 2, which has a single difference in one base pair of the
corresponding section of DNA. Say now that they also have identical traits
and appearance, except for one detail: Alice has blue eyes, Amy’s are
green.13 Let’s say we’ve established that eye color is strongly inherited: it
seems to be mostly a matter of genes.14 It seems reasonable then to assume
that the genetic difference is the cause of the phenotypic difference.

But most human traits are not simply genetic—they are also affected by
the person’s environment. So we might need to check out that the difference
in eye color could not be attributed instead to, say, a difference in Alice’s
and Amy’s diets. This conclusion will be all the stronger if we find other
pairs of identical twins, with genomes different from Amy and Alice’s but
identical to one another, with this same difference in one gene and in eye
color but no difference in diet.

Suppose now we look at two individuals whose genomes differ in just
two alleles, and who also have two differing but well-defined traits. Maybe
each of those traits is controlled by one of those two different genes? Well,
it’s a little more complicated to be sure of that, but you can probably see
that if we have many individuals differing in genetics and traits, we can
make systematical statistical comparisons to figure out which traits seem to
be correlated with which differences in genes. Many traits are not simply
this or that—blue eyes or green—but are differences of degree: how tall are
they, how do they score in IQ tests, what are their risks of heart disease?
Then we might ask how much the spread in height difference, technically
called the variance, can be statistically correlated with differences in
genetics. We don’t need to know anything at the outset about which genes
to look at to “explain” such variance. Indeed, the whole point of an analysis



like this is that we don’t know which genes matter. By making comparisons
of the entire genome sequences of the individuals, we can find which genes
seem to “make a difference” and which don’t. To state it more precisely, we
are looking here for correlations between variations in genes and in traits,
but we can’t be sure that this means the genes “make” the difference.

Such an analysis is called a genome-wide association study, or GWAS. It
requires genome data for many people on whom we also have information
about traits. Most of the variations between genes that are identified in
GWASs are single-nucleotide polymorphisms (SNPs, pronounced “snips”),
meaning that the alleles differ in just one base pair: sequences like
TTAACCCCGATTA versus TTAACCTCGATTA, say. Different SNPs
between individuals might correlate with different traits, such as
susceptibility to a disease.15 Many single-base substitutions in genes don’t
have any observable effect at all, and are rare in a population. Only ones
that are relatively common—typically present in over 1 percent of a
population—are awarded the status of a SNP, implying that they are well-
defined variants that get preserved and transmitted through the population.

Such data, as well as the computational tools to analyze it, have only
become available in the past decade or so thanks to advances that have
made gene-sequencing technologies cheaper and faster. These studies can
reveal information of tremendous value for medicine in particular. It has
become possible, for example, to identify the genes associated with some
rare but nasty genetic diseases. And because the data sets are so big, even
small genetic influences can be identified. For example, many thousands of
genetic variants have been linked to height, even though each one seems by
itself to account for less than 1 percent of the height variance observed in
the population. Typically, influences this weak couldn’t be spotted without
thousands of genome sequences to draw on.

But there’s a crucial difference between saying that “how we are” is
correlated with our genotype and saying that genes are what make us what
we are. Robert Plomin has asserted, for example, that in terms of
personality and traits, genes are what really matter: for intelligence (as
measured by IQ or academic attainment), say, parents “matter, but they
don’t make a difference.” At face value this is simply an unintelligible
claim—how can something matter if it doesn’t make a difference? But
Plomin is using “difference” in a very specific way. He means that only the



genetic component of variance in intelligence (over a large sample of
individuals) can be systematically interpreted: variations in these genes are
correlated with these variations in cognitive ability. No environmental
factors have been identified that can predictively account for the remaining
variance; for example, we can’t say that 10 percent of it is down to
socioeconomic circumstances.

So what Plomin should really be saying is that of course parents, or
socioeconomic circumstances, or many other nongenetic factors, matter to
how people turn out and how they behave, but they do so in ways that are
really complicated and hard to generalize across a population. Parenting
might make a big difference for any given individual, while still producing
diverse, hard-to-predict outcomes from one individual to another, in part
because of the innate differences in cognitive characteristics between
individuals. To take an extreme, although by no means uncommon, case:
parental abuse might leave two siblings with lifelong psychological
problems that manifest in totally different ways. One becomes controlling
and can’t sustain loving relationships; the other is prone to periods of
depression. Those different responses might be due to innate cognitive
characteristics of the two siblings. To say that in this family the parenting
made no difference is to rest on an obscure technical definition to a degree
that is insulting and arguably irresponsible.

What is notable about Plomin’s cryptic formulation is that in effect it
serves to rob parenting, and environmental and circumstantial influences in
general, of agency. They’re all just random noise bubbling away beneath
the dominating influence of genes. Here again, then, a gene-centric view of
life demands a targeted misattribution of agency. Notice too that even the
genetic component of a complex trait like intelligence relates to statistical
variance. It is not deterministic, but probabilistic. This is generally the case
for polygenic traits: the genetic influence is visible on average, but it can’t
predict individual cases. One might be able to say, for example, that a baby
with a particular profile of the genes identified in a GWAS as being
correlated with IQ16 has a 45 percent chance of being in the top 20 percent
of school achievers. In a case like that, this is probably pretty much as good
a prediction as you’ll ever get from genes alone.

As genomic analysis becomes more routine, it’s vital that such
considerations are understood. Some scientists and policymakers have



suggested that all newborn babies should have their genome sequenced,
primarily to screen for disease risks. Genetic screening is already conducted
on human embryos made by IVF for couples who know they are both
carriers for a gene allele that will confer a nasty disease if their baby
inherits the allele from both parents.17 The screening, called
preimplantation genetic diagnosis (PGD), can ensure that only embryos free
of a double dose of the disease allele will be implanted. Already some
commercial companies have offered PGD that they say will identify a risk
of abnormally low intelligence based on the statistical gene associations
seen by GWAS. There’s little doubt that if such screening were permitted
for positive selection of “high-intelligence” embryos, there would be plenty
of takers. But it could never come with any guarantee: an embryo with a
“high-intelligence” genetic profile might end up in the medium- or even
low-intelligence tail of that probability distribution. Sure, you might argue
that, all else being equal, such selection “increases the chances” of a smart
baby, but it also increases the risk of elevated expectations, and
commodifies the entire process of childbearing. What’s more, the many
genes linked to IQ are sure to be implicated in other traits too—perhaps
neuroticism or schizophrenia. There are no isolable “intelligence genes.” If
we select embryos for highly polygenic traits like this, we will have little
idea for what else we might be selecting.

The emerging picture from genomics casts some doubt on the extent to
which inheritance can be “atomized” into well-defined and discrete genes at
all. For one thing, GWASs that aim to link traits to variations in genomic
sequence highlight sections of DNA smaller than a gene—typically just a
single SNP. And almost 90 percent of these SNPs are not in protein-coding
genes at all, but in the noncoding DNA between them. As we’ll see in the
next chapter, at least some of this component of the genome encodes RNA
molecules that play key roles in the regulation of genes. Most complex
traits seem to be associated with these noncoding regions (which,
remember, often do encode functional molecules, but RNAs rather than
proteins). It’s now becoming increasingly evident that these regulatory
regions are just where we’d expect phenotypically significant changes to
the genome to be located, because regulation is at the core of how our
genomes work.

It’s because of considerations like this that the genomic era has,
ironically, destabilized the centrality of the gene. Some say that we are now



in the “postgenomic era”—which, according to historians of science Sarah
Richardson and Hallam Stevens, signals “a break from the gene-centrism
and genetic reductionism of the genomic age.”

Omnigenics
There’s no obvious constraint on the traits one can examine with GWASs, if
enough data is available. Such studies show that many human traits are
influenced by many genes. Even for traits that show a strong heritability,18

such as height, the genetic component derives from the tiny effects of many
genes rather than big effects from just a few. This can make it very difficult
to figure out what the respective genes are doing—or indeed, how causally
relevant they really are. GWAS studies, after all, just reveal correlations, not
causes. Sometimes the gene associations make good intuitive sense. For
example, some of the genes associated with IQ are known to be involved in
brain development, while some genes linked to the inflammatory bowel
condition Crohn’s disease are active in the immune and inflammatory
response. But other associations are hard to fathom: many genes linked to a
trait don’t have any obvious reason to be. Much of the inheritability of a
trait or disease may come from the small but cumulative effects of genes
that, at face value, you’d expect to be irrelevant.

Sometimes the polygenic nature of traits is extreme, and hundreds or
even thousands of genes might be implicated. Indeed, geneticist Jonathan
Pritchard and his colleagues say that the statistical associations observed
between many complex traits and genes “tend to be spread across most of
the genome.” They found, for example, that of all the common SNPs seen
in human populations, fully 62 percent are associated with height, and these
tend to feature in parts of the chromosomes that are active across most cell
types. What’s more, the most common genomic associations for complex
traits like this are in the noncoding regions, which, as we saw earlier, are
where we find “noncoding” sequences for RNA molecules involved in gene
regulation.

Pritchard and colleagues suggest that most diseases are directly affected
by only a relatively small number of genes, and that these tend to be
involved in cell processes that are important for how the disease manifests.



The researchers call these the “core genes,” and their roles in disease risk
can in principle be interpreted. But because the networks by which coding
or noncoding genes—particularly those encoding molecules with regulatory
functions—influence one another are so densely interconnected, almost any
gene might have an effect on those in the core group. As a result, the core is
affected by an abundance of tiny influences from these peripheral genes,
whose collective effects can outweigh those of the core genes.

This “omnigenic” model means that some genes can have a significant
role in the development of a trait or disease while accounting for only a tiny
part of the heritability or indeed the risk of that condition. What’s more,
some diseases and traits might not even have a set of core genes at all.
Instead, the “global” activity of the genome sets the state of a cell or tissue
such that it is at greater or lesser risk of the disease developing. This
complexity of dynamic interactions throughout the genome, along with the
ambiguity of what a gene even is as a meaningful functional unit, suggests
that perhaps we should really be trying to understand inheritance not on the
basis of genes but of what is really passed to offspring: their entire genome.

The omnigenic model has implications for evolution too. Natural
selection doesn’t work directly on genes, but rather, on the organisms that
carry them. It’s the phenotype that determines an individual’s fitness. If the
genetic basis of the phenotype is so diffuse, adaptation won’t depend on the
organism having some key gene variant (allele), but instead happens by
small shifts within populations of the frequencies of a whole bunch of
alleles, each having an almost negligible influence in itself. It is then
pointless to ask, say, “What was the genetic innovation that led to the
divergence of humans and chimpanzees?” Such a key gene may not exist.
And in fact, the evolutionary distinctions between great apes at the genetic
level might be even more subtle than this, as we’ll see.

While the notion of omnigenics usefully highlights the difficulty of
drawing lines connecting the genotype to the phenotype, one might
alternatively view it as an admission of how that exercise may, at least for
some traits, be pointless. If your explanation for some observation amounts
to saying “Everything matters!,” it’s not an explanation at all, but just a
description at a 1:1 scale. In other words, this picture strips genes of much
of their causative power over the phenotype: individual genes are no longer
the right place to look for it. As molecular biologist-cum-philosopher Lenny



Moss has said, genes are not “particles of the phenotype.” For in general,
individual genes don’t create a trait or characteristic, although some might
alter it. Most efforts to look for correlations between traits and genes using
GWASs aren’t identifying genes that cause the trait to appear, but identify
genomic sequences associated with person-to-person differences. In that
distinction lies a great deal of confusion about the roles genes play.

Think of two fields in which a particular wildflower might grow. For that
to happen, the seeds must find their way to the field (perhaps carried in
animal droppings); the soil must have the right pH and nutrients; there must
be adequate rainfall; the temperature must be in the right range; and so on.
Imagine that all of these criteria are met in one field, but one of them is not
met in the other. Only in the first field do the flowers therefore spring forth.
We look at the differences that might account for this observation, and find
that only (say) the rainfall was different in the two fields. Do we then
conclude that the rainfall alone caused the flower to grow? Or is flower
growth a feature of the whole ecosystem?

What Information Is in the Genes?
This is where we can now see the inadequacy of the viewpoint that
informed the Human Genome Project. It was conceived on the theory that
genes do indeed have well-defined phenotypic roles: that some genes
determine eye, hair, or skin color, some make muscle or bone, and some
influence intelligence. Of course it was well-known that a trait could be
affected by more than one gene—but even by the end of the twentieth
century, a trait having more than fifteen or so associated genes was
considered complex.

We now see that most of the genes in the human genome do not have any
assigned function; that is, we can’t really say what they “do.” And this isn’t
just a matter of getting round to figuring that out. It seems likely that for
many of them—especially those most central to the way our cells and
bodies work, like Wnt—it is meaningless to try to assign a function of this
sort. All we might be able to say about such a gene’s “function” is that, as
Crick said, it encodes a protein, or, often, a family of related proteins. Some
genes and active regions of the genome don’t even do that. In the story of



how life works, the role of genes, or more generally of the genome, seems
then to be limited to saying that they carry chemically encoded information
used for making molecules with biological functions, and that this
information can be inherited. That’s it.

Is the genome informationally complete to specify an organism (as we
surely might expect of an instruction book or a blueprint)? The answer to
that is an unequivocal “No.” You can’t compute from the genome how an
organism will turn out, not even in principle. There is plenty that happens
during development that is not hardwired by genes. And from a single
protein-coding gene, you can’t even tell in general what the product of its
expression will be, let alone what function that product will serve in the
cell. You couldn’t even predict that a genome will build a cell—for the
simple reason that a genome can’t build a cell. Rather, the cell is a
precondition for anything the genome can do. Put a full set of human
chromosomes into water, perhaps with all the ingredients our bodies ingest
to make its biomolecules, and nothing of note will happen. We can be as
generous as we like with such provision, for example also adding the lipid
molecules that make up cell membranes, and premade enzymes for
transcribing and translating, and still it will be to no avail. An organism
won’t spontaneously form. For such reasons alone, a genome sequence can
never “fully specify the organism”: how it will grow, how it will look, how
it will behave—or in short, how it works.

Box 2.1: The Evolutionary Gene

In his most famous book, The Selfish Gene (1976), Richard Dawkins
explained that genes are the conserved quantity in evolution: they are
what gets preserved, with remarkable fidelity, across many generations
and species. Some of the genes most central to survival, such as those
involved in metabolism and replication, exist in very similar forms in
species ranging from bacteria to fish to humans. By “similar” I mean that
their DNA sequences are recognizably alike, and they encode enzymes
that are evidently minor variants of the same basic structure. Such genes
are said to be highly conserved.

The assumption in evolutionary genetics is that changes to the
genotype result in changes to the phenotype, and that when such changes



are adaptive—enhancing survival and reproduction—they are favored,
preserved, and spread in the gene pool of a species. All this makes good
sense. It has helped to make evolutionary genetics one of the most
successful, well-grounded sciences of the twentieth century.

It’s natural, then, that genes have come to be seen as the fundamental
“atoms” of evolution. Looked at from this perspective, the living world
seems to be a place where genes are multiplied and propagated, shuffled
and combined, as well as subtly altered by random mutation and sieved
by natural selection. What matters is how genes—or rather, different
competing alleles of a given gene—spread in a population. From this
perspective, life is all about genes. This is the context in which Dawkins
famously called us, and other creatures, “machines made by genes.” He
argued that we are “robot vehicles that are blindly programmed to
preserve the selfish molecules known as genes.” (Spoiler: we are not.)

This is quite literally a sterilization of the life sciences. No longer are
we invited to regard the living world in all its grandeur and teeming
complexity: it is simply an epiphenomenon of the propagation of genes.
Now, this is not what Dawkins or his advocates intended. I don’t think
anyone can doubt the sincere passion that they (like all biologists I have
encountered) have for the kind of natural history that enthralled Darwin.
Dawkins’s writings on evolution are filled with entrancing accounts of
how organisms have adapted through natural selection to enhance their
survival and reproduction, and thus their ability to propagate genes.
These adaptations are often extraordinary and ingenious, if occasionally
“red in tooth and claw.”

But the evolutionary biologist’s view of the natural world as merely
the play of genes has sometimes promoted an astonishing lack of
curiosity about how life actually works. The Modern Synthesis of the
1930s and 40s took no account of developmental or cell biology, nor
even seemed particularly concerned by the omission. Dawkins reflected
that attitude: “Embryonic development,” he wrote in The Selfish Gene,
“is controlled by an interlocking web of relationships so complex that we
had best not contemplate it.” In this book we will contemplate it—and
the more we do so, the more we’ll see that the gene’s-eye view is
inadequate to account for it.



In fairness, asking such questions was not at all the purpose of The
Selfish Gene, which was a book about evolution, not the nature of genes
per se. But it perpetuated an attitude that had long existed, in which
curiosity about what genes “do” was postponed in favor of asking about
their role in inheritance. What genes do was wrapped up in a vague
notion of “gene action,” which happens in the black box of my fig. 2.1.
This tendency expressed itself in the second half of the twentieth century
as a displacement of what was once called embryology—and is now
called developmental biology—in favor of genetics. Development, and
the organism itself, are, in the gene’s-eye view of evolution, simply the
means by which genes are brought to the attention of natural selection.
Dawkins was quite explicit about this, saying in his 1982 book The
Extended Phenotype, “Of course it would be nice to know how
phenotypes are made but, while embryologists are busy finding out, the
rest of us are entitled by the known facts of genetics to carry on being
neo-Darwinians, treating embryonic development as a black box.” As
we’ve seen, relinquishing interest in that black box means abandoning
the question of how life works. Which is fine, I suppose, if that is not
your goal. (Others, such as biologist Richard Lewontin, pointed out that
even for evolutionary theory it means “forget[ting] entirely what it is we
are trying to explain in the first place.”)

This divergence of genetics and developmental biology was not
inevitable. It might be traced to the sudden early twentieth century
interest in Mendel’s studies of inherited factors from the 1850s. Mendel’s
work on peas was then taken to imply that inheritance happened by the
passing of discrete factors—genes, as researchers began calling them—
between parents and offspring. Visible characters were considered to be
determined by those genes. That view was challenged by the Oxford
biologist Walter Frank Raphael Weldon, who believed (rightly) that the
developmental and environmental context of an organism could also
make itself apparent in the phenotype, so that characters could be more
variable than the Mendelians allowed. As historian Gregory Radick has
said, “The Mendelians won—helped by Weldon’s sudden death in 1906,
before he published his ideas fully—and the teaching of genetics has
emphasized the primacy of the gene ever since.” Once Mendelism
became reconciled with Darwinism in the Modern Synthesis, there was
no looking back.



But, Radick adds, “the problem is that the Mendelian ‘genes for’
approach is increasingly seen as out of step with twenty-first-century
biology. If we are to realize the potential of the genomic age, critics say,
we must find new concepts and language better matched to variable
biological reality.” Evolutionary biologists, after all, deal with a narrow
slice of biology. For them, the mere existence of a correlation between
genotype and phenotype is all we need to know; there is no pressing need
to understand in a deep way how one connects to the other. It becomes a
little like the way we relate to our computers. We know that certain
keystrokes or mouse movements will produce certain results on the
screen or on the internet, and that is enough to get the job done. We have
some vague sense that there are immensely complicated processes
involved both in the software and the hardware of the machines, but
there’s no motivation to investigate those unless we are so inclined. The
result is that we tend to treat computers as a form of magic—a black (or
brushed silver) box that it’s better not to open.

