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AUTHORS" NOTE

NA: The Secret of Life was conceived over dinner in 1999. Under dis-

cussion was how best to mark the fiftieth anniversary of the discovery

the double helix. Publisher Neil Patterson joined one of us, James D.
Watson, in dreaming up a multifaceted venture including this book, a television
series, and additional more avowedly educational projects. Neil's presence was
no accident: he published JDW's first book, The Molecular Biology of the Gene,
in 1965, and ever since has lurked genielike behind JDW's writing projects.
Doron Weber at the Alfred P. Sloan Foundation then secured seed money to
ensure that the idea would turn into something more concrete. Andrew Berry
was recruited in 2000 to hammer out a detailed outline for the TV series and
has since become a regular commuter between his base in Cambridge, Massa-
chusetts, and JDW's at Cold Spring Harbor Laboratory on the north coast of
Long Island, close to New York City.

From the start, our goal was to go beyond merely recounting the events of the
past fifty years. DNA has moved from being an esoteric molecule only of inter-
est to a handful of specialists to being the heart of a technology that is trans-
forming many aspects of the way we al live. With that transformation has come
a host of difficult questions about its impact—practical, social, and ethical.
Taking the fiftieth anniversary as an opportunity to pause and take stock of
where we are, we give an unabashedly personal view both of the history and of
the issues. Moreover, it is JDW's personal view and is accordingly written in the
first-person singular. The double helix was already ten years old when DNA was
working its in utero magic on a fetal AB.
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Authors  Note

We have tried to write for a general audience, intending that someone with
zero biological knowledge should be able to understand the book's every word.
Every technical term is explained when first introduced. Should you need to
refresh your memory about a term when you come across one of its later
appearances, you can refer to the index, where such words are printed in bold to
make locating them easy; a number aso in bold will take you to the page on
which the term is defined. We have inevitably skimped on many of the tech-
nical details and recommend that readers interested in learning more go to
DNAi.org, the Web site of the multimedia companion project, DNA Interac-
tive, aimed at high-schoolers and entry-level college students. Here you will
find animations explaining basic processes and an extensive archive of inter-
views with the scientists involved. In addition, the Further Reading section lists
books relevant to each chapter. Where possible we have avoided the technical
literature, but the titles listed nevertheless provide a more in-depth exploration
of particular topics than we supply

We thank the many people who contributed generously to this project in one
way or another in the acknowledgments at the back of the book. Four individu-
als, however, deserve special mention. George Andreou, our preternaturally
patient editor at Knopf, wrote much more of this book—the good bits—than
either of us would ever let on. Kiryn Hasfinger, our superbly efficient assistant
at Cold Spring Harbor Lab, cajoled, bullied, edited, researched, nit-picked,
mediated, wrote—all in approximately equal measure. The book simply would
not have happened without her. Jan Witkowski, also of Cold Spring Harbor
Lab, did a marvelous job of pulling together chapters 10, 11, and 12 in record
time and provided indispensable guidance throughout the project. Maureen
Bergjka, JDWs assistant, rendered sterling service as usual in her capacity as
the sole inhabitant of Planet Earth capable of interpreting JDWs handwriting.

James D. Watson
Cold Spring Harbor, New York

Andrew Berry
Cambridge, Massachusetts
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INTRODUCTION

THE SECRET OF LIFE

s was normal for a Saturday morning, | got to work at Cambridge Uni-

versity's Cavendish Laboratory earlier than Franeis Crick on February

28, 1953. | had good reason for being up early. | knew that we were
close—though | had no ideajust how close—to figuring out the structure of a
then little-known molecule called deoxyribonucleic acid: DNA. This was not
any old molecule: DNA, as Crick and | appreciated, holds the very key to the
nature of living things. It stores the hereditary information that is passed on
from one generation to the next, and it orchestrates the incredibly complex
world of the cell. Figuring out its 3-D structure—the molecule's architecture—
would, we hoped, provide a glimpse of what Crick referred to only half-jokingly
as "the secret of life."

We already knew that DNA molecules consist of multiple copies of a single
basic unit, the nucleotide, which comes in four forms: adenine (A), thymine
(T), guanine (G), and cytosine (C). | had spent the previous afternoon making
cardboard cutouts of these various components, and now, undisturbed on a
quiet Saturday morning, | could shuffle around the pieces of the 3-D jigsaw
puzzle. How did they all fit together? Soon | realized that a simple pairing
scheme worked exquisitely well: A fitted neatly with T, and G with C. Was this
it? Did the molecule consist of two chains linked together by A-T and G-C
pairs? It was so simple, so elegant, that it ailmost had to be right. But | had made
mistakes in the past, and before | could get too excited, my pairing scheme
would have to survive the scrutiny of Crick's critical eye. It was an anxious wait.

Xi



Introduction

But | need not have worried: Crick realized straightaway that my pairing idea
implied a double-helix structure with the two molecular chains running in
opposite directions. Everything known about DNA and its properties—the
facts we had been wrestling with as we tried to solve the problem—made sense
in light of those gentle complementary twists. Most important, the way the mol-
ecule was organized immediately suggested solutions to two of biology's oldest
mysteries: how hereditary information is stored, and how it is replicated.
Despite this, Crick's brag in the Eagle, the pub where we habitually ate lunch,
that we had indeed discovered that "secret of life," struck me as somewhat
immodest, especially in England, where understatement is a way of life.

Crick, however, was right. Our discovery put an end to a debate as old as the
human species: Does life have some magical, mystical essence, or is it, like any
chemical reaction carried out in a science class, the product of normal physical
and chemical processes? Is there something divine at the heart of a cell that
brings it to life? The double helix answered that question with a definitive No.

Charles Darwin's theory of evolution, which showed how al of life is interre-
lated, was a major advance in our understanding of the world in materialistic—
physicochemical—terms. The breakthroughs of biologists Theodor Schwann
and Louis Pasteur during the second half of the nineteenth century were also
an important step forward. Rotting meat did not spontaneously yield maggots;
rather, familiar biological agents and processes were responsible—in this case
egg-laying flies. The idea of spontaneous generation had been discredited.

Despite these advances, various forms of vitalism—the belief that physico-
chemical processes cannot explain life and its processes—lingered on. Many
biologists, reluctant to accept natural selection as the sole determinant of the
fate of evolutionary lineages, invoked a poorly defined overseeing spiritual force
to account for adaptation. Physicists, accustomed to dealing with a simple,
pared-down world—a few particles, a few forces—found the messy complexity
of biology bewildering. Maybe, they suggested, the processes at the heart of the
cell, the ones governing the basics of life, go beyond the familiar laws of physics
and chemistry.

That is why the double helix was so important. It brought the Enlighten-
ment's revolution in materialistic thinking into the cell. The intellectual journey
that had begun with Copernicus displacing humans from the center of the uni-
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verse and continued with Darwin's insistence that humans are merely modified
monkeys had finally focused in on the very essence of life. And there was noth-
ing special about it. The double helix is an elegant structure, but its message is
downright prosaic: life is simply a matter of chemistry.

Crick and | were quick to grasp the intellectual significance of our discovery,
but there was no way we could have foreseen the explosive impact of the dou