Calling organisms “machines made by genes” is a metaphor for how
life might be productively regarded by an evolutionary geneticist. But if
they come to believe that this is what organisms really are, they have
indeed lost sight of their object. I don’t just mean that we are also
breathing, feeling, imaginative, social beings (although this is true); I
mean that we are not literally machines, nor “made by genes,” at all, any
more than a tree can be called a “device for pumping water vapor into the
air.”

The divide between developmental and evolutionary biology has
narrowed in the past several decades, however. The field colloquially
called “evo-devo,” which attempts to understand how evolution has
shaped the developmental systems through which an embryo grows into
an organism, is thriving. We’ll see later some of the contributions it has
made to an understanding of how life works. Yet these efforts, far from
unifying the evolutionary with the developmental meanings of gene,
have shown how different and in some ways irreconcilable they are.

This is because evolutionary and developmental biology are seeking
two different kinds of explanation for what we observe in biology. The
question of how things got to be this way can be addressed from an
evolutionary perspective, where for example we might ask about



phylogenetic relationships between species and their features—when did
fins become limbs, say—and about the functional role of biological
forms and traits: the adaptive benefit of camouflage or wings, for
example. Alternatively, we might address the question of how things get
to be this way in biology from the perspective of how interactions of
molecules and cells cause the respective feature to arise in
embryogenesis. The first considers population-level phenomena, the
second focuses on individuals. Both perspectives are valid and important,
and not only need they not be in conflict but they might be mutually
supportive. Evo-devo considers how the genetic and molecular
mechanisms of development themselves have evolved in ancestral
species.

But there are tensions in the different perspectives that are hard to
reconcile. Only genes—not organisms, not even species—have real
permanence in evolutionary biology. The corollary is François Jacob’s
view of what life is: “the special character of living beings resides in
their ability to retain and transmit past experience,” meaning their ability
to inherit and confer genetic information. But this confuses an ability
with the means by which it is attained: it is like saying that what is so
great about computers is that they can pass electrons between transistors.
I think that theoretical biologist Robert Rosen went a little too far when
he made the charge that evolution “has come to play an essential
mythological role in the world-picture of contemporary biologists”—but
when it creates a picture as barren as this one, I can see his point.

Moreover, because of their differences in emphasis, a gene means
something different to an evolutionary biologist than it does to a
developmental biologist. And in fact, these both differ from what a gene
means for a geneticist and a molecular biologist. In the broadest terms,
the evolutionary gene pertains to the observed differences between
members of a given species, while the molecular gene encodes
information for making proteins (or perhaps just RNA). These two
concepts, says Michel Morange, “have long co-existed in isolation from
one another.”

One way to express this is to say that, in a sense, organisms acquire
their form twice over: by evolution (the history of which is imprinted in
genomes), and by development (through the interactions of molecules



and cells). Both processes of form-formation, or morphogenesis, are
under “genetic” influence in some sense. But not in the same sense.

This confusion of definitions is often seen as a problem that needs to
be resolved, such that we should find one definition of a gene and stick
to it. But that would be a mistake. For if we are trying to understand how
life actually works, we begin to see that the notion of a gene is most
productive when it is kept pluralistic, provided that we use a definition
appropriate to the context. Here, for example, I am mostly interested in
the developmental gene, because I am mostly interested in how the
organism works and not how it came to be what it is. One might even say
that rigidity in the concept of a gene has been an obstacle to
understanding how life works, because it has enticed us toward a picture
that is concise, neat, unified—and wrong. Some scientists have feared
that the alternative to tidy misconception is messy confusion. I hope to
persuade you otherwise.

Problems only arise when biologists try to have it both ways: not just
to keep the evolutionary and the molecular or developmental gene, but to
make them the same thing. The responsibility placed on the molecular
gene, if it is to meet the expectations of the evolutionary gene, is simply
too great, and can be satisfied only by the alarming gambit of giving it an
almost sentient agency it does not possess, turning it into a little
“replicator” struggling to survive in a population of other pseudo-
organismic little molecules (see box 2.3). This idea simply has to go;
there’s no question about it. But there’s no reason to fear. We have
nothing to lose but our metaphors.

Box 2.2: Are Genes Selfish?

“We are born selfish,” Richard Dawkins wrote, for selfishness inheres in
our very genes. (For that very reason, he added, “let us try to teach
generosity and altruism.”) Dawkins’s book famously translated Darwin’s
apparent vision of nature as a ruthless competitive struggle to the level of
genes themselves.

But are genes selfish? It should have gone without saying—although
to his chagrin Dawkins had to keep saying it repeatedly—that the notion



was metaphorical. The idea of the selfish gene was intended to focus
attention on the gene as the basic unit of inheritance, and the ultimate
entity on which natural selection acts. Although there is no selective
process that directly “sees” the genes—selection is a matter of how good
the whole organism is at reproducing—nonetheless the effects of
selection are felt in the genome. The “selfish gene” picture offers an
intuitive account of how evolution selects specific alleles, which over
time results in slow change in the form of the organisms that carry them.

Criticisms along the lines that the gene can’t possibly be “selfish” any
more than it can be “happy” or “obstinate”—it has no feelings, no goals,
no real life at all—therefore miss the point. But the real issue is what
work that metaphor is doing. We should first be clear what “selfish gene”
really means here: a “selfish” allele. Talk of selfish genes has sown much
confusion about what genes do, because some people come away with
the idea that a genome contains a horde of genes competing against one
another in Darwinian fashion, which is the opposite of the truth. A gene
that encodes one particular protein does not enter into competition with a
gene that encodes another: we don’t see the gene for the lactase enzyme
trying to out-compete that for the hydrogenase enzyme. Rather, a
mutation to a gene that turns it into a variant that enhances survival of
the organism carrying it will tend to spread through a population and
eclipse the other less successful alleles. But you get the idea: the allele
competes with its rivals and will eliminate them if it can.

But of course, a gene (that is, allele) that promotes survival does so for
the whole organism. The gene cannot benefit itself without benefiting
many others. Is that “selfish” behavior? “Well, yes,” says the selfish
geneticist, “because the gene doesn’t care about those others! It’s only
looking out for itself!”

Oh, but look: the language of agency has crept in again. “No, no, of
course genes don’t “care” about anything, this is just a manner of
speaking. . . .” But then the language of selfishness can be sustained only
by appeal to the language of caring. Sure, we can imagine a selfish
person who, by looking out for their own interests, inadvertently benefits
others. The whole capitalist system is predicated on it, at least according
to Adam Smith’s “invisible hand.” But this is only “selfish” when we
know the mind of the person. To judge purely from outcomes—from



what we can observe—their behavior can equally well look cooperative
or altuistic. We could equally call it that. Indeed, Richard Dawkins has
said as much, acknowledging that his most famous book could have been
called The Cooperative Gene.

Some evolutionary biologists deal with this by redefining what
“selfish” means. They contrast it to “altruistic,” which is behavior that
benefits others at your own cost. To be altruistic in evolutionary biology
(as opposed to in life), you don’t just promote the well-being of others:
you must do so to your own detriment. Anything else is “selfish.” So an
entity that behaves in a way in which “everyone gains” is considered, by
definition, selfish. In short, this is an example of a metaphor that only
works by repurposing language, which is not exactly what metaphors are
supposed to be about.

The gene said to be selfish is, moreover, the evolutionary gene (see
box 2.1). It makes little sense to regard the genes of developmental
biology as selfish. Genes in a given genome almost invariably have to
exert their influences cooperatively in order for the organism to develop
properly. So it’s fair to say that different alleles of the same gene
compete with one another, while different genes on the same genome
cooperate. The first is a story about evolution (and unfolds on an
evolutionary timescale), the second about development (and unfolds in a
lifetime, or a gestation period).

Casting evolutionary genetics according to a norm of selfishness in
fact colonized an older, more meaningful notion of “selfish genes.” For
there are some genes (or more generally, “genetic elements”—specific
stretches of noncoding DNA) that have the “antisocial”19 habit of
proliferating copies of themselves that get inserted more or less
randomly through the genome, such as the transposons mentioned earlier
(p. 74). (Once thought to be a rare curiosity, selfish genetic elements like
these turn out to be fairly common and to have some biological roles.)
This is all very well for the genetic element itself, at least in the short
term. But eventually this accumulation of redundant copies can degrade
the viability of the whole genome and the organism. So here a piece of
genetic material really does proliferate at the expense of the rest.
Selfishness seems like a pretty good metaphor for that. When the notion
of the “selfish gene” started to become popular in the 1980s, some



scientists figured that these duplicating genetic elements might need to
be denoted instead as “ultra-selfish genes.” Sadly, they seemed to lack
the confidence to say “No, we already have a good use for that word; you
go and find another word.”

Making evolution about “selfish genes” also highlighted the question
of where selection happens. Dawkins argued forcefully, and to some
persuasively, for the idea that what ultimately gets selected is the gene.
What evolutionary geneticists study are, after all, changes in the
frequencies of alleles in the gene pool produced by natural selection and
other processes.20 But some evolutionary biologists dispute this view.
The distinguished naturalist E. O. Wilson had some rather intemperate
exchanges with Dawkins, right up until Wilson’s death in 2021, about
whether selection could occur at the level of the group: whether natural
selection can act on whole groups of organisms to select some groups
(and their corresponding gene pool) rather than others. Ernst Mayr, one
of the most eminent evolutionary biologists of the twentieth century, was
scathing about the idea of selection at the gene level. What lives or dies,
reproduces or not, he argued, is obviously the whole organism: genes are
invisible to selection. The gene, said Mayr, “is not an object of
selection. . . . The claim of gene selection is a typical case of reduction
beyond the level where analysis is useful.” Mayr wrote that “except for
Dawkins and a few of his followers, the rejection by geneticists of the
gene as the object of selection was . . . essentially complete” at the time
that The Selfish Gene was published. Evolution, he thundered, “is not a
change in gene frequencies, as is claimed so often, but a change of
phenotypes.”

What are we to make of this? We certainly shouldn’t conclude that,
whatever they might imply about one another, either Dawkins or Mayr or
Wilson (or some of the many others who entered the fray) don’t
understand Darwinian evolution. That would be ridiculous. No, it seems
to me that the disagreement stems from what we can and can’t say about
the relation of genotype to phenotype. Dawkins himself implies that we
can regard the latter as a proxy for the former. And of course it’s true that
the two are intimately linked. Any change to the genotype that doesn’t
register in the phenotype—a neutral mutation, say, that makes no
difference to the function of the gene product—won’t be subject to



selection.21 Any change to the genotype that does affect the phenotype,
meanwhile, must experience selective pressure to some degree. And any
aspect of the phenotype that isn’t influenced by the genotype is
evolutionarily irrelevant because it won’t be inherited.

But the problem is that the connection between the two is neither
transparent nor simple. I don’t just mean that it can be hard to see what
effects (if any) a gene mutation will have on the phenotype; it is often
hard even to attribute a causal relationship at all. It isn’t merely that the
causal pathway from a genotypic to a phenotypic change is complicated
and enormously hard to trace. Rather, the effects of a mutation may
reverberate around the networks of interaction between genes, their
transcription products, proteins, cells, and beyond, so delicately and
deeply that formal measures of causation will reveal next to nothing of
the gene’s influence once we arrive at the phenotype. As philosopher of
science Daniel Nicholson puts it, “The view that genes are the primary
causal agents of all the phenomena of organismic life is not well
supported by the findings of contemporary biology.” This much, at least,
seems uncontroversial.

And yet—and yet!—these correlations persist, and genotypic changes
and phenotypic changes often travel together. We lack the language to
talk clearly about such things. And so we tell stories that are not
necessarily consistent with one another. The one Dawkins chose imputes
a straightforward sort of causation, even if it is hard to pin down: a
mutation causes a change in phenotype, and selection at the phenotypic
level then causes a change in allele frequency in the population. It’s not
even that this story is wrong, but it is not universally true, and it is ever
less so as an organism becomes more complex. So what we see are
genotype-phenotype correlations; the arguments between evolutionary
biologists may be about what causal story we should tell about them.

Box 2.3: Do Genes Replicate?

Whether or not the gene-selection view of evolution has merit, Ernst
Mayr was particularly damning about Richard Dawkins’s terminology of
the gene as a “replicator.” That, he said, “is, of course, in complete



conflict with the basic Darwinian thought.” That’s quite a charge: that
The Selfish Gene, from which many people have learned about
evolutionary theory, is “in complete conflict” with the fundamentals of
Darwinism! I think this is far too extreme an accusation. It’s more useful,
I think, to consider why Dawkins was led to make this claim about genes
as replicators. It is unambiguously wrong (if we are going to respect the
meaning of words), but it reveals a great deal about the places we end up
if we give genes the spurious agency that popular accounts attribute to
them.

Why call a gene a replicator? Well, because they appear in an
organism, and then also, in identical form, in the offspring of that
organism. And they are a vital component of that organism’s ability to
reproduce.

But this is a woefully inaccurate view of a “replicator.” It’s an
imperfect analogy, but gives a flavor of the problem, if we say that it’s
like calling a computer a replicator. It is hard now to imagine that
anything resembling today’s IT industry could exist without computer
systems—to design the machines, store that information, operate
machinery, and coordinate logistic networks. Much of the actual
information needed to make computers is encoded in other computers.
Yet does that really make computers replicators? It would strike most
people as a rather odd thing to claim. Rather, we could say that they are
elements in a system that enables computers to proliferate (and mutate,
and get selected!)

But surely genes directly replicate in chemical terms? That’s to say,
the DNA strands get copied by acting as molecular templates for making
replicas? The templated strand actually has a complementary sequence of
base pairs, not an identical one—so the twin strands of the double helix
can template one another. But that’s a minor complication. The real
problem is that no gene has ever been shown to be a chemical replicator
in this sense. Rather, it is a component of a system that replicates the
genome. No gene replicates autonomously. What is replicated is the
entire genome, and that needs protein enzymes—indeed, an entire cell,
for it to happen in a biologically meaningful way.22 The mere fact of an
entity’s having been copied does not make it a replicator: documents are
not replicators by virtue of having been placed on the photocopier. “Not



only is DNA incapable of making copies of itself,” biologist Richard
Lewontin pointed out in 1992, “but it is incapable of ‘making’ anything
else.”

Some evolutionary geneticists dismiss this as semantics, because there
is no need to worry about the distinction between “replicating” and
“being replicated.” On one level, that is simply disingenuous. It is saying
“It doesn’t matter to me that the word doesn’t actually mean what I am
pretending it means,” which is not a good look in science, or elsewhere.
Dawkins himself was more honest, although this is often overlooked: he
explicitly stated that he was redefining replicator to mean “anything in
the universe of which copies are made.” In his lexicon, computers and
photocopied pages are indeed replicators, and so are all biological
molecules: proteins, lipids, sugars, as well as all other molecules that
chemists have ever synthesized artificially. Well, as Alice discovered on
meeting Humpty Dumpty, you can’t really argue with someone who says
“When I use a word, it means just what I choose it to mean—neither
more nor less.”

But the deeper problem—and here we get to the crux of the matter—is
that the gambit of making a gene a replicator is the same one as making
the gene the motive force for all of life, the entity that “builds machines”
for its own reproduction. Specifically, it imputes an agency that a gene
does not possess.

No: for genes to be truly replicated, and for them to be able to evolve,
they need to be a part of a bigger system—one that can reproduce, which
is to say, can carry copies of the genes, whether mutated or not, into
future generations. And the minimal unit of that process of reproduction
is the organism, which can be no more than a single cell, but can be no
less either. Genes do not produce life, but on the contrary depend on it.
The philosopher of science James Griesemer has expressed this with
bracing directness: “Far from being master molecules, genes are
prisoners of development, locked in the deepest recesses of a hierarchy
of prisons.”
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RNA and Transcription
Reading the Message

Barbara and Christine are “identical twins,” but they are not identical. Like
all such siblings, they were derived from the same fertilized egg, which
divided into two embryos very early in development. To all intents and
purposes they share the same genome. As if to emphasize their similarity,
their parents gave them the same outfits and hairstyles as young children.
But once they began to choose their own clothes and assert their own
personalities, differences surfaced. Barbara wore short skirts; Christine long
dresses. Barbara was confident, Christine conscientious.

The fascination we have with identical twins is surely rooted in questions
about identity and selfhood that have long been manifest in gothic tales of
doppelgängers. We seem to have an endless appetite for anecdotes about
how identical twins ended up having the same tastes or experiences even
long after going their separate ways, heedless of the selection bias that
makes us fixate on these commonalities and ignore the many examples of
differences. We entertain absurd ideas about how identical twins can read
each other’s thoughts or feel each other’s feelings. We are, it seems,
preconditioned to project onto such siblings notions of genetic essentialism:
look, they have the same DNA, so of course they must have identical lives
and minds! They are clones, for goodness’ sake!

Now that the cloning of big mammals (if not yet humans) has become a
biotechnological reality, we project the same beliefs onto the possibility that
we could all have an identical twin. Here the fascination goes beyond even
the idea of having a “copy” of ourselves. To some, cloning seems to offer
the promise of immortality, as if by giving another person the same DNA
we are imbuing them with our consciousness, our soul. Nowhere is the
deification of DNA more apparent.



A moment’s reflection, however, shows why it is no surprise that
“identical” twins prove not to be so identical after all. For if DNA
determines form and fate, how come your heart cells contain the same
(again, to all intents and purposes) gene variants as your kidney or skin
cells? If what a cell does depends only on its genes, we would presumably
be nothing but an undifferentiated mass of identical cells, as featureless as a
bacterial colony.1

No, DNA and genes don’t determine how things will turn out—not for
people, not even for your own cells. Their fates depend, among other
things, literally on what they make of their genes. Unless a cell activates a
particular genetic resource, it is just an inert bit of a molecule. Genes help
to define the possible; the historical contingency of development and the
business of simply being alive intervenes to determine the actual.

How gene activation happens is the first piece of “magic” in my
conventional account of how life works by transferring structural
information from genes to proteins. It is such a deft, fascinating, and
important piece of (pseudo-)magic that it requires two chapters. After all, in
the traditional narrative it happens in two stages, transcription and
translation (it’s not by chance that I’m often using literary metaphors to talk
about these matters). Transcription is typically portrayed as a rather prosaic
process, for all it does is copy the information in a gene from a DNA
sequence into an intermediary molecule with a very similar chemical
structure, called messenger RNA or mRNA. The translation of that
information into a protein then takes place with the assistance of an
impressive piece of molecular apparatus called the ribosome, made of both
RNA and proteins (see fig. 2.4).

But the idea that transcription is indeed just a prosaic and routine
intermediate stage between gene and protein has now been exploded. On
the contrary, research over the past two or so decades has shown that what
governs transcription represents a distinct and crucial stage in the
hierarchical process of how life works, with its own logic and rules.
Arguably it is here that we begin to see how life is not a mechanical process
that transmits information and organization steadily and predictably along
linear pathways from genes to ever increasing scales. Instead it is a cascade
of processes, each with a distinct integrity and autonomy, the logic of which
has no parallel outside the living world. We will see that there is no way to



separate the molecular “hardware” that contains the genetic information
from the algorithmic “software,” the schemes of cellular processing, that
the information informs. In other words, we will see why computation is
not a reliable analogy for living cells. Being alive does involve a kind of
computation—but what life is is much more than that.

Making the Messenger
For biology students, transcription can seem just like an annoying detail,
adding another layer of complication between the business of reading an
encoded protein structure in DNA and converting it to an actual protein. In
this story, DNA and proteins are the key players and the intermediary RNA
molecules have mere supporting roles.

Let’s look again at that process. First, each gene is read by an enzyme
called RNA polymerase that steps along a single unwound template strand
of DNA and assembles a corresponding mRNA molecule using the same
principles of base pairing that holds the double helix together (fig. 3.1). The
double helix is unzipped by the enzyme’s advance and reunited in its wake.

To the further irritation of students, RNA doesn’t contain quite the same
four bases as DNA: instead of thymine (T), it uses a very similar base called
uracil (U). This means that, say, the DNA se-quence CTGACGAT will
template the complementary RNA se-quence GACUGCUA. It’s the same
message but in a slightly different language.



Fig. 3.1 How RNA polymerase makes mRNA from DNA.

Once an entire gene has been transcribed into an mRNA molecule, the
RNA detaches from the DNA and makes its way beyond the cell nucleus to
the place where it can be converted (translated) into a protein by the
ribosome. (This is a simplification of the real process of translation, which
we will look at in more detail in the next chapter.)

Why do things in this roundabout way? Why didn’t evolution find
enzymes that can make proteins directly from the DNA template? No one
knows the full answer, but it is surely in part that this is not the objective.
Genes—or more generally, functional sections of DNA—are not simply
instructions for making proteins. Rather, some of them determine what
kinds of proteins cells, tissues and organs can make. Some do other things:
RNA-related things that don’t directly involve proteins at all.

Another answer is that making a protein directly from DNA would be a
little as if, as I write these words into my draft manuscript on screen, they
are immediately transmitted to the publisher, printed, and sent to the
bookshops. You have no idea what a disaster that would be. While the
analogy is loose, the crucial stages of editing, reformatting, cutting and
pasting, and proofreading are an absolutely vital part of the process. An
RNA intermediary creates a buffer layer and gives flexibility and versatility
to the readout process from the genome. It also allows many protein
molecules to be produced rapidly from a single piece of DNA, a bit like
making many copies of a book so that readers can all access the information
simultaneously rather than each having to read the original in turn.2



There may also be an evolutionary answer to the question. The fact that
DNA can only be made with the help of proteins (such as DNA
polymerase), and that proteins can only be made with the help of DNA,
poses a chicken-and-egg conundrum for how the whole shebang could have
got started when life on Earth began. Proteins are agents of chemistry:
catalysts that enable reactions to happen with the exquisite molecular
precision on which life depends. DNA, meanwhile, is a mere information-
storage molecule, on its own of no more use than a cassette tape without a
player. Without that information, those marvelous protein catalysts could
never be made; the chances of anything useful appearing by the random
assembly of amino acids is not significantly greater than zero. You need
both of these features to get evolvable living systems, and each needs the
other.

RNA might break that deadlock. Insofar as it too can encode information
in its base sequence, it can do DNA’s job—albeit not quite so well in the
long term, as it is less chemically stable. RNA can also act as a chemical
catalyst; in the 1980s biochemist Thomas Cech and molecular biologist
Sidney Altmann found that some natural RNA molecules act as “RNA
enzymes” or ribozymes, facilitating certain chemical reactions. This has led
some researchers to suggest that RNA might predate both DNA and
proteins in the origin of life, as a central component of chemical systems
that could both replicate (and evolve by mutation) and conduct metabolic
reactions. That idea is dubbed the RNA World. Only once DNA and
proteins evolved did RNA get relegated to a subsidiary role, mediating the
translation of genes to enzymes. In this view, RNA looks like a kind of
vestigial evolutionary throwback. But even if the RNA World hypothesis is
right, there are good reasons to think that RNA persists not just because
evolution has been unable or unmotivated to dispense with it. For whatever
that story—and in truth there is far more to kickstarting life than replication
and catalysis3—it is quite wrong to suppose that RNA took a demotion as a
mere messenger for the information system of the cell. For there is another
thread to this part of the story of how life works, besides the genes-to-
proteins narrative. It features RNA in the starring role.

Fragments



In the 1960s and 70s the simple picture of transcription fell apart. Biologists
were puzzled to find that in eukaryotic cells, much more RNA seemed to
get transcribed than was exported out of the nucleus as mRNA to be
translated by the ribosome. Much of this so-called heterogeneous nuclear
RNA (hnRNA)4 gets broken down soon after it is made. Why all this excess
production and waste?

Initially, researchers thought that mRNA molecules themselves were just
single fragments of hnRNA, like a gift with its wrapping pulled off and
discarded. But in 1977 geneticists Phillip Sharp and his colleagues at the
Massachusetts Institute of Technology, and Richard Roberts and coworkers
at the Cold Spring Harbor Laboratory, independently found that not just one
but several separate fragments of a given hnRNA transcript ended up in the
mRNA derived from it. It looked as though parts of the hnRNA were
snipped out and stitched together to make mRNA. Sharp and Roberts won
the 1993 Nobel Prize in Physiology or Medicine for this discovery of what
were then called “split genes.”

Soon afterward, researchers began to compare the base sequences of
mRNA with those of the genes from which they were generated, and found
that the DNA sequences were full of segments that didn’t feature in the
mRNA. The mRNA was a total patchwork of pieces, the discarded
sequences (which became known as introns) being edited out before the
mRNA was presented to the ribosome for translation. The retained
sequences are called exons and are spliced back together after the introns
are removed. If the hnRNA transcribed from a gene looks like
tfbehxubvinpmws, editing out the gray intron regions gives you “this.” It
soon became clear that human genes are full of introns. I will return to RNA
splicing in the next chapter to examine what it implies for the structures of
proteins.

Exon splicing seems to challenge the economy we might expect from
life. Why go to all the bother of faithfully storing (in DNA) and transcribing
(into what was then called hnRNA) all the introns, if they’re not needed in
mRNA to make a protein? Besides, how do the molecules of transcription
know which bits to remove and which to retain?

The discovery of introns, exons, and RNA splicing was, according to
molecular biologists Kevin Morris and John Mattick, “perhaps the biggest
surprise in the history of molecular biology.” There’s a case to be made,



though, that biologists did not allow themselves to be surprised enough.
They regarded this initially as an odd quirk of protein production. Francis
Crick’s Central Dogma, after all, spoke of an informational flow that has
genes at the start and proteins at the end. If RNA did something weird in the
middle, surely it didn’t matter too much?

But we can now recognize this feature as a harbinger of the realization
that RNA is much more than a simple mediator between gene and protein.
On the contrary, some of the key information processing in the cell depends
on it.

Regulating the Genes
American geneticist Barbara McClintock was not the kind of person who
had much time for dogmas. When she began researching the genetics of
maize in the 1930s, it was thought that all genes sit on the chromosomes in
fixed locations, like beads on a string. But in experiments at Cold Spring
Harbor, McClintock found that some sections of the maize genome seemed
to hop about within the chromosomes. These became known as
transposons, or informally, as jumping genes (see p. 74). McClintock faced
a great deal of skepticism and even hostility, in part because her ideas flew
in the face of conventional thinking about genes but also because of
standard old-fashioned sexism: clearly these “jumping genes” must be just
the result of an overactive female imagination! But McClintock was right:
we now know that around 65 percent of the human genome is capable of
exhibiting transposon behavior. When McClintock was awarded the Nobel
Prize in 1983, she was characteristically terse and phlegmatic about the
opposition she had encountered: “You just know sooner or later, it will
come out in the wash, but you may have to wait some time.”

McClintock found that some transposons, when they jumped to a
different part of a chromosome, would influence the activity of genes
nearby. This regulatory action, she rightly perceived, was actually a more
significant matter than the mere mobility of pieces of DNA. At a major
meeting in 1951, she talked about these transposons as “controlling
elements”: regulators of genes. According to historian of science Evelyn
Fox Keller, the idea was met with “stony silence.”



It’s not unusual for major scientific advances that require a shift in
thinking to be greeted initially with skepticism and even scorn. It was also
not uncommon for new ideas to be given short shrift when they came from
female scientists, and while I wish I could say this was no longer the case, I
don’t think we are yet at that point. But I think McClintock’s ideas about
mobile controlling elements in the genome were perceived as especially
threatening because they challenged an entire paradigm. The genome was
meant to be a static repository of information—indeed, a blueprint.
McClintock was saying that it is not really this at all. It is dynamic, and
moreover it is responsive, rearranging when subjected to environmental
stresses. McClintock was trying to turn the genome into something more
akin to an organ, or even a kind of organism-in-an-organism. What she said
in her 1983 Nobel award speech might even then have still sounded like
borderline heresy, but in fact it was simply an example of her prescience in
discerning the deeper implications of her discoveries: “In the future,
attention undoubtedly will be centered on the genome, with greater
appreciation of its significance as a highly sensitive organ of the cell that
monitors genomic activities and corrects common errors, senses unusual
and unexpected events, and responds to them, often by restructuring the
genome.”

In this dynamic activity, the real agency operates at the level of
regulation of transcription: it’s less a matter of what is transcribed (which is
genetically encoded) than of when and where that happens. McClintock
believed that her “controlling elements” could explain how complex
organisms develop many different kinds of cells and tissues even though
each cell has the same set of genes.

The details of McClintock’s theory about the regulatory role of
transposons have not been borne out. But the basic idea of gene regulation
itself as a crucial and dynamic aspect of genome function was right on the
mark. It was placed on a firm footing in the 1960s by Jacques Monod and
François Jacob, who studied gene regulation in the bacterium Escherichia
coli. These microbes usually metabolize the sugar glucose. But if glucose is
not available, E. coli can live on a different sugar, lactose. Each sugar is
broken down by its own specific set of enzymes. But it would be wasteful
to produce both sets of enzymes while only one sugar or the other is
present. So how does the bacterium decide which enzyme to produce?



Jacob and Monod showed that the genes encoding these enzymes are
equipped with switches that are flipped by a “repressor” protein called Lac1
If there is no lactose around, Lac1 keeps the genes encoding lactose-
metabolizing enzymes switched off. The protein binds to a section of DNA
called the operator, located just before the enzyme-encoding genes, where it
stops RNA polymerase from binding to a nearby “promoter” site and
reading the genes downstream (fig. 3.2).5 But when there is lactose present,
the sugar itself (or strictly speaking, a molecule derived from it) may bind
to the repressor and deactivate it, preventing it from binding to the operator.
Then the promoter site is open to RNA polymerase, the repressed genes are
reactivated, and their enzymes are produced. The genetic unit for switching
between these alternative metabolisms became known as the lac operon,
and it showed how one gene (here the lac1 gene that encodes the repressor
protein) may regulate the activity of another.



Fig. 3.2 The lac operon.

RNA for RNA’s Sake
The lac operon is often presented as the paradigm of gene regulation. But
while the regulatory element here is a protein (Lac1), gene regulation is
more often orchestrated by small RNA molecules. In other words, these
RNAs are not made as a means to another end (the synthesis of a protein)
but have a function in their own right. They are said to be “noncoding”
because they don’t encode protein molecules.

When they were first observed, noncoding RNAs were thought to be
transcriptional errors: derived from bits of meaningless DNA transcribed by



mistake. As is so often the case in science, the error is revealing. There was
absolutely no a priori reason to think that cells would do something like this
accidentally; the only real reason to dismiss such an observation out of hand
is that it doesn’t fit with preconceptions. While we assumed that the only
bits of DNA that mattered are the protein-coding genes, what else could
noncoding RNA be but a mistake? Look again at that Central Dogma (p.
68): RNA is only ever a waypoint, not a destination. “Noncoding” (nc)
wrongly connotes a lack, an absence—but ncRNA does encode important
functional information. These ncRNAs are no less primary to cell function
than enzymes. As biochemists Stephen Michnick and Emmanuel Levy
wrote in 2022, RNA “may have more to do with organizing the cell than
ever suspected.”

One of the first hints of the remarkable ways in which RNA can regulate
gene networks arose from studies of one of the most profound regulatory
processes in human biology, which mediates differences between the sexes.
When egg and sperm combine to form the zygote from which an embryo
will grow into a fetus, each of the gametes brings a full set of our twenty-
three chromosomes—so there is a duplicate of every gene, with one from
the mother and one from the father.

There is, however, an exception to this duplication of chromosomes. The
chromosome that determines our genetic sex6 is quite different in men and
women: we don’t simply inherit a copy from our biological mother and
father that are identical except for some different alleles. Rather, the version
of this chromosome carried from the mother in the ovum is called the X,
and that from the father in the sperm is either another X or a Y. If the
former, the embryo has two Xs, and will usually become anatomically
female; if the latter, the embryo is XY and will generally be anatomically
male.7 The X and Y chromosomes have some significant differences in the
actual genes they contain, which give them different shapes: under the
microscope, each looks rather like the letter it is labeled with. The Y
chromosome is also considerably smaller, containing only fifty-five or so
other genes (which females don’t need) while the X has about nine hundred.
Crucially, one of the Y-chromosome genes, called SRY (for Sex-
Determining region of the Y), directs development toward maleness.8
Without it, the X chromosome will produce a female anatomy by default.



While the other twenty-two chromosomes are essentially duplicated in
both males and females, then, females have two X chromosomes to males’
one. To cope with that disparity, every cell in the female body deactivates
the entirety of one of its two X chromosomes. This is gene regulation in
spades: not just one but about nine hundred genes get silenced (albeit in
only one copy) at a stroke.

X-chromosome inactivation was discovered in 1961 by the British
geneticist Mary Lyon, and is sometimes called Lyonization. Lyon’s studies
of the process led her to a conclusion which seemed so counterintuitive that
it was dismissed with condescension by some of her male colleagues. (Do
you spot a pattern here?) She proposed that each cell in the female body
decides at random which of the two X chromosomes—one maternal, one
paternal—to turn off. That Lyon was correct is demonstrated in dramatic
fashion in tortoiseshell cats, which may have orange or black hairs (and in
calico cats, white too) depending on the state of pigment-producing cells
called melanocytes. Any melanocyte might or might not, in principle,
produce the black pigment, depending on which variant of the pigment-
producing gene it carries. This gene is located on the X chromosome. For
males, then, the hair is genetically disposed to be all black or all orange,
depending on which allele is on its sole X chromosome. But if female cats
carry both alleles, one on each X, then random X inactivation throughout
the body early in development produces a mosaic of cells producing
different pigmentation—which creates, in the growing fetal kitten, patches
of cells that give rise to one color or the other, producing a mottled
coloration. This means that generally only females can be tortoiseshells.9 It
also means that if you clone such a cat (a service now offered to pet lovers
who can afford it) the clone might look considerably different from its
genetic parent, because the pigmentation pattern is determined at random,
not genetically.

In the 1990s it was found that X inactivation is controlled by a gene
called Xist (for X-inactivation-specific transcript), which is expressed only
on the X chromosome that will become inactive. The odd thing was that it
didn’t seem possible to find the protein Xist encoded—which turned out to
be because such a thing doesn’t exist. Rather, it is the RNA transcript of
Xist that directly produces inactivation. The Xist RNA molecule became
only the second known example of a functional long noncoding (lnc)



RNA.10 (“Long” here means more than about two hundred nucleotides;
there are also many shorter “small” ncRNA molecules.) Xist ncRNA works
by binding to the DNA of the X chromosome that expresses it; the RNA
transcripts appear to spread over and coat more or less the entire
chromosome. There the RNA molecules help to induce chromosomal
changes that persist even in their absence.

Another well-studied lncRNA, called Airn, is involved in the
phenomenon called imprinting, in which a maternal or paternal allele is
silenced during early growth of the embryo and placenta. This happens to
only some of our genes; fewer than one hundred imprinted genes have been
found in humans. The Airn lncRNA silences (imprints) a gene called Igf2r,
the protein product of which otherwise interacts with and disrupts another
protein that boosts embryo growth. In other words, Airn seems to regulate
genes in double-negative fashion, inhibiting an inhibitor. It is generally the
paternal version of Igf2r that gets imprinted, and the Airn RNA does this by
interfering with Igf2r transcription as a kind of distracting decoy. The DNA
encoding Airn overlaps with the promoter region for Igf2r, so that if Airn is
being transcribed, the RNA polymerase enzyme is too busy to get to work
on Igf2r. The odd thing here is that it’s not the lncRNA molecule itself that
matters, so much as the distracting effect of making it—an effect called
transcriptional interference.

That’s quite a little paradigm shift in itself. We’re trained to focus on the
“information content” of biomolecules like RNA and proteins, but here
that’s less important than the dynamic process in which they are made. This
is actually a rather common situation in gene regulation by long ncRNAs:
the actual product of the transcription is irrelevant, it’s the production
process itself that counts.

Take the way ncRNA modulates expression of a gene called Bend4.11

This gene is regulated by a promoter site called Bendr, which itself gets
transcribed into a ncRNA. Again it seems the point is not that this RNA
molecule “does” anything in itself, but rather, that its transcription
somehow turns on a piece of DNA within Bendr that enhances the
transcription of Bend4. The ncRNA is a mere signal that this activation has
taken place: its production is a kind of lure for switching on the enhancer
hidden within the corresponding DNA.



Tiny Is as Tiny Does
Not all regulatory ncRNAs are long; some are surprisingly small. The first
to be discovered, in 1993 by developmental biologist Victor Ambros and
his colleagues, was just twenty-two nucleotides long. The researchers found
it while studying genes called lin-4 and lin-14 in the nematode worm
Caenorhabditis elegans; these genes have a key role in the organism’s
development. Lin-4 seemed to downregulate lin-14; the researchers wanted
to find out how, and they imagined that this involved the protein that lin-4
encoded. They discovered that not only is lin-4 tiny—much smaller than
normal genes, and in fact “ridiculously small” in the researchers’ own
estimation—but it didn’t make a protein at all. Rather, it encoded a mere
scrap of ncRNA: the first so-called microRNA.

It’s now clear that microRNAs play diverse and important roles in
regulating genes, ramping their expression up or down. One estimate
suggests that around 60 percent of our genes are regulated by microRNAs.
Some of these little molecules bind directly to the chromosomes and stop
sections of DNA being transcribed, or alternatively turn on transcription.
Some of them prevent the translation of a gene’s mRNA product into the
corresponding protein by interacting with the mRNA in some way, perhaps
labeling it for enzymatic destruction. Some small RNAs, such as those
encoded in sections of the genome called small open reading frames
(smORFs), are even translated into short protein-like molecules called
peptides that have regulatory functions. (The function, if any, of many
smORF peptides remains a puzzle.)

Regulation of mRNA by microRNAs happens promiscuously. A given
microRNA might target many (typically more than a hundred) mRNAs, and
many different microRNAs might target a specific mRNA. It seems that
microRNAs control the very inception of embryo development
(embryogenesis), being implicated in the ability of embryonic stem cells to
produce any tissue type—a property called pluripotency. Two of the genes
that are central to maintaining stem cells in a pluripotent state are called
Oct4 and Sox2. If Oct4 expression is turned off in a stem cell, the cell is apt
to differentiate: to develop into a lineage of a particular tissue type. These
two genes seem to activate the expression of a family of microRNAs called
the Let-7 family. In other words, the genes are in a sense just switches for
making microRNAs, which themselves then determine if a cell will



differentiate or not.12 These microRNAs act to usher a differentiating cell as
swiftly as possible to its new state, by targeting the mRNAs made by the
stem cell and accelerating their destruction. The microRNAs in effect say
“We don’t need this stuff anymore, so get rid of it now!” It stands to reason
that there should be such urgency, because any residual “stemminess” in a
cell can all too easily lead it to become a proliferating cancer cell. That’s
why microRNAs can act as tumor suppressors, and cancer therapies based
on these molecules are now being trialed.

Small ncRNAs are also involved in reducing the risk of cancer when
DNA is damaged, for example by chemical agents in the environment or by
ionizing radiation. In response to such damage, an enzyme called Dicer
chops up certain ncRNAs into small fragments that activate the cell’s
damage-limitation process, for example stopping cells from proliferating to
reduce the chances of cancerous cells forming. In this and other ways, the
genome “knows” when it is damaged and at risk, and mobilizes small
RNAs to make repairs and suppress risks, using regulatory feedback loops
to sense and act.

The universe of regulatory noncoding RNAs is still expanding. There are,
for instance, Piwi-interacting RNAs (piRNAs) that are involved in silencing
errant transposons—those aforementioned “jumping genes.” They do this in
collaboration with so-called Piwi proteins, which play a key role in the
differentiation of stem cells and germline cells. There are small nucleolar
RNAs (snoRNAs) that steer and guide chemical modifications of other
RNA molecules, such as those in the ribosome or the “transfer RNA”
molecules that ferry amino acids to the ribosome for stitching into proteins.
If cells are stressed, this can trigger the conversion of transfer RNA into
molecules called tiRNAs that regulate the cells’ coping mechanisms, and
which also have roles in the development of cancer.

And so on: RNA seems to be a general-purpose molecule that cells—
particularly eukaryotic cells like ours in which gene regulation is so
important—use to guide, fine-tune, and temporarily modify its molecular
conversations. With this in mind, John Mattick has said that it is RNA, not
DNA, that is “the computational engine of the cell.” The action of ncRNAs
can be modulated by chemical changes to the molecules, for example by
methylation, which is the attachment of a methyl group (a carbon atom with
three hydrogens attached: CH3) to the nucleotide bases. Higher-than-usual



degrees of methylation in microRNAs have been found to be associated
with some cancers, and there is evidence that inhibiting the activity of the
enzyme called METTL3 that induces RNA methylation might slow the
spread of cancer.

Another chemical modification that can control the galaxy of RNAs is
the attachment of a kind of tail or tag consisting of a string of A
nucleotides, a process called polyadenylation. Many ncRNAs are
polyadenylated by an enzyme called poly(A) polymerase, which can also
perform the same operation on mRNA as a gene gets transcribed. Adding a
poly(A) tail to different sites of an mRNA effectively creates different kinds
of messages. This tail seems to be important for ensuring that the mRNA is
transported out of the nucleus to where it will be translated to protein. It
also influences the mRNA’s stability and longevity, acting as a kind of sell-
by date: the poly(A) tail gets shortened over time, and if it gets too short,
the molecule is broken down by enzymes.

Mapping the Transcriptome
Our understanding of the significance of RNA regulation was transformed
by an international initiative called ENCODE, launched in the wake of the
Human Genome Project in 2003 to look at how the genome is actually used
—which is to say, transcribed—in our cells. ENCODE identified which
parts of the entire genome are transcribed in the cells of different tissues,
characterizing the human transcriptome.

The contrast in the responses to these two programs was striking. The
Human Genome Project was widely hailed in the media as a fantastic
triumph, akin to the moon landings, and biologists everywhere lauded it.
ENCODE received relatively little media attention. However, the headlines
it did briefly make when it published its initial findings in 2012 triggered
arguments of incredible rancor. Disputes are common in science, of course.
But some biologists didn’t just disagree with what the ENCODE team was
saying; they hated it. When a finding excites passions to this degree, you
know that cherished ideas are being threatened.

And indeed, the ENCODE findings seemed to seriously upset the
established narrative. The HGP confirmed that just 2 percent or so of our



genome consists of protein-coding genes, and most of the rest of the DNA
was therefore considered “junk” accumulated across millennia of evolution,
with no useful function. But according to ENCODE, transcription is not
confined to that small proportion of “meaningful” DNA. Rather, at some
point or another our cells appear to transcribe up to 80 percent of the
genome. Genes themselves seem, then, to be only a small part of what is
going on with our genome. The ENCODE researchers initially argued that
this frenzy of transcription suggests that fully four-fifths of our genome
must have some biochemical function.

There was room for debate about that. For one thing, just because a piece
of DNA is transcribed into RNA doesn’t mean it plays a significant role in
the cell. It’s possible, for example, that it is in the end easier for cells to
transcribe rather freely than to have tight controls over where the molecular
apparatus of transcription should stop and start. It’s a little like the way we
might, if asked to provide some documents, end up passing on a whole
bundle of extra stuff of doubtful relevance because that’s less effort than
sorting it all out.

Besides, some critics of ENCODE asserted, it is inevitable that evolution
will produce junk-ridden DNA in organisms like us. Only for species where
the populations are huge and the cost of accumulating junk is large should
we expect genomes to be streamlined to remove excess baggage—a
condition satisfied for bacteria, but not for metazoans. “We urge biologists
not to be afraid of junk DNA,” wrote biologist Dan Graur and his
colleagues. “The only people that should be afraid are those claiming that
natural processes are insufficient to explain life and that evolutionary theory
should be supplemented or supplanted by an intelligent designer.
ENCODE’s take-home message that everything has a function implies
purpose, and purpose is the only thing that evolution cannot provide.” It
was a bizarre and misdirected jibe. More soberly, the evolutionary biologist
Ford Doolittle argued that if most of the human genome was not “junk” in
the traditional sense, but rather, functional in some way, we would have to
be unique among animals in how our chromosomes are organized. He
called this conclusion “genomic anthropocentrism.”

In other words, what seemed to be at stake in these arguments was the
very integrity of biology itself—specifically, the need to divorce it from
purpose (which, as we’ll see later, is merely a long-standing shibboleth in



biology). In fact, concerns about function and purpose betray a fundamental
unease with what biology forces us to confront, and to suppose that an
acceptance of these notions is a capitulation to mysticism or theology
reveals a failure of (scientific) imagination.

To accuse an internationally renowned team of scientists of opening the
door to intelligent design is akin to an ideological accusation of a betrayal
of the faith. After all (Graur and colleagues complained), hadn’t one of
those scientists said, “These findings force a rethink of . . . the minimum
level of heredity”? Was this—gasp!—a threatened dethronement of the
gene? Beyond such hyperbolic responses, the real argument was about what
is meant by “function” in biology. To an evolutionary biologist, function
reflects what is selected for: the demanding sieve of natural selection
divides random genetic mutations that are harmful or at best have a neutral
influence on fitness from those that convey an advantage. According to
Doolittle, the improper (as he saw it) excitement that surrounded the
ENCODE findings came from interpreting them “to mean that a much
larger fraction of our DNA than until very recently thought contributes to
our survival and reproduction as organisms.”

But when it comes to the individual organism, not all that is useful is
heritable. For example, the rewiring of the brain that may take place in
response to some injury—reassignment of tasks so that, say, vision might be
processed in a new brain area if the normal region for visual processing is
damaged—may surely contribute to our survival, but is not inherited. The
immune response elicited by a vaccine may save our life, but that too is not
inherited. And the well-defined roles of some molecules of the cell aren’t
highly sensitive to their molecular structure or sequence: there is no strong
“selective pressure” that will refine and preserve these sequences between
species. They might experience rapid evolutionary turnover, just as one
worker can readily replace another in jobs that don’t require a high degree
of specific skills. In short, evolution does not pronounce the final word on
what can and can’t be “functional” in biology.

All the same, serious critics like Doolittle had a point. Certainly, it is not
enough to assume that, because a stretch of DNA is transcribed, it must
have a biochemical function. Some might indeed just be “noise,” where the
RNA polymerase enzyme has just gone on churning out its product
regardless. (Yes, there are molecular mechanisms for telling it where to start



and stop, but these control instructions won’t work perfectly in the
stochastic world of molecules.) What’s more, it may be that only a small
portion of all the RNA transcripts is strictly needed for some task, and the
rest is thrown away (rather as most of the antibody proteins produced by the
immune system in response to a threat don’t actually do anything useful).
Doolittle provided a nice analogy: if your fridge is just two meters from a
wall socket but you only have a ten-meter extension cord, the entire cord
might seem to be functional—but that doesn’t mean it is all necessary. He
cautioned that the ENCODE team might be falling prey to the
“adaptationism” of evolutionary thought, in which anything that features in
biology is assumed to be a purposeful and beneficial adaptation.

Whatever one feels about ENCODE’s notion of biological functionality,
there’s no serious doubt that the project showed the genome to be much
more transcriptionally active than we had thought, and that much of this
transcription is of DNA with regulatory functions. Yes, some of the RNA
produced might indeed just be low-level “transcriptional noise”: DNA
transcribed by an imperfectly discriminating apparatus. But much of it
clearly is not.

Long ncRNAs in particular seem central to the way cells “lock in” their
differentiated state, for example by guiding enzymes that modify the
structure of chromatin. ENCODE initially identified around 16,000 long
ncRNA genes (yes, we can justifiably call them genes; the redefinition I
presented on p. 83 came out of ENCODE’s revelation, explicitly to remove
the emphasis on proteins). By 2020 the project had proposed that there are
almost 37,600 such genes, which is nearly twice as many as those that
encode proteins. DNA is really a crib sheet for two kinds of functional
molecule—proteins and RNA—and there is nothing that should privilege
protein-coding genes over segments of DNA that encode ncRNAs. As we
saw earlier, most of the DNA sequences that are found to be correlated with
complex traits and diseases are noncoding regions. (This, incidentally,
makes it odd that so many drugs are designed to interact with and affect the
function of proteins.)

For understanding how life works, ENCODE was arguably at least as
important as the Human Genome Project. It amplified the remark by Morris
and Mattick in 2014 that “the amount and type of gene regulation in
complex organisms has been substantially misunderstood for most of the



past 50 years.” Far from being the mere messenger for making proteins,
RNAs are the focus of much of the real action in our cells. Indeed, they are
the reason why many proteins exist at all. While proteins have traditionally
been segregated into those that exist in compact, soluble form and those that
sit within cell membranes, a third major class of proteins in our cells have
the role of binding to regulatory RNA. We’ll see later that how they work
together to enable regulation is quite different from how molecular biology
has traditionally been thought to operate.

The importance of noncoding DNA is greater for us than for simpler
organisms. Around 90 percent of the bacterial genome is protein-coding.
For C. elegans, that figure is 25 percent. For humans, as we’ve seen, it’s a
mere 2 percent at most. Of the genome sequences that we share with other
mammals, the majority are in noncoding regions, implying that this stuff is
what matters to being a mammal. Just how much of that noncoding DNA
really makes a difference is another matter. It’s probably not 80 percent—
ENCODE member Bradley Bernstein guesses that 30 percent might be a
more realistic figure. But even then, he says, “there is a huge amount of
regulatory DNA [and thus RNA] controlling the 20,000 protein-coding
genes—way more than coding DNA.”

These differences in the relative proportions of coding and noncoding
DNA for simpler and more complex organisms reflect fundamental
distinctions in how these organisms work. The problem has been
delightfully, if inadvertently, stated by theoretical biologist David Penny. “I
would be quite proud to have served on the committee that designed the E.
coli genome,” he has said. “There is, however, no way that I would admit to
serving on a committee that designed the human genome. Not even a
university committee could botch something that badly.”

I’d suggest that this can be rephrased: “I can understand how the E. coli
genome works. I cannot make any sense of how the human genome works.”
So the corollary of Penny’s comment is rather profound: how E. coli works
is not how humans work. But his quip betrays an understandable frustration
that the workings of the human genome are so inscrutable to us. And I fear
that the remark carries the same bias as that which leads us to insist that a
foreign language we find difficult to learn is unnecessarily perverse and
even absurd.



This shift in perspective challenges a famous statement by Jacques
Monod: “What is true for E. coli is true for the elephant.”13 In fairness,
Monod had in mind here the notion of how DNA encodes proteins—for
indeed it does so in (roughly) the same way in bacteria as in pachyderms,
insofar as it uses the same genetic code. But the implication in Monod’s
comment is that this is what really matters, in the same spirit as Crick’s
Central Dogma. We can now see that Monod’s quote is misleading in an
important sense, because what matters for E. coli is not the same as what
matters for the elephant. The bacterium has a genome dedicated mostly to
making proteins. The elephant has a genome dedicated mostly to making
noncoding RNAs with regulatory functions. To truly understand how the
elephant—and the human—works, we need to untangle the mechanisms
governing this regulation.

As Morris and Mattick say,

It appears that we may have fundamentally misunderstood the nature
of the genetic programming in complex organisms because of the
assumption that most genetic information is transacted by proteins.
This may be largely true in simpler organisms, but is turning out not to
be the case in more complex organisms, whose genomes appear to be
progressively dominated by regulatory RNAs that orchestrate the
epigenetic trajectories of differentiation and development.

Or as biochemist Danny Licatalosi and neuroscientist Robert Darnell put it,
biological complexity “has RNA complexity at its core.”

Annotating the Genome
But what is all this regulation about? Regulating why, and to what end?

As Barbara and Christine—the identical twins who (like all identical
twins) are not the same—know, it’s not what genes you have so much as
how you use them. The same applies to the cells of your skin and your liver,
your brain, your immune system. Turning genes on and off does not simply
tweak cells to display small differences: it can profoundly alter their



character. It is by this means that the cells in the early embryo from which
each of us grew were able to differentiate into different tissue types and
become a body. Gene regulation is the only way that a single genome can
support (not create!) a multicellular, multi-tissue organism.

The transcriptional control of gene expression is a key aspect of the field
called epigenetics. The term itself is venerable; it was first coined by
Conrad Waddington in the 1940s to refer to any process affecting the
expression of genes that does not involve a change to the sequence of the
gene itself. Differences in the phenotypes of organisms may be related to
differences in the sequences of their genes, as for example with differences
in people’s hair or eye color. Or they could be due to epigenetic effects,
where the genes themselves might be identical but the way they are
expressed or read out is changed.

There is a “natural” sequence of epigenetic changes that accompany cell
differentiation during the development of an embryo (embryogenesis),
switching genes on or off. Switching can also be induced by the
environment—for example, by stress, lifestyle, diet, or toxic substances.
The smaller average height of people in the late nineteenth century relative
to today is not due to genetic changes in the population but to changes in
health, living conditions, and nutrition, some of which might be manifested
in epigenetic changes to gene expression. Environmentally induced
epigenetic effects are responsible for some of the phenotypic differences
between identical twins.

One way a gene can be turned on or off is by chemical changes to the
genome itself. The most common such alteration is methylation of a DNA
base; in mammals it occurs almost exclusively on C nucleotides, especially
those adjacent to G, which are denoted CpG segments (fig. 3.3). Such
“epigenetic marks” are very widespread in our genome, being found in
around 60–80 percent of the twenty-eight million CpG elements it contains.

Methylation alters how a gene is expressed, but not in a way that is easily
generalized. You might suppose that sticking a methyl “bump” onto the
DNA strand will disrupt the ability of RNA polymerase to transcribe it,
rather like a scratch or bit of dirt on a cassette tape. But it’s not that simple.
For one thing, it depends on where in the gene the modification happens.
We saw earlier that the protein-coding part of a gene is accompanied by
DNA sequences called promoters where transcription is initiated. As a



general (but not inviolable) rule, methylation in the coding part of the gene
can boost transcription, whereas methylation of a promoter region
suppresses it. Promoters seem “designed” for such epigenetic regulation,
since many of them lie within genomic sequences that have a high density
of CpG groups. When they are methylated, the DNA becomes more
receptive to the binding of a protein called (uninventively, but descriptively)
methyl CpG binding protein 2, which in turn allows other regulatory
proteins to dock. (The protein itself represses transcription.)

Fig. 3.3 Methylation of a CpG island in DNA: an epigenetic change that may regulate genes.

When methylated DNA is replicated in cell division, the epigenetic
marks are duplicated too. That way, the daughter cells have the same pattern
of gene activation. But methylation is not necessarily forever. There are
enzymes that can remove methyl marks too. The result is that the genetic
component of life becomes imbued with dynamic complexity, as switches
are constantly turned on and off, and dials are turned up and down, to adjust
the expression of genes. We haven’t yet cracked the code of that process,
but it is not digital: there is a gradation in the amount of methylation that
any given gene or its regulatory sequences can acquire.

This process creates two-way traffic as information travels between the
molecular scale and the larger scales all the way to the whole organism (and
indeed beyond). Because epigenetic marking is triggered by external
influences on the cell, the genetic resources available to it at any instant



become dependent on what happens to the whole organism. Those external
influences can in turn depend on behavior—on the choices we make. It’s
hardly a surprise that our choices and experience can have effects at the
level of cell chemistry. For example, how we eat or whether we smoke and
drink alcohol will determine the chemical compounds circulating in our
bloodstream and our cells. But it’s quite another matter to see those choices
imprinted in our genes, perhaps to the extent that they could in principle put
a gene out of action, as though we didn’t have it at all. Epigenetics rather
blurs the distinction between “nature” and “nurture” insofar as those terms
are proxies for genes and environment. For example, plenty of epigenetic
control is exerted in the womb, so that identical twins can have different
epigenetic “programming” at birth, as well as that acquired later from
environmental influences.

A striking demonstration of the differences epigenetics can create can be
seen in the fact that genetically identical mice can have different hair color:
yellow or brown. This is because hair pigmentation is determined by
epigenetic regulation of a gene called agouti, the “yellow” variant of which
can also cause obesity.14 The gene product is a protein that influences not
only the amount of hair pigmentation but also susceptibility to early onset
obesity, type II diabetes, and tumor formation. In 2000, researchers at Duke
University in North Carolina found that, while the offspring of yellow-
haired and obese agouti female mice shared the mother’s characteristics,
normal-sized, brown-haired offspring could be induced instead simply by
changing the mother’s diet. A diet rich in foods containing chemical
compounds such as folic acid that promote the production of methyl groups
in metabolism helped to stimulate epigenetic methylation of the agouti
gene, dimming down the effects of the “yellow” variant in the offspring.

Methylation patterns can even be altered by psychological experiences,
such as trauma and nurture. A study in 2011 found that high maternal care
in mice, such as licking and grooming of pups, induced methylation in the
promoter region of a gene involved in the stress response. There is some
evidence that childhood trauma can be correlated with the amount of
methylation in a person’s genome, and that these effects are greater when
the experiences come early in life, before the age of about three. They have
also been observed in Holocaust victims, and are examples of what
molecular geneticist Maria Aristizabal and colleagues call a “biological
embedding of experience.”



Epigenetics is not all about methylation of DNA. A second common
means of regulating transcription places chemical markers not on the
double helix itself but on the histone proteins around which it is wound in
the chromosomes (p. 70). Those markers include methyl groups, but also a
variety of other chemical groups with names like phosphoryl, acetyl, and
ubiquitinyl. Some of these histone modifications may have quite specific
effects. For example, if three methyl groups are added at a particular site on
the histone protein denoted H3 at the sites where the histones package a
gene promoter region, transcription of the gene gets switched on. This is
probably because the histone modification has knock-on effects that loosen
up the chromatin so that the transcription enzymes can access it, as if the
attachment of methyl groups has undone a clasp. Histone modifications
might be triggered by chemical signals such as hormones or drugs, and
some diseases have been linked to mutations in the genes that encode
histone-modifying enzymes. One such gene, called PHF8, the protein
product of which removes methyl groups from histones, is implicated in
certain rare forms of learning disability.

The sheer variety of markers already renders this aspect of epigenetic
language deeply opaque. Do the different groups have distinct “meanings”?
(Not obviously.) Why might the cell employ one rather than another for a
particular mark? What’s more, these modifications have an “analog”
character: they exert their effects continuously rather than digitally via “on-
off” switching. Some histone modifications act as flags to certain enzymes,
inducing them to initiate processes that involve the activation or
suppression of genes by other proteins called transcription factors.

Other modifications weaken the binding of the DNA wound around the
histone, as if loosening a coil of thread on a bobbin. The interaction of
DNA and histone is partly due to the attraction of opposite electrical
charges: the negatively charged DNA is drawn to positively charged
chemical groups on the protein surface. Acetyl groups also have a negative
charge, though, and so epigenetic acetylation of a histone weakens the
strength of the attraction. As a result, the histone can slide along the DNA
while remaining held in its loop.

This alters the way the DNA and histones are packed together in
chromatin, and may end up unraveling a part of the strand, letting it switch
between the densely packed state called heterochromatin (p. 72) and the



loosely packed euchromatin. The latter structure is more open, so it’s easier
for enzymes involved in transcription to get at the DNA, whereas denser
packing inhibits access. So genes in euchromatin are typically accessible for
transcription, but those in heterochromatin aren’t—they are silenced.
Histone modification is, then, one way in which genes are regulated by
altering the structure of chromatin, a factor operating at the next scale up
from the molecular.

By the same token, the removal of acetyl groups from histones can
trigger the compaction of chromatin. It is thought that this happens during
mitosis (cell division), when the chromosomes need to be densely packed to
withstand the forces they are subjected to as they are pulled and pushed on
the mitotic spindle that segregates them into the nascent daughter cells (see
p. 62). This switch seems to happen abruptly, and is likened to a kind of
solidification of chromatin.

While methylation of DNA tends to be rather robust and long-lived,
histone marks are more ephemeral and tentative. You might say that DNA
methylation is like a genome edit made in pen, and histone marks are
lightly penciled in and easily erased. (What will we do when these fading
analogies from a different era of editing are no longer understood?) Some
researchers have suggested that epigenetic markings correspond to a second
code beyond, and able to modify, the genetic code. But it’s less clear that
the coding metaphor applies here, because of the analog as well as the
highly contextual nature of epigenetics. The “state of a cell” as prescribed
by the epigenetic state of its chromosomes need not then be an all-or-
nothing affair: cells can be transiently modified into states of gene activity
intermediate between the stable states that they display in mature tissues.

Is There an Evolutionary Epigenetics?
Despite being an old and well-established idea, epigenetics has sometimes
more recently been presented as a revolution that transforms the way we
think about how life works. One sees claims that epigenetics rewrites all of
biology, even Darwinian evolution, and shatters old dogmas. To an
evolutionary biologist, however, epigenetics is of marginal relevance,
because it does not appear to directly impact inheritance. The gametes—



eggs and sperm—have mechanisms that protect their genomes from much
epigenetic alteration, and strip away more or less all of it anyway as these
cells mature into the state that takes part in reproduction. At the stage of
gamete maturation called the primordial germ cell, epigenetic marks in the
genome are largely erased.

Could some epigenetic modification survive that process, though, and
thereby be inherited? If so, it would constitute a kind of Lamarckian
inheritance: a trait change acquired by an organism because of its
experiences and environment and passed to its offspring. There is good
evidence that this can happen, especially in plants—but it is probably rare
in mammals. For example, some epigenetic changes to female mice with
the yellow-hair-producing variant of the agouti gene can be inherited by
their offspring. But the evidence for some of the more dramatic claims of
epigenetic inheritance in animals is equivocal. And in any event it does not
seriously challenge the conventional Darwinian view15 of evolution, for
there is no good reason to believe that inherited epigenetic marks on the
genome can last for more than a generation or two before they are washed
away.

For instance, a 2014 study by neurobiologists Brian Dias and Kerry
Ressler reported that mice conditioned to associate the smell of a particular
chemical with fear—they were given mild electric shocks in its presence—
seemed to pass on that fear to their offspring, presumably through some
epigenetic (DNA methylation) modification that slipped through the erasure
process of germ cells. The evidence for this effect has been challenged,
however.

One of the most well-known claims for epigenetic inheritance stems from
long-term studies of the effects of the blockade of food and fuel to the Nazi-
occupied Netherlands in 1944. The blockade caused widespread
malnutrition in the Dutch population. It later became clear that babies born
from mothers who had been malnourished early in pregnancy were prone to
obesity in adulthood, while if the mothers had suffered malnourishment
only late in pregnancy, the babies stayed small all their lives (as is common
for children of malnourished mothers). Such differences were evident in the
next generation too: babies of the first group tended to be heavier than
average, while those of the second group were not. It seems possible—
although the idea has again been disputed—that epigenetic changes to the



first group early in gestation due to maternal malnutrition were passed on to
their offspring too, producing greater average weight.

The rigor of epigenetic erasure is more of an issue for cloning. In the
now-standard procedure for this, called somatic-cell nuclear transfer, the
chromosomes (in fact the whole cell nucleus) of one somatic cell are
transferred into a “host” egg cell from which the nucleus has been removed.
If the donor DNA comes from a mature body cell, like the mammary cell
used to clone Dolly the sheep in 1996, then it will be full of epigenetic
marks acquired during differentiation. For the cloned egg cell to develop
into an organism, these marks must be removed so that the genes can all be
activated again, like those of an embryonic stem cell. That normally
happens when an egg cell is fertilized, but there is some debate about
whether erasure of epigenetic marks is complete in cloning (where no
fertilization occurs), and whether as a result the cloned organism might
incur health problems or will be prematurely aged by the imprint of its
DNA’s “former life.”

Adapted for Contingency
Epigenetics is thus a central aspect of how life works, but is neither a new
discovery nor a revolutionary one. Part of the hype surrounding the topic
might be seen as an acknowledgment of recent genuine strides in
understanding the details of the process. In part, too, it is doubtless
entrained with the growing realization of how central gene regulation is to
life’s molecular and genetic basis. But I suspect that at the root of the
occasional overselling is a desire for liberation from notions of genetic
determinism. Epigenetics offers a way to readmit the environment and
experience as determinants of our fate. But in an understandable desire to
correct old myths about genes, we shouldn’t go to the extreme of denying
their significance entirely and making epigenetics the new “secret of life.”

The undoubted importance of epigenetics as an aspect of how (our) life
works should come as no surprise. The idea that an organism that moves
around and interacts socially with others and is prone to novel and
unpredictable experiences should be controlled by a rigid program
determining form and behavior makes no evolutionary sense: it would, you



might say, be a bad way to design such an entity. It’s too slow to respond to
change; one can’t wait for evolution to alter genes or rewire the genetic
networks at its glacial pace. It is more effective to evolve mechanisms for
producing rapid revisions of how the genes are used when circumstances
demand it. Genetic hardwiring, with rather little regulatory control, is fine
for bacteria. They are abundant and replicate fast, so they can evolve
quickly in comparison to typical rates of environmental change. We have
seen this all too plainly in the way superbugs have evolved to resist
antibiotics over a matter of years. But we need something more agile in the
way our cells operate.

It’s true that an expansion of the stratagems for keeping such complex
organisms alive represent a costly investment in molecular hardware and
activity—but it’s worth it. After all, complex organisms are already more of
an investment, both in terms of the materials and energy needed to produce
them and the fact that the demise of individuals matters proportionately
more in populations that are minuscule in comparison to those of microbes.
So it’s worth having more sophisticated control systems to help them
endure.

The “instruction book” image of the genome actively obstructs any
appreciation of why nature would do things this way. It encourages us to
imagine that, to produce and sustain more complexity, we need more
instructions. Only if we understand that genes are not instructions, but
resources, can we start to appreciate that a better strategy is an improved
use of those resources. Epigenetics should be seen, then, not as a
modification of genetics but as a fundamental and primary aspect of how
the entire genomic system does its job.

There is a lesson here that we can take from the evolution of minds. In a
sense, minds might be regarded as the highest-level counterpart of gene
regulation as a mechanism for rapid adaptability that doesn’t depend on the
evolution of genomes themselves. Rather than changing our genes, minds
create the option of changing our behavior—of finding innovative new
solutions to problems on the hoof. We might say that minds are the nuclear
option. They require a truly enormous investment, for brains are hugely
expensive in terms of energy use, and so only become cost-effective as
organisms get bigger and more complex. This creates a kind of
bootstrapping acceleration: the more complicated a mind gets, the more it



opens up new opportunities and niches that also bring fresh challenges to be
faced. This solution is cognitive, in that it involves the organism collecting,
processing, and integrating information.

But as we will see, it is meaningful to regard lower-level adaptive
processes in biology as cognitive too—even in the way single-celled
organisms operate. Life is, as biologist Michael Levin and philosopher
Daniel Dennett have argued, “cognition all the way down.” Some, such as
John Mattick, have even argued that the two ends of this spectrum are
connected: that the evolution of RNA regulation, and in particular of
enzymes that can edit regulatory RNA (which are especially active in the
brain), might have been the enabling factor for advanced and ultimately
human-like cognition to evolve. In that view, it is almost as though the
plasticity produced by RNA regulation imprinted itself at the level of the
whole organism. It’s a highly speculative idea. But the underlying notion—
that complexity at the cell level which is not reliant on changes to the
genome itself, and complexity at the behavioral level of the organism, did
not just coincidentally evolve in parallel—is worth taking seriously.
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Proteins
Structure and Unstructure

Friedrich Engels had a theory about biology, which went like this:

Life is the mode of existence of protein bodies. If success is ever
attained in preparing protein bodies chemically, they will undoubtedly
exhibit the phenomena of life and carry out metabolism, however weak
and short-lived they may be.

You might reasonably be wondering what Engels, a philosopher and
historian better known for penning the 1848 Communist Manifesto with
Karl Marx, was doing speculating on the chemical nature of life. It’s a
reflection of how many thinkers of the eighteenth and nineteenth centuries,
including John Stuart Mill and Rudolf Virchow, believed that a
consideration of the principles governing human life needed to be addressed
comprehensively from the social to the molecular, and that what happened
at one scale held relevance for others. Modern genetics reveals that this
notion has not been abandoned, but simply rendered implicit in the use of
metaphor: the gene as selfish replicator, the cell as factory filled with
workers, the alleged Darwinism of the free market.

In his time, there was nothing idiosyncratic in Engels’s view that protein
was the basis of all life. Ever since the late eighteenth century scientists had
noted that the tissues of living things seemed all to contain a ubiquitous
“albuminous” substance (a term derived from the Latin for “egg white”)
which was shown to be composed of the chemical elements carbon,
nitrogen, oxygen, and hydrogen. In the 1830s the Swedish chemist Jöns
Jacob Berzelius proposed to name it protein, after the Greek root prote,
“first”—for it was, he said, “the primary or principal substance of animal
nutrition.” Chemists found that this “protein” seemed to come in many



similar forms, some comprising the enzymes found to be responsible for
chemical transformations that living cells could enact on matter (such as
fermentation by yeast). By the middle of the twentieth century it seemed as
though protein molecules were the agents of all activity in cells. It was
natural that they were suspected also of being the particles responsible for
the transmission of traits—the genes—although that was proved wrong.

Protein molecules—of which there are thought to be between eighty
thousand and four hundred thousand varieties in human cells—are indeed
the second key functional components of life, alongside the nucleic acids
DNA and RNA. Since the birth of molecular biology in the 1950s, our
understanding of the structures, properties and functions of proteins has
blossomed as much as, and in parallel with, our understanding of genetics.
But in much the same way, as this knowledge has grown in detail and in
depth, the story has changed profoundly in ways that have outpaced the
popular narratives. Proteins are more complicated, and more interesting,
than we thought we knew. In those complexities, we can discern new
insights into how life really works.

How Proteins Get Their Shape
Even after genes were acknowledged as being made of DNA, it was long
believed that the main role of a gene was to encode a protein. Proteins are
often portrayed as the faithful servants that realize the alleged agency of the
genes, and are typically dubbed the “workhorses of the cell.”1 In this
common perception, once the cell has made proteins the hard work is done.
These magical molecular machines do all the rest: organizing and
orchestrating all our metabolic pathways, building our fibrous fabrics, and
keeping life on the rails. They are the workers of the cell factory, endlessly
ingenious in their ability to arrange atoms into the forms that life requires.

In this view, proteins become more or less synonymous with enzymes,
the molecular catalysts that conduct life’s chemistry. A catalyst speeds up a
chemical reaction while emerging unscathed—and, as is the case with most
protein enzymes, they also select a single desired outcome, a single product,
from the many possible permutations of atoms in the reactant molecules.2
We’ve already encountered the enzymes that make DNA and RNA,



respectively called DNA and RNA polymerase (“-ase” is the conventional
suffix for enzymes). There’s an enzyme for each step of the Krebs cycle, the
sequence of chemical reactions involved in aerobic respiration. There are
enzymes that digest fats (called lipases), proteins (trypsin), and starches
(amylase), and an enzyme that generates the energy molecule adenosine
triphosphate, and is therefore called ATP synthase. And so on.

Proteins belong to a class of molecules called polypeptides, in which
amino acids are strung together in a chain via chemical linkages called
peptide bonds. In enzymes these chains fold up into compact blob-like
forms with specific shapes, sculpted by evolution, that allow each protein
enzyme to do its job (fig. 4.1). We saw earlier that the sequence of amino
acids (of which there are twenty natural types) in proteins is determined
from information encoded in the corresponding messenger RNA, according
to the genetic code that links triplets of RNA bases to specific amino acids
(p. 68). This information in mRNA is read out by the ribosome, the
molecular assembly that makes proteins.







Fig. 4.1 Proteins are made from chains of amino acids called polypeptides (top). For enzyme
proteins, these chains fold into specific shapes, examples of which are shown here (bottom, left to
right: serum albumin, bacteriorhodopsin, hemoglobin, lactate dehydrogenase). Images courtesy of
David Goodsell.

The ribosome spins out the bare polypeptide chain which, for a typical-
sized protein, contains around three hundred amino acids (fig. 4.2). The
chain then acquires its folded form, thanks to several types of chemical
interaction. Some of the amino acids—called “residues” when linked into a
polypeptide—contain chemical groups that can form the weak chemical
bonds called hydrogen bonds, the same linkages that zip together the DNA
double helix. Some residues contain the “donor” half of such a bond: a
hydrogen atom with a slight positive charge. These hydrogens can stick to
entities (oxygen or nitrogen atoms) in the “acceptor” half. Think of these as
the complementary hooks and loops of a kind of molecular Velcro.



Fig. 4.2 Folding of a polypeptide chain into a compact, active protein.

Besides hydrogen bonding, the other main driving force behind protein
folding is the different solubilities of the various amino acids in the water
that fills the cell. Some amino acids contain chemical groups that won’t
readily dissolve in water. You might say that they are “oily,” or in technical
terms, hydrophobic (“water-fearing”). Others can interact favorably with
water molecules, for example by forming hydrogen bonds with them, and
these are said to be hydrophilic (“water-loving”). The protein chain can
lower its energy and become more stable if it crumples up so that the
hydrophobic residues are largely tucked away inside the folds, hidden from



water, while the hydrophilic ones are mainly on the outside. In that event, it
looks rather as if the hydrophobic residues feel an attraction to one another,
and so they clump together. In truth this “hydrophobic attraction” is a
complicated phenomenon that is still not fully understood, involving the
ways that water molecules may arrange themselves into different hydrogen-
bonded patterns if they are left to their own devices or if they surround a
hydrophobic molecule.

Despite the water-avoiding tendency of hydrophobic residues, however,
some of them typically remain on a protein’s surface. Such hydrophobic
patches can glue different proteins weakly together: when two such patches
come into contact, they are no longer exposed to water, so the two proteins
are more stable when united than when apart. Equivalently, we can think of
this as two molecules being stuck by the hydrophobic attraction. This is one
way that the nature of a protein’s folded shape can dictate the kinds of
interactions it has with other proteins, allowing them to assemble into pairs
and larger groups.

Hydrogen bonding and the hydrophobic attraction are generally thought
to be the two key forces that dictate how proteins fold. Parts of the
polypeptide chain can also be “stapled” together by other kinds of chemical
interaction, such as chemical bonds between the sulfur atoms in residues of
the amino acid cysteine. In such ways, the polypeptide chain folds into a
rather well-defined, stable, and compact globular shape, which constitutes
the functional protein. Which parts of the chain attract or repel other parts
depends on its sequence of amino acids, and so it seems that the precise
folded shape is encoded in the polypeptide’s amino acid sequence—and
thus, via the genetic code, in the sequence of the gene from which the
protein is derived. Although each protein folds in a different way, most of
them contain recurring folded structures called motifs, of which the most
common are the alpha helix and the beta sheet. In an alpha helix, the chain
becomes curled into a tight helix, like a spring; it is held together by
hydrogen bonds joining adjacent turns. A beta sheet contains several strands
lying parallel to one another, zigzagging back and forth, with each strand
linked to the adjacent ones by hydrogen bonds (fig. 4.3).

The process by which a protein’s polypeptide chain folds into its
compact, biochemically active form has long been considered one of
molecular biology’s most profound puzzles. In 1969 the biochemist Cyrus



Levinthal pointed out an apparent paradox in this process of protein folding.
It’s clearly possible for many different parts of a chain several hundred
residues long to feel some attraction to one another: the chain could fold in
many plausible ways. Only one of these is likely to have the lowest energy
possible—and that is the protein’s folding target, called the native fold. But
to find it, you’d imagine that the folding chain would have to try out lots of
other alternatives. Its lowest-energy folded conformation (the technical
word for the particular way the chain is crumpled) may well be
“programmed” into the amino acid sequence, but the chain doesn’t “know”
that this is its intended destination. It has to find its way there by trial and
error. We can think of the possible chain conformations as populating a kind
of energy landscape, in which those conformations that are relatively stable
appear as dips and valleys (fig. 4.4a). Somewhere in that landscape is the
so-called global minimum: the most stable target fold. But the protein
would seem to have to find its way there by wandering randomly through
the landscape.

Fig. 4.3 The most common folding motifs in proteins are the alpha helix (left) and the beta sheet
(right). Image courtesy of Creative Proteomics, Shirley, NY.

When Levinthal estimated how many possible folded conformations are
available to a typical protein, he found that the number is astronomically



large. I mean literally so: there are more possible conformations than there
are atoms in the universe. The chance that a folding chain will find its way
to the global minimum by randomly trying out the options is effectively
zero even if it can try, say, one new conformation every trillionth of a
second.

And yet proteins do fold correctly. Not only that, but if they are unfolded
—the technical term is denatured—by, say, warming them up so that the
chain gets too jiggly with heat to stay compact, many proteins will reliably
refold to the right shape when subsequently cooled. How does that happen?
It’s now thought that the real energy landscape of a protein is not like that in
fig. 4.4a, which is said to be “rough” (like sandpaper). Rather, it has a
funnel shape (fig. 4.4b): wide at the top and getting increasingly narrow the
lower in energy the chain gets. This shape channels the folding process
toward the right target. At the start, almost any fold lies within the wide
neck of the funnel. As folding proceeds and the protein finds its way to ever
more stable conformations, it gets channeled toward the native fold: the
range of conformations that the chain can explore gets ever more tightly
constrained.

This seems to bear out the assertion of South African Nobel laureate
biologist Sydney Brenner that “all you had to do was to specify the amino
acid sequence and the folding would look after itself.”3 If the native fold of
a protein is indeed wholly dictated by its amino acid sequence, it should be
possible in principle to figure out the former from the latter (or indeed,
perhaps from the respective gene sequence).

To be able to do that would be immensely useful. Rather than having to
use painstaking experimental methods such as protein crystallography (see
below) to deduce the structure, it could just be predicted on a computer for
any protein if we know the amino acid sequence of the chain. But although
prediction of structure from sequence must be possible in principle, we
haven’t been able to determine what the rules are. For many years, the best
we could do was to simulate protein folding on a computer: to make a
model of the unraveled protein chain in water, building into it all we know
about the forces between all the molecular components, and then run a
simulation to see how the chain folds. Such methods required a huge
amount of computer power, and even then the results weren’t generally very
reliable.



Fig. 4.4 The protein folding energy landscape. a: If the landscape were rugged, with many valleys
and peaks of similar height, it would take a very long time for an unfolded chain to find the deepest
valley by wandering at random. b: This search problem becomes solvable because the landscape is
not really so flat but is funnel-shaped, rapidly sequestering the search into the right neighborhood.

All that has now changed with the advent of the computational technique
called machine learning, which dispenses with trying to model the actual
physics of the process and instead just draws on existing knowledge of what
we see. In machine learning, an algorithm called a neural network is
“trained” using examples for which the answer is already known, until it
can reliably give the right answer for (similar) examples it has not seen
before, by generalizing what it has learned during the training process about
the correlations between an input and the correct corresponding output.
Training a machine-learning algorithm using all the protein structures so far
solved using crystallography should mean that it can become adept at
spotting which sequences tend to produce which types of folded motif.

In 2021, the team at DeepMind—an AI company owned by Google,
which had previously devised machine-learning programs that can beat the
best human players at games such as chess and Go—announced a protein-
folding algorithm called AlphaFold2, which could predict known structures
with impressive fidelity. In 2022 the AlphaFold team trained the algorithm
using a subset of the 170,000 or so known protein structures, and used it to
predict the structures of others from just their sequences. In many cases the
predictions were essentially as accurate as the structures determined from
experiments: 35 percent were deemed highly accurate, and another 45
percent good enough to serve as a reliable guide for many research



applications in biology. AlphaFold has made predictions for just about all
the proteins currently known to biological science, more than 200 million of
them, in species ranging from bacteria to plants and animals. “Essentially
you can think of it covering the entire protein universe,” said DeepMind’s
CEO Demis Hassabis. “We’re at the beginning of a new era of digital
biology.”

To be clear, AlphaFold does not so much solve the infamously difficult
protein-folding problem as sidestep it. The algorithm makes no predictions
about how a polypeptide chain folds, but simply predicts the end result
based on the sequence. All the same, the advance was hailed as a revolution
in studying protein structures; some compared it to the Human Genome
Project. What remains to be seen is whether, as some media headlines
proclaimed, it will transform drug discovery—or our fundamental
understanding of the role of proteins in how life works. As far as drug
design is concerned, the excitement stems from the fact that many drugs do
their job by binding to and disabling or otherwise modifying the activity of
an enzyme thought to be involved in a disease. To design a molecule that
will bind to and block the action of an enzyme, say, knowledge of the
protein structure is often a good guide: it can reveal the shape of the “hole”
(typically a cleft or cavity in the protein’s surface) that the drug molecule
must fit. However, a good drug also needs to have a large “binding affinity”
for the protein: a propensity to stick to it firmly. But you can’t deduce that
from the molecular structure alone. What’s more, even the “good” structure
predictions produced by AlphaFold might lack the fine details researchers
need to accurately predict or understand a protein’s function or binding
properties.

Besides, there’s much more to a drug than an ability to bind to its target
protein. It needs to have good pharmacological properties: the body has to
be able to absorb it and later clear it from the system, for instance. Most
drug candidates (around 85–90 percent of them) fail in the late stages of
clinical trials, typically either because they don’t work well enough—
perhaps they don’t have much effect on the body even if they hit their
designated target—or because they have nasty side effects. Knowing a
protein structure doesn’t help you to predict those potential snags either.
Considerations like these hint at the deeper problems associated with trying
to cure diseases by focusing on the properties and behaviors of single genes
or biomolecules. I explore such dilemmas in chapter 10.



Good predictions of hitherto unknown protein structures (without the
need for laborous experimental methods that can take years of work) may
nonetheless be very valuable for understanding the molecular pathways of
life in which these molecules participate. Here too, however, the key to a
protein’s role in the cell is not universally encoded in its structure. That idea
is another of the “givens” inherited from the early days of molecular
biology that needs updating. To understand why, we need to take a closer
look at what proteins really do, and how.

Structure and Function
For most of the twentieth century, the structure of biomolecules looked to
be the key that would unlock the secrets of life. This structure was studied
mostly using crystallography, devised in the early decades of the century to
probe the atomic-scale arrangement of crystals. Crystallography involves
bouncing X-rays off crystals and looking at the patterns formed by the
reflected rays, which can be captured on photographic film (or these days,
with sophisticated X-ray detectors). These so-called diffraction patterns are
created by interference between the wavy X-ray beams as they bounce off
different layers of regularly spaced atoms in the crystal. From mathematical
analysis of the diffraction pattern, it’s possible to work out the spacings
between the atomic layers—or, when analyzed in all three dimensions, the
positions of all the atoms.

The method was first used on familiar crystals such as salt (sodium
chloride) and diamond, where the atoms and ions are arranged into gigantic
lattices that repeat again and again. It will work too for molecules, if they
are stacked into orderly arrays—as with, for example, the H2O molecules in
crystalline water (that is, ice). Early pioneers of X-ray crystallography
realized that they could work out how atoms are arranged in protein
molecules if the molecules can be made to form crystals.

That’s much harder than working out the structures of simple, small
molecules like water. Protein molecules are huge and their structures are
extremely complicated, so the diffraction patterns are very hard to decode.
Today this decoding can be done with the aid of computers, but when
protein crystallography began in the 1930s there was no such assistance.



Yet by the time Rosalind Franklin and her coworkers were able to obtain the
diffraction patterns of crystalline DNA that helped Crick and Watson figure
out the molecule’s double-helical structure in 1953, others, such as the
British crystallographers Dorothy Hodgkin and John Kendrew, were already
starting to work out the broad shapes, if not yet the atomic details, of
relatively small and simple proteins such as insulin and hemoglobin.

Today X-ray crystallographic methods can handle enormous proteins,
and even complex multiprotein assemblies. It’s still the main route to
deducing protein structure, although the techniques have improved
tremendously (particularly thanks to sources of very intense X-ray beams).
There are around sixty-five thousand protein structures currently recorded
in the main international repository, the Protein Data Bank, and it’s
estimated that the total number of biological molecules whose structures are
known from these methods amount to more than a hundred and fifty
thousand.

Crystallography is not the only way of figuring out the structures of
complex molecules. A particularly useful new technique is called cryo-
electron microscopy (cryo-EM), which uses beams of electrons instead of
light to produce extremely detailed images of the molecules. Electron
microscopy has existed since the 1960s, and it can potentially resolve finer
details than a light microscope because the wavelength of electron beams—
these fundamental particles can, according to quantum physics, behave as if
they were wavy—is shorter than those of visible light. To a first
approximation, the size of objects a microscope can resolve is about the
same size as that of the wavelength of the illumination it shines on the
sample. Optical microscopes can’t give sharp images of objects smaller
than about a micrometer, much too big to show individual proteins, whereas
electron microscopes can create images with a resolution almost as fine as
individual atoms.4

In cryo-EM the sample is cooled to very low temperatures both to freeze
any molecular motion (which would blur the images) and to reduce the
damage that a high-energy electron beam wreaks on a delicate material such
as a biomolecule. The capabilities of cryo-EM have been steadily
improving, thanks in large part to the efforts of the three scientists who
were awarded the 2017 Nobel Prize in Chemistry for their work: Jacques
Dubochet, Joachim Frank, and Richard Henderson.



The prevailing view has long been that a protein’s structure dictates its
function. Typically an enzyme has only one job, and is shaped to be is
extremely good at it. Alcohol dehydrogenase, for example, plucks a
hydrogen atom from alcohol molecules. That’s it: it encounters an alcohol,
binds to it, pulls off a hydrogen atom, then releases the product molecule.
Lysozyme, a relatively simple enzyme that has become the archetype for
understanding protein function, is found in saliva and milk and helps
combat bacterial infection by snipping a molecule called a peptidoglycan in
bacterial cell walls. Enzymes are chemical specialists.

Some proteins become embedded in cell membranes rather than floating
as a dissolved, globular entity in the cell’s cytoplasmic fluid. These
membrane proteins typically have an anchoring unit in which the exposed
residues are hydrophobic, so that it is preferable for this segment to become
deeply embedded in the interior of the membrane, containing other
hydrophobic groups on the constituent fatty (lipid) molecules. A soluble
“head” sticks out of the membrane. These proteins too might be enzymes
that perform a job, such as binding a hormone molecule outside the cell
and, in response, transmitting a signal to other molecules on the inside of
the cell. ATP synthase is one such (fig. 4.5). The paradigm of the “protein
as molecular machine” metaphor, its head rotates, motor-like, as it does its
catalytic job of producing ATP molecules.

Other proteins are structural: they don’t function as enzymes but, rather,
as components of the cell’s fabric. These molecules don’t tend to fold up
into blobs, but instead intertwine or stick their chains to one another to
make fibrous structures. They are the constituents of hair, bone, claw, and
silk (fig. 4.6).

During the 1960s, thanks in particular to the work of molecular biologists
Walter Gilbert and Mark Ptashne, it became clear that some proteins act not
to catalyze reactions but to regulate genes. We saw earlier that the bacterial
protein Lac1 is one of these: it represses the genes that encode lactose-
digesting enzymes. We’ll look soon at how some regulatory proteins
function.

Many proteins acquire chemical modifications before they can do their
job. In other words, other enzymes stitch onto the folded chain chemical
groups that are not made from amino acids at all. Some of these added
groups contain metal ions such as iron, copper, or cobalt, which are good at



facilitating chemical reactions. The hemoglobin protein, for example, has at
its core a heme group in which an iron atom sits at the center of a ring made
from carbon and nitrogen atoms. The iron can form a chemical bond with
oxygen so that hemoglobin can ferry it around the bloodstream and bring it
to where it can be used to “burn” sugars and generate energy. Like many
proteins, hemoglobin does its job in an assembly in which it is stuck to
others—in this case, to three identical proteins. Another common chemical
addition to the polypeptide chain are sugar molecules, typically themselves
linked into short chains. Such sugar-decorated proteins are called
glycoproteins, and they are particularly important components of the
immune system, such as antibodies and the molecular determinants of blood
groups.



Fig. 4.5 ATP synthase is a membrane protein that catalyzes the formation of the “energy molecule”
ATP. The “stalk” sits embedded in in the cell membrane, while the protruding “head” does the
catalysis.

A belief that function follows from structure was implicit in François
Jacob’s claim in 1970 that “the aim of modern biology is to interpret the
properties of the organism by the structure of its constituent molecules” (my
italics). It’s hard to get more reductionist, even Platonic, than that: we don’t
even aim to interpret biology by what those constituents do, or when, or in
what order, but merely by their static form! It brings to mind Robert



Rosen’s aforementioned remark about “throw[ing] away the organization
and keep[ing] the underlying matter.”

Fig. 4.6 A representation of the network formed by the fibrous structural protein collagen, which is a
principal component of connective tissues such as cartilage, tendons, and skin. Image courtesy of
David Goodsell.

In this canonical view, an enzyme, with an amino acid sequence (and
thus a structure) encoded by a gene, acts like a robotic assembler that shifts
and rearranges the atoms of its substrate, making and breaking chemical
bonds with exquisite precision. But if we peer into a cell, we see a morass
of proteins and other molecules all crammed together in a jostling mess.
How, amid all this hubbub, does a protein find the right molecule to
transform? The usual answer is that the protein is perfectly shaped to
identify its substrate and to ignore everything else. Most enzymes have a
region called the active site—clefts or cavities in the surface—where the
substrate is bound while surrounding parts of the polypeptide chain perform



the chemical transformation. Crudely speaking, the enzyme is thought to
interact with the substrate like a lock into which only the right key fits. This
is known as molecular recognition, and it is thought to allow the flows of
matter, energy, and information in the cell to be orchestrated along well-
defined chains of molecular interaction.

Fig. 4.7 The hemoglobin protein has a so-called heme group in its core, containing an iron atom that
can bind oxygen molecules. The full hemoglobin assembly contains four distinct proteins, as two
closely related pairs. Note the alpha helices in these structures. Image courtesy of Richard Wheeler
(Zephyris) at the English-language Wikipedia.



While the crowded cell might look like a chaotic molecular dance club,
with all kinds of shady liaisons happening in the margins, we have taken
comfort in this idea that each protein knows exactly what it is supposed to
do and who it is supposed to meet, by virtue of its folded shape and its
consequent capacity for molecular recognition, and that it treats everyone
else as irrelevant.

Is that always the right story, though?

Connections
It has long been known that the ability of some proteins to transform their
substrate can be influenced by a third party: another molecule. The first
intimation of such a complication was the discovery in 1904 by Danish
physician Christian Bohr (father of the famous physicist Niels Bohr) that
the binding of oxygen by hemoglobin is affected by the presence of carbon
dioxide. In 1961 Monod and Jacob coined the word allostery (meaning
“other shape”) to refer to how a protein’s interaction with one molecule
(such binding partners are generally called ligands) can affect that with
another. For example, an enzyme that transforms ligand A might be inactive
until it binds ligand B, whereupon it becomes able to convert A to some
product P. This is generally thought to be due to a shape change in the
protein: the docking of B might, say, pull open an active site that then sets
to work to convert A to P (fig. 4.8).

Such processes can be viewed a little like the switches and logic gates of
conventional computation, with the protein’s ligands as the inputs and the
product(s) of the reaction as the output: IF (and only if) both A and B are
present, THEN product P is the result. The lac operon that Monod and
Jacob identified was a kind of gene switch, in which the action of the Lac1
repressor protein is turned on or off by binding a sugar molecule. Such
switching can happen allosterically between two proteins too: one might
bind to the other and influence its activity, thereby linking the chain of
chemical transformations in which they participate into interconnected
networks. For Monod, allostery was the “second secret of life.”

One of the most common examples of allosteric switching occurs in
protein enzymes called G-protein-coupled receptors (GPCRs), which sit



embedded in cell membranes and transmit a signal that arrives from outside
the cell into a response inside. They are involved in the action of hormones
—small molecules that come knocking on the outside of cells to initiate a
physiological response inside—as well as in smell (where the trigger is an
odorant molecule), light sensitivity (where the trigger is a photon of light),
and the action of neurotransmitter molecules at neural synapses.

Fig. 4.8 The common view of how allostery works in proteins. The binding of ligand B causes a
shape change in the protein that switches it to the active form capable of transforming A to P.

These proteins have a binding site on the side exposed outside the cell,
into which the signaling molecule, such as a hormone, can dock. This
induces some shape change that activates the protein on the side inside the
cell, making it capable of interacting with another protein attached to the
inner surface of the membrane, called a G protein. The G protein is thus
activated to switch on other proteins floating freely in the cell, beginning a
cascade of events by means of which the signal represented by the hormone
is passed along or “transduced” (fig. 4.9).

Typically, the GPCR pathway activates enzymes called protein kinases,
which turn on other enzymes by modifying them chemically. A protein
kinase takes a phosphate ion from the cell’s “energy molecule” ATP and
attaches it to another protein, most commonly one of two amino acids
(serine or threonine) in the polypeptide chain of its target. The target protein
is then said to be phosphorylated. Protein kinases are a fairly large family of
proteins. There are around five hundred of them in human cells, encoded by
around 2 percent of our protein-coding genes. And almost half of our
proteins are capable of being phosphorylated, some of them at several
different sites that might be accessed by different protein kinases. So this
isn’t just a matter of a phosphorylated protein being “on” or “off.” They can



be activated by degrees, and in a cooperative manner: some kinases might
only attach their phosphate to target proteins that already have other
phosphates attached. This means that such signal transduction pathways can
have a rather complex logic. What’s more, there are other enzymes called
phosphatases whose job is to chop a phosphate group back off another
protein. In this way, protein kinases and phosphatases can regulate the
activity of other enzymes in a cyclic fashion (fig. 4.10).

Fig. 4.9 Allostery in the action of a G-protein-coupled receptor, which generally initiates a cascade of
interactions involving enzymes called protein kinases. GDP and GTP are small molecules that are
interconverted by enzymes in these signaling processes.

The role of GPCRs in signal transduction was elucidated in the 1970s by
biochemists Alfred Gilman and Martin Rodbell, who won the 1994 Nobel
Prize in Physiology or Medicine for their work. Initially, GPCRs were
regarded as simple on-off switches, activated by an allosteric change in
conformation—a machine picture in which the protein molecule is like a
system of moving levers and camshafts. Push or pull here and a definite and
predictable change happens there. But molecules are not like that. Trying to
make a “machine” from a coiled-up polypeptide chain is a bit like trying to
make one from rubber: it is soft, deformable, and—at the molecular scale—
wobbling like crazy because of its own heat energy and the random impacts
with molecules of its watery solvent and with its neighbors. As biologist



Dennis Bray says, “any individual molecule is intrinsically capricious and
unreliable, dominated by thermal energy.”

Fig. 4.10 Phosphorylation of a protein by a kinase, and dephosphorylation by a phosphatase enzyme.
Here “P” is a phosphate group.

But there is another reason why many of our proteins are not machine-
like locks that fit specific keys—and why therefore the allosteric
interactions that create networks of interaction and control can’t be
understood in terms of precise, mechanical switching. This is that many of
them, or many parts of them, are in fact not structured at all.

Disorder
I call the above picture of protein structure and function “canonical”
because it was long regarded as the alpha and omega of proteins,
summarized in the rubric that “sequence dictates structure dictates
function.” The key to the way proteins work, in this view, lies in their
exquisite molecular architecture. But over the past two decades it has
become clear that this is only a partial picture: it applies to some proteins
(to some degree), but not at all to others. And it fails for some of those that



are most important for how our cells work and how our bodies and our
health are regulated at the molecular scale.

The popular view that science is the process of studying what the world
is like needs to be given an important qualification: science tends to be the
study of what we can study. Its focus is biased toward those aspects of the
world for which we have experimental and conceptual tools. The most
populous organisms on the planet—single-celled bacteria and archaea—
were not just unstudied but unknown until, in the late seventeenth century,
microscopes were developed with sufficient resolution to see them. Viruses,
being even smaller, weren’t discovered for a further two hundred years. So
for most of history, zoologists were, despite their zeal and diligence,
ignorant of most of the biosphere. It is no different today: it’s not just that
we are limited by our tools, but that this limitation skews our perception of
how the world, and how life, works.

Proteins can only be studied by crystallography if you can make crystals
from them. This is even now something of a black art: some
experimentalists have an aptitude for crystallizing proteins, much as some
gardeners have green fingers. But some proteins refuse to crystallize no
matter how skilled you are. That’s especially true of the proteins that do
their work partly embedded in cell membranes, which means that they have
an anchoring stalk that is not soluble in water. One of the great advantages
of cryo-EM is that it doesn’t require crystals, and so it is a boon for
characterizing these recalcitrant biomolecules. Even so, the vast majority of
protein structures obtained so far are for proteins that form crystals—which
is by no means all of them. Our portraits of proteins are not representative.

Because many proteins won’t form crystals, we only know the structures
of about 50 percent of the human proteome (that is, of the entire
complement of our proteins). The rest are a mystery, sometimes called the
“dark proteome.” Many of these have sequences that don’t look like those
of known proteins, so it’s hard to guess how they fold.5

Among the proteins that don’t yield to structural analysis are many that
simply don’t have well-defined folded shapes. Instead, parts of their
polypeptide chains are loose and floppy—“intrinsically disordered,” in the
jargon of the field (fig. 4.11). Intrinsically disordered proteins are not
strongly committed to a particular “shape”: in contrast to traditional
globular proteins where there is a uniquely stable folded shape into which



the collapsing chain is channeled by a wide “energy funnel” (fig. 4.4b),
their energy landscape is more randomly rugged (somewhat like fig. 4.4a),
with several competing conformations they may adopt.

This is a rather common phenomenon: one estimate puts the proportion
of disordered segments in the entire human proteome at 37–50 percent.
What’s more, disorder seems particularly prevalent in many of the most
important proteins in the molecular ecology of the cell. That seems to be a
characteristic of metazoan proteomes in particular: intrinsically disordered
proteins make up just 4 percent or so of many bacterial proteomes. This
difference is another clue that human cells don’t really work like bacterial
cells.

It is not possible for disordered proteins to engage with other molecules
with lock-and-key specificity. Many of them will bind to all manner of
other molecules, including other proteins—they might show some degree of
preference for a particular substrate, but not exclusively so. Often a binding
event itself gives such proteins a more orderly, folded form: they “fold on
binding” into a shape that is contingent on the partner. If, then, we
investigate the structure of the protein bound to a substrate, it looks as
ordered as any other. Yet that folded form will differ for different binding
partners. Other disordered proteins remain resolutely unstructured even
when they bind, latching on amoeba-like to form sprawling, fuzzy unions.



Fig. 4.11 Intrinsic disorder in proteins. Some proteins are almost wholly disordered and have no
single, stable structure (left). Some have significant regions of their folded chain that are disordered
(middle), combined with pockets of order such as alpha helices. In comparison, an ordered protein
typically has a single well-defined (albeit somewhat flexible) structure (right). Image adapted by the
author from Musselman and Kutateladze 2021.

This way of interacting seems like the antithesis of what is typically
taught in molecular biology: that proteins and other biomolecules like to
form highly specific, interlocking partnerships. The more we look, the more
it seems that this neat story about molecular recognition in the cell stems
from the fact that it is easy to tell and to intuit, and that our attention has
been drawn toward proteins that fit the story, than that it is the way life
actually works at this scale. Fuzziness and imprecision are not only
common; they are features of some of the most important molecular unions
in the cell. Many of the proteins that play central roles in orchestrating
molecular events in our cells seem explicitly shaped by evolution to be
promiscuous, binding several similar partners with more or less equal
avidity. This is not a mistake or shortcoming of evolution, but an intentional
feature.

That’s reflected in the way intrinsically disordered proteins seem to have
designated types of disorder—they’re not all the same kind of mess.
Biophysicist Rohit Pappu has identified four distinct classes of disorder,
ranging from chains that are more or less open and formless to structures
that are relatively compact, like loose blobs. These differences are reflected
in the amino acid sequence of the protein, and they are related to the



protein’s function. For example, compact globules seem to bind effectively
to DNA, the proximity of the different parts of the chain helping to create a
collectively strong interaction.

The disorder and promiscuous ligand binding of many human proteins
doesn’t just mean that the molecular mechanisms of our cells are a bit
messier and looser than was thought. It implies that the whole logic of how
information is transmitted around the cells needs rethinking. We’ll see in
the next chapter what form that reconsideration might take, but I will say
now that it’s not by coincidence that this shift in how we think about the
interactions between molecules has happened at the same time as we have
needed to alter our view of gene regulation and the roles of RNAs. For they
combine in a coherent picture of how cells really work: you could not have
one without the other.

The conformational flexibility conveyed by disorder underscores how
important changes in shape are for the way these molecules work. The very
notion of “protein structure” is perhaps better regarded as a set of
conformations, akin to the choreographed poses through which a dancer
continually moves. There’s no guarantee that the pose adopted in a crystal
structure is the one that matters most for its biochemical function(s). For
example, many enzymes have loops in the polypeptide chain that dangle
around or over their active sites, where they bind and transform their ligand
targets. The loops are highly flexible and can create different active-site
conformations with distinct properties and functions, such as affinity for
different ligands. This enables proteins to carry out more than one function
and can help to evolve new ones. Researchers have been able to alter the
functions of enzymes, giving them new roles, simply by altering the
motions of the loops and thereby fine-tuning the conformational landscape.

Meanwhile, far from hindering allostery, it seems likely that structural
disorder is a key enabler of it. Biochemists Vincent Hilser and Brad
Thompson have proposed that disorder is a better way to ensure that a
change in one part of a protein can be felt in another part, because it doesn’t
require precise “engineering” of a mechanism to couple them. Binding of a
ligand produces subtle shifts in the many different conformations to which a
disordered protein has access, and these collectively “spread the word.” The
floppiness makes such proteins not only able to bind several different
ligands but makes them intrinsically and broadly sensitive to what is



happening in different parts of the molecule so that the binding event can
have knock-on consequences. In this way, disordered proteins can become
versatile “connectors” between different chains of interaction that convey
signals in the cell, making them excellent hubs in the networks of molecular
interactions involved in signal transduction and regulation. Even though—
indeed, precisely because—intrinsically disordered proteins interact only
weakly and transiently with many other molecules, says Polish cancer
researcher Ewa Grzybowska, they enable cells to respond quickly to a
change in circumstances, giving access to a wide variety of possible routes
for transmitting and directing signals that are—and this is crucial!—not
preprogrammed into the system.

Disordered proteins are also versatile communicators in signaling
pathways because their loose shape can be readily altered by
phosphorylation. Phosphate groups are negatively charged and repel one
another, and so they can deliver a push at different positions in the floppy
protein to remodel it and give it different binding propensities. You might
say that the disorder makes a protein highly suggestible to finding new
shapes and functions.

Protein disorder is related to the fact that some proteins can adopt more
than one stable shape. For example, a compact enzyme called tau, which
helps to maintain the stability of neurons in the central nervous system, can
reconfigure itself into fibrous tangles that have been proposed as a trigger
for Alzheimer’s disease by causing the death of neurons in the brain. This
“misfolding” is reminiscent of that seen in proteins called prions that are
associated with other neurodegenerative diseases. Prion proteins (PrPs) can
produce a range of closely related brain disorders in humans and other
animals, including bovine spongiform encephalopathy (BSE) in cattle,
scrapie in sheep, and Creutzfeldt-Jakob disease (CJD) in humans. Again,
these conditions are thought to arise from the aggregation of the misfolded
protein into neurotoxic tangles.

Prions are all forms of a single protein, denoted PrPC and found in cell
membranes. It is actually a glycoprotein, and it has a large intrinsically
disordered region. The normal function of PrPC is, somewhat surprisingly,
still unknown, but a dizzying variety of roles have been proposed, from the
processing of copper in the body to managing stress responses, providing
neuronal insulation, and promoting neuronal excitability, cell



differentiation, proliferation, adhesion, shape control, immune function, and
more. Some researchers think that PrPC seems implicated in so many
functions because it is a connector that mediates crosstalk between a host of
signaling pathways: the classic role of the disordered protein.

The prion hypothesis, first proposed in the 1980s by the neurologist and
biochemist Stanley Prusiner, was at first widely derided because it credited
proteins with properties that no one had previously thought they possessed.6
Prusiner’s idea was that the misfolded prion protein could actually transmit
its aberrant form to “healthily” folded variants—in seeming violation of
Francis Crick’s Central Dogma that structural information cannot pass from
one protein to another. The fibrous tangles formed from the pathological
protein can then break up into fragments that “seed” the formation of
others. (It’s still not fully understood what the structure of these tangles is.)
That propensity can even be passed on when cells divide, inherited by the
daughter cells from the parent.

Because of PrPC’s ability to pass on its malfunction, prion diseases are
infectious and can even pass between species. This became apparent during
an outbreak of BSE (colloquially, mad cow disease) in the United Kingdom
during the 1990s. Despite assertions from politicians that British beef was
perfectly safe during the outbreak, 177 people died of CJD after eating
infected meat. The subsequent public inquiry led to a reconsideration of
how scientific knowledge feeds into policy decisions.

The misfolding pathology of PrPs is the price paid for the benefits of
disorder. Precisely because disordered proteins are good at mediating
molecular interactions, due to their ability to adapt and bind to many other
molecules, they have a tendency to stick to one another. Disordered proteins
can increase the complexity and versatility of our regulatory networks, but
at the cost of increased risk of toxic aggregates formed from misfolded
proteins. Many proteins found to be associated with diseases are highly
enriched in disordered regions, including especially those implicated in
other neurodegenerative conditions such as Parkinson’s and Huntington’s.
The p53 protein, a “hub” molecule linked to many cancers, is also partly
disordered and has as many as five hundred potential binding partners. In
part this might be what we’d expect if such proteins constitute hubs of
interaction networks, since these are the ones that could create the most
vulnerability to malfunction: if a hub doesn’t work, the network crashes.



In 2016 researchers at several US institutions claimed that they had found
nongenetic inheritance of traits in certain types of yeast, which seemed to
be passed on by intrinsically disordered proteins in a way that resembled
the inheritance of prion-related states in dividing cells. The proteins
concerned were typically transcription factors and proteins that bind to
RNA (see p. 169), which could induce particular phenotypic traits in the
cells that inherited them. It wasn’t clear exactly how the proteins got passed
on, but the researchers reported that their effects could be beneficial, raising
the possibility that such “protein-based inheritance” might be adaptive.
Maybe, they suggested, this could provide a way for genetically identical
cells in a population to acquire new phenotypes fast, so that they might find
new solutions to survival in stressful environments, such as ones lacking
water. In other words, intrinsically disordered proteins seem here to
represent a kind of emergency reservoir of organismal variation. Whether
it’s a strategy that could be used by multicellular organisms in which cells
have to perform highly specialized roles is another matter.

How Proteins Are Really Made
We saw earlier how the work of George Beadle and Edward Tatum in 1940
—the first clear demonstration that genes encode enzymes—led to the
hypothesis of “one gene, one enzyme.” This picture was complicated by the
discovery in the 1970s of “split genes” containing regions called introns
that are discarded after transcription (p. 111). The protein-coding mRNA
molecules are made by splicing together the retained portions (exons). Not
only did this seem a curiously messy and wasteful way to make a protein,
but the splicing of exons doesn’t always happen in the same way.

Rather, they may be shuffled so that they appear in a differing sequence
under different circumstances—for example, in distinct cell types. A given
gene may therefore encode more than one protein sequence. On average,
each human gene encodes about six different proteins (there are six variants
of the tau protein, for example). Some genes may generate many variants:
the protein troponin T, a key component of the contractile filaments of
muscles, has more than eighty alternatively spliced forms, and in rare cases



the alternatives can run into the hundreds (not all of which might be
functional).







Fig. 4.12 a: The spliceosome at work, cutting and pasting exons and introns in primary RNA
transcripts. “Small nuclear ribonucleoproteins,” snRNPs, are formed from small noncoding RNA
molecules and RNA-binding proteins that stick to them. b: The shape of the molecular complex
changes dramatically in the course of the splicing process. On the left is the structure of the yeast
spliceosome when it first binds an mRNA intron (a section to be removed), shown by the dotted
chain. On the right is the structure after the splicing reactions have occurred, with the intron loop still
attached. Images in b courtesy of David Goodsell.

The splicing of exons is carried out by an assembly of small nuclear (sn)
RNA molecules and proteins called the spliceosome (fig. 4.12). Some of the
proteins unite with snRNAs to make so-called small nuclear
ribonucleoproteins (snRNPs, pronounced “snurps”). Yet again, while it is



commonplace in molecular biology to speak of structures like this as
machinery, the spliceosome is like no machine we humans have made. It
has some essential parts, such as the RNA molecules, but some of the
proteins seem to be constantly changing—coming and going or rearranging
as the assembly does its job. This protean character is thought to reflect the
rich variety of tasks the spliceosome must carry out: too rigid and
prescribed a structure would not convey enough versatility. Not only must
the spliceosome do different jobs on the same gene transcript in different
tissues, but it might need to alter its activity quickly in response to some
new change in the cell environment—a new signal transmitted from the cell
surface, say. One family of proteins involved in metazoan splicing is called
the “SR proteins,” which have a domain that binds to RNA and a disordered
region containing just two types of amino acid (arginine and serine)
repeating again and again in a disorderly sequence. How SR proteins act
within the assembly can be changed by phosphorylation: other enzymes
can, you might say, reprogram them.

Much of the regulation of splicing—the choice, if you like, of how to
stitch exons back together—is accomplished by associations between RNA
and so-called RNA-binding proteins (RNABPs), which do what it says on
the can. These proteins constitute another whole network on top of that
which regulates gene activity itself, organizing the RNA transcripts in
different ways in different tissues. We currently estimate that there are
around 1,500–1,900 types of RNABPs in human cells—they are, in addition
to soluble globular proteins and membrane proteins, a third major group,
whose very existence was unforeseen until just a few years ago.

The rules of the RNABP network are hard to discern. Many of these
proteins show little selectivity about which RNAs they bind to: they are
rather promiscuous in finding their partners, partly because, yet again, they
contain many disordered regions. A few RNABPs seem, remarkably, to
have dual roles. As well as binding to RNA, they might act as regular
metabolic enzymes: as clear an indication as any that we can’t glibly assign
proteins fixed roles. The protein aconitase, which catalyzes a step in the
Krebs cycle of metabolic reactions, can switch to become an RNABP that
regulates iron intake in response to iron deficiency. Their intrinsic disorder
gives RNABPs this ability to moonlight.



Some RNABPs seem merely to congregate with RNAs into blobs called
ribonucleoprotein (RNP) granules, which form in cells in response to stress
and have a variety of functions in metabolism, memory, and development.
Stress granules like these can sequester proteins that are not needed during
a cell’s response to whatever is challenging it, but which might be required
immediately once the stress has passed, such as proteins involved in growth
and metabolism. The stress granules enable these functions to be put on
hold while the cell copes with the immediate crisis. The formation of RNP
granules is less a sort of Lego-like assembly process and more akin to the
separation of droplets of vinegar in oil as salad dressing separates—a
process called liquid-liquid phase separation, which we’ll see is a common
way for cells to congregate a variety of their components. Given the loose
and somewhat unspecific constitution of stress granules, you’ll not be
surprised to hear that many of the proteins involved in their formation are
disordered.

RNABPs are linked to various diseases, especially neurodegenerative
disorders such as amyotrophic lateral sclerosis (motor neuron or Lou
Gehrig’s disease) and myotonic dystrophy. One RNABP, called RBFOX2,
is a key regulator of alternative splicing in the nervous system, but—in a
demonstration of how RNABPs tend not to have definite and unique
functions but do jobs appropriate to their context—it also interacts with a
protein that regulates estrogen signaling, and can affect how mobile and
invasive cells are in tissues, accounting for why mutations of RBFOX2 are
implicated in some ovarian cancers. Because of their roles in disease, some
RNABPs are being explored for therapies. The awkwardly named
APOBEC3F is one such: it’s thought to be involved in mRNA editing, and
has been shown able to inhibit replication of the AIDS virus HIV.

Around 90 percent of our genes give rise to more than one mRNA by
alternative splicing. It is particularly common in the brain, for reasons not
fully understood. Proteins called neurexins, which control the adhesion
between cells and are an essential component of the formation of synapses
(the junctions of neurons), are alternatively spliced into vast numbers of
different forms. A gene called Dscam1 encodes a protein that enables
neurons to recognize each other so that they can avoid fusing amid the
tangle of long filamentary axons (the extended strand-like parts of nerve
cells that carry their electrical signals like wires).7 It’s thought that various
“isoforms” of the Dscam1 protein are produced at random by alternative



splicing, and that they act as arbitrary cell-surface labels that distinguish
one axon from another. In the fruit fly, almost twenty thousand different
alternatively spliced variants of the Dscam1 protein have been observed—
all from a single gene. (It’s not clear how many of them actually have a
biological function, though.)

It is in this way that, from around twenty thousand genes, our cells can
make between eighty thousand and four hundred thousand different
proteins. That the number is still so uncertain testifies to how much we still
don’t understand about the human proteome. Alternative splicing and
polyadenylation (p. 121) of mRNA shows that there is at least as much
regulation going on after transcription of a gene has begun—that is, en
route from RNA to protein—as there is before transcription happens, when
it may be turned up or down with the involvement of regulatory sites on
DNA itself.

Alternatively spliced proteins are essential components of our molecular
toolkit, being mainly involved in the processes most central to the operation
of complex organisms: signaling, cell communication, and regulation of
development. Thanks to regulatory mechanisms, splicing is tissue-specific.
The different cell types don’t just have a different repertoire of genes turned
on and off, but a different array of proteins made from them. It’s no
surprise, then, to find that alternative splicing is common in multicellular
eukaryotes with many tissue types, but much less so in single-celled
eukaryotes (let alone prokaryotes).

Modules
The idea that a protein’s structure is encoded in the sequence of its
respective gene is, then, misleading in organisms like us with abundant
alternative splicing. Gene sequences do not typically encode a specific
protein with a specific shape. Instead, they are resources for making
families of proteins.

But why do this at all? It’s often said that one of the benefits of
alternative splicing is that you get many proteins for the (genetic) price of
one. What is less often discussed is how that could possibly be a bonus, if
proteins only work because their structure is delicately sculpted to fit their



function. What could be gained by taking those parts and reshuffling them?
You might be able to find a different way of assembling the gears of a Swiss
watch, but it’s unlikely then to be capable of telling the time. No, alternative
splicing is only likely to be of much use when what a protein does is not
ultrasensitive to its overall shape. It’s no surprise, then, that alternative
splicing seems to go hand in hand with disorder in proteins. One study
found that around 80 percent of proteins that are alternatively spliced are
partially or fully disordered. And as we’ve seen, the proteins that regulate
splicing tend to have a lot of disorder too.

The reason reshuffling produces proteins that are still capable of doing
something useful is that most of their parts, sometimes encoded in
individual mRNA exons, are really modules, independently able to fold and
to confer some kind of function. These modular units are called domains,
and each is rather like a mini-protein in its own right, typically between 50
and 250 amino acids in length. In fact it’s more than a likeness: many of the
domains found in the predominantly multidomain proteins of metazoans
have analogues amid the single-domain proteins of bacteria. It looks rather
as though, as life became multicellular and complex, evolution did not so
much find new proteins from scratch as assemble existing ones into
composites with new functions.

Multidomain proteins comprise around 80 percent of our proteome. But
you might not guess that from perusing the Protein Data Bank, the
international depository of known protein structures. Why? Because two-
thirds of the structures in the Data Bank are single-domain—more like
bacterial proteins. Again, why? Because that’s the kind of structure that the
techniques of X-ray crystallography are best suited to solving. As I said: we
don’t study what is there, we study what we can study.

Compiling proteins in a modular manner via exons and alternative
splicing creates lots of opportunity for generating new versions, which
natural selection can sift to find ones that are useful. “Inventing” a new
protein from scratch is enormously challenging, given the astronomical
number of ways of permuting twenty amino acids in long chains and the
likelihood that most will produce molecular gibberish. One of the key
principles of evolution is: if you find a good solution, reuse it! If a primitive
protein folds reliably and stably into a structure with a valuable biochemical



function, it makes much more sense for evolution to keep that in its toolkit
and tinker with it, rather than trying to build anew.

Such tinkering seems often to have transformed a domain’s amino acid
sequence considerably, yet without significantly changing the domain
structure itself. Alternatively, quite different protein sequences may have
found their way to the same domain structure independently, precisely
because it has proved stable and useful. One study found that more than a
quarter of all the distinctive domain structures in multidomain proteins
seem to have emerged independently several times during the course of
evolution. One common motif is called a beta-barrel, and consists of chain
segments that sit in parallel, linked by hydrogen bonds, as they twist around
a central axis, reminiscent of a woven basket or the insulation of a coaxial
cable (fig. 4.13). Beta-barrels appear in a variety of proteins, such as porins
that provide channels for ions and small molecules to cross cell membranes.
The beta-barrel structure is found in different proteins that have almost no
sequence similarity.

Multidomain proteins can satisfy several requirements at once, with each
domain fulfilling a part of the role. For example, we saw that membrane
proteins typically have a stalk that implants in the membrane, attached to
some water-soluble part that sticks out and catalyzes a chemical process. In
general the chain segments that link domains together are disordered,
because it really doesn’t much matter what their structure is so long as it
doesn’t fold into some rigid form that will constrain how the domains may
pack and interact.



Fig. 4.13 The beta barrel—a common structural motif in modular proteins. Image courtesy of GFDL.

In this view, the evolution of metazoan proteins is not so much a slow
affair of letting random genetic mutations change one amino acid for
another and seeing what effect it produces. Rather, it constitutes a
reshuffling of already functional modules to produce multidomain
molecules with new potential—a strategy much more likely to yield
successful results. Segmenting a gene into exons can facilitate that
exploration, especially if each exon corresponds to a single domain (though
the extent to which this is so is still debated). In other words, the “unit” of
molecular evolution here is not really the base pair of DNA or the amino



acid of a protein, or the gene itself, but appears at a scale intermediate
between the two: the module of a domain. It seems that this shuffling, rather
than the slow mutation of primary base sequences, is what has driven the
evolution of animals. “The emergence of animals, and even more so, the
emergence of vertebrates, have been associated with the appearance of
novel domain combinations,” wrote Japanese bioinformatics expert Masumi
Itoh and colleagues in 2012.

This permutation of domains seems to have produced the kinds of
proteins needed to orchestrate the cell behaviors characteristic of
multicellular life: a capacity to stick together, to communicate with one
another, and to differentiate into specialized forms. We’ll see later how each
of these capabilities contributes to the special features of large animals like
us. Studies of single-celled eukaryotic organisms belonging to the group
known as Holozoa, which included some of the closest relatives of
multicelled animals, have shown that many of the changes to genes that
seemingly happened during the transition toward multicellular behavior
involve a reshuffling of protein domains in preexisting families of genes. As
François Jacob said in 1977, evolution is a tinkerer, and “none of the
materials at the tinkerer’s disposal has a precise and definite function. Each
can be used in a number of different ways.” Thus, Jacob explained,
“novelties come from previously unseen association of old material. To
create is to recombine.” That is as true for proteins as it is for the cell’s
molecular networks, and for cells themselves. To ramp up the level of
complexity, nature rarely has much need to build from scratch.

It’s something of a puzzle, though, why that old material already has such
combinatorial potential within it: why it is imbued with possibilities far
beyond the immediate requirements. It seems as though, once you have the
basic ingredients of living matter, all things are possible. I don’t think we
are surprised enough by that.

The fact that the ingredients do have this character, though—in particular,
that many proteins are modular, loosely shaped, and capable of
promiscuous interactions—may be what makes the emergence and
evolution of complex organisms tenable at all. The forging of new protein
unions by shuffling domains seems to run counter to the common view that
proteins have been optimized by natural selection to bind selectively and
securely to a single designated partner. But if the latter were always the



case, it is hard to see how evolution could happen at the level of networks
of protein interaction—for new unions couldn’t then be forged except in the
highly unlikely event that the two partners, previously strangers, just
happen to be perfectly attuned to one another. Rather than new connections
in the network being instantly selective and strong, they seem destined to
start out promiscuous and weak.

In fact, proteins typically engage in such weak associations all the time.
When two proteins have a well-defined partnership role—binding
selectively to transmit some signal, say—we’d expect to find them at
similar concentrations in the same place in a cell. But it turns out that many
associations between proteins happen where there is a great disparity—
perhaps one hundred to one—in their relative amounts. In such cases, it’s
likely that the associations are random and carry no “meaning” for the cell;
if they are disrupted, there are no adverse consequences. They happen
because sticking together is in the very nature of proteins. But this doesn’t
mean that such weak and highly disproportionate protein interactions are
wholly inconsequential. Rather, some researchers suspect that this is indeed
how evolutionary innovations happen: by chance encounters that have
enough of an influence for natural selection to notice and improve on them.
California-based cell biologist Manuel Leonetti and his coworkers have
suggested that the network of interactions between proteins might include a
domain dubbed the “evolvosome”: a kind of hub for forging new protein
matches that might by happy accident become useful to the cell. Just as
disorder in protein structure creates flexibility for what a protein can do
individually, so random associations in the evolvosome might open up fresh
possibilities for what proteins can do collectively.

Much of this “exploration” of new forms and combinations seems to
have happened among proteins that act as transcription factors (TFs), that
is, that regulate transcription of DNA to RNA. New unions of TFs may
create interactions between the different parts of gene networks that they
regulate. Genes encoding TFs account for more than 10 percent of our
genome: about three thousand are known. Beyond saying that they modify
the expression of genes, it is hard to make any general statement about how
they do their job. Some latch on to specific DNA sequences; others are
more relaxed about which bits of DNA they attach to, raising the question
of how they help to create a selective response in gene expression at all.
One TF, called the TATA-box binding protein (TBP), sticks to a common



unit containing the sequence TATA in the promoter region of various
eukaryotic genes. The binding of TBP to a gene promoter is one of the first
steps in getting transcription started. It seems somehow to help the main
RNA-making enzyme (RNA polymerase II) attach to the DNA and begin its
work. But TBP interacts with various other transcription factors and other
proteins, so there seems to be a diverse work force involved in getting
transcription underway. It’s by no means clear that the personnel in this
team always have to be the same, or that they are particularly choosy about
their coworkers. The molecular mechanism of regulation may be
surprisingly loose and seemingly messy, and there is probably a good
reason why it works that way.

Scaffolds
One of the most important roles of metazoan proteins is thus not to catalyze
some specific reaction in the manner of an enzyme but to mediate between
the molecular information-bearing pathways of our cells, creating crosstalk
and forging new links. How, though, are those connections to be reliably
made amid the biochemical throng of the cell, when each contains an
estimated one billion protein molecules? One way is to simply gather the
respective proteins together in the same part of space: to convene a physical
meeting of sorts. There is a class of proteins called scaffold proteins (SPs)
whose job it is to do this.

Traditionally, SPs have been envisaged as molecules with docking
positions for several other proteins: matchmakers, pure and simple. The
idea is then that the docking of one of the SP’s target molecules will induce
some allosteric change that conveys a signal to another of its bound targets,
such that the two targets don’t need to interact directly. Textbooks like to
show images of SPs with cavities designed to fit the targets in lock-and-key
fashion (fig. 4.14). But—and I suspect you might not now be surprised to
hear this—it’s not a good picture of how SPs generally work. Rather, many
have a lot of intrinsic disorder. And of course they would! In a sense, the
whole point of SPs is that they are good at forging new links between
signaling pathways, opening up new developmental possibilities. They are



not tailor-made, but good at improvising, often by a reshuffling of the
binding domains they possess.

By sequestering certain proteins, SPs can also act to insulate pathways
from interfering crosstalk. At cell surfaces, they help to mediate
communications between as well as within cells. A SP called cortactin, for
example, acts as a kind of bridge between one cell and another, and can be
switched on and off by changing its state of phosphorylation. In addition to
providing switches for turning some signal or property on or off, SPs can
also tweak intensity up or down, the dial being turned by the binding of
other targets (see box 4.1).



Fig. 4.14 The common textbook view of a scaffold protein shows it as having binding sites shaped
for particular targets, allowing it to be a sort of circuit board on which signals can travel between the
bound molecules (often kinases). But scaffold proteins are rarely so sculpted and selective in their
interactions.

Tellingly, molecular biologists often refer to the action of hub molecules
like scaffold proteins as “recruitment.” They might say that an SP “recruits”
its targets, as though sending out a call that brings the other molecules
running. Once again, this agential language papers over a gap in
understanding, for SPs have no such ability to broadcast a summons to
surrounding molecules. What’s more, SPs have often been likened to “plug-
and-play” circuit boards: you plug in the right components, and out comes



the signal you want. But once again, molecules don’t work this way. They
are a noisy, random bunch, and what’s more, the unions they form rarely
last long before coming apart again. A moment’s thought will show that the
idea of a SP having to find and hold onto maybe three or four targets at the
same time in order to do its job makes no sense. And indeed, such well-
ordered assemblies, with all the partners present and correct, have never
really been seen. The fact is, we simply don’t know how SPs really work in
the noisy, uncertain, and dynamic environment of the cell. But we will see
in the next chapter how such molecular networking has evolved not to be
too pedantic or choosy about who is partnered with whom—and how, even
without such precision, our cells can still muster reliable and predictable
behaviors.

The End of Order
The importance of disorder in our proteins was barely recognized before the
mid-1990s. Biochemist Sarah Bondos and her colleagues said in 2021 that
even now, because there is still little recognition in basic biochemistry and
cell biology teaching of how widespread and significant disorder is in the
shapes of proteins, many molecular and cell biologists are probably
unaware of it. Yet, they added, it is simply not possible to fully understand
how signals get passed around the cell without taking this disorder into
account.

It’s ironic, really, that just at a time when experimental and computational
tools for deducing the structure of proteins have acquired a new
sophistication that overcomes many of the limitations of traditional methods
(such as the need for large protein crystals), we are starting to realize that
protein structure is not as central to protein function as we once thought—
and in particular, that many of the proteins whose regulatory roles truly
distinguish us and other complex animals from simpler forms of life rely on
their dynamism and disorder. “In the past few decades,” say Ewa Anna
Grzybowska and her colleagues,

we have observed an important paradigm shift—from the static image,
in which only well-folded proteins with defined domains were able to



interact and function—to a dynamic, far more complex picture, where
conformational plasticity [an ability to change shape] is required for
full functionality. . . . Intrinsic disorder is crucial for this plasticity.

This shift is not just in our picture of what proteins are like; it goes to the
heart of how life works. As we saw, the fundamental narrative linking genes
with proteins in the early days of molecular genetics held that gene
sequences program function into the proteins they encode, and do so by
specifying a particular molecular structure and shape. The important
information is then imprinted in the protein, and all it needs to do is find the
partner it is “designed” for and do its job in a precise, machine-like way.

Some proteins, such as enzymes, do something much like that. But
alternative splicing, the way it is regulated, and the role of disorder in
enabling promiscuous protein networking, together mean that the
information processing of the cell—if we can, with caution, use that loose
computational analogy—doesn’t have the architecture we thought it does
(see box 4.2). What a protein means for its host cell is mutable with the
state of the whole cell, and is thus literally absent from the sequence of the
gene encoding it.

In fact, the viability of the metazoan cell depends on leaving this
“meaning” open, so that it can be determined contingently and not
predetermined absolutely. There is a loose analogy with the way the
computational architectures known as neural networks operate. These are
the systems used for machine-learning algorithms such as AlphaFold, and
they consist of interconnected “nodes” at which several input signals from
other nodes are integrated into a single output. None of the nodes’ functions
are specified in advance by the programmer. Rather, they are acquired by
“training” the network to give the right output to many data sets: to
correctly identify pictures of cats, say, in digital images containing them. It
is often very hard to say what the “function” of any given node in the
network is after the system has been suitably trained. But it is certainly
meaningless to ask what its function is before training; its role is established
only through “experience.” If the set of training data is different—dogs, not
cats, say—then the way each node performs will be different.

The analogy is far from perfect, not least because proteins don’t need to
be “trained” to acquire their roles: cells could hardly survive if they did.8



But those roles arise from a complex interplay of the “information” they
possess by virtue of the genetic sequence from which they were derived, the
processing that takes place during transcription of their mRNA (such as
exon splicing), any post-translational chemical modifications, and the way
they interact with other proteins and molecules in their vicinity, facilitated
by the versatility that disorder supplies. You might say that the proteins
have to wait to be told what to do. In this way, the states and operations of
the cell are selected through a combination of prescribed “bottom-up”
information along with inputs both within the cell and outside it. (And we
mustn’t forget too that even the “bottom-up” information from genes gets
regulated epigenetically from the top down.) In other words, the
information ecosystem within which proteins operate is not that of a closed
genetic blueprint, but is open. It makes no sense to suppose that any given
level of this complex system is more “in control” than any other. We must
think about how all this works in a different fashion.

Box 4.1: Scaffold Proteins in Disease

SPs are particularly apt to bind those ubiquitous signaling agents called
protein kinases. One such kinase, which has a variety of roles in
metabolism, has the uninspired name of protein kinase A (PKA); it was
discovered in 1968 by the biochemists Edmond Fischer and Edwin
Krebs, who won the 1992 Nobel Prize for their work. There are various
forms of PKA—they constitute a family—and they can be bound by SPs
called AKAPs (A-kinase anchoring proteins), which have a common
binding motif for latching onto PKAs along with a variety of other
domains for seizing proteins in other pathways. SPs like the AKAPs are
important for orchestrating metabolism and have been implicated in
metabolic diseases such as obesity and type 2 diabetes—which is why
the work of Fischer and Krebs had such important implications.

The ability of SPs to rewire pathways makes them a double-edged
sword, though. The AIDS virus HIV, for example, produces a SP that can
interfere with a defensive strategy in the host, namely, the production of
an enzyme that can disable viral replication. The viral SP is a counter-
ploy to the host’s attempt to inhibit the virus.



Box 4.2: Revisiting the Central Dogma

As (re)stated in 1970, Francis Crick’s Central Dogma says that the
information encoded in the sequences of DNA and RNA can be
transferred to the sequences of proteins, but once there it cannot “get
back out again”: that is, it can’t find its way back into a nucleic acid, nor
can it be transferred from one protein to another. And indeed there is no
way we know of for a protein to systematically alter the sequence of
DNA.

By calling this idea the “Central Dogma,” Crick was inadvertently
(perhaps) laying down the gauntlet. For dogmas are antithetical to
science, where it is imperative that you be ready to change your mind.
That is not what Crick intended, for he regarded “religious dogma” as a
belief lacking in direct experimental support.9 And because he
considered his hypothesis about information flow in biology to be also at
that stage not firmly founded on experimental evidence, he felt the same
term should apply. It was Jacques Monod who pointed out to him later
that a dogma implies a belief that “cannot be doubted.”

Be that as it may, many scientists have sought to pick a hole in the
Central Dogma, often by looking for examples where information seems
to flow in the other direction. Unfortunately for them, they are often
talking more about the debased version of the Dogma adduced by Crick’s
collaborator James Watson, who was far less intellectually careful (and
not just here). Watson said that information went in a strictly two-step,
one-directional flow from DNA to RNA to proteins. That is certainly no
longer seen as true.

As a bare-bones description of how protein structures are encoded in
DNA sequences via the genetic code, the Central Dogma still serves its
purpose today. The problem is that it is seen—and was surely intended
by Crick (for why else would it be “central”?)—as much more than that.
It is regarded as an account of how information is stored and transferred
in biology as a whole. The narrative it tells is that of DNA as the
repository of the cell’s information, and proteins as the readout. And that,
I fear, is (in physicist Wolfgang Pauli’s mordant phrase) not even wrong.



For as we have seen, the genome—the sequence of DNA—does not
by any means contain all the information for making the cell or the
organism. It is not even clear what “all the information” means, but at
any rate the structure of RNA and proteins is not uniquely determined by
the sequence of the DNA that in some sense encodes them; rather, these
structures are often decided in a kind of whole-cell collaboration, which
itself is influenced by signals from neighboring cells. So the Central
Dogma no more describes the “information ecosystem” of life than my
own informational resources start and end on my bookshelves.

The real point, as is so often the case with arguments in science (and
beyond), is not who is right or wrong but what their positions say about
their underlying values and assumptions. Watson probably did not
misstate the Central Dogma because he didn’t understand molecular
biology; rather, for him rigor mattered less than rhetoric. A one-
dimensional information flow starting with DNA reinforced the message
that, as he saw it, all the information in biology stems from the genes. As
Evelyn Fox Keller says, the real message of the Central Dogma was that
it “promised a linear structure of causal influence” in biology. If it is
wrong, that is where it errs.
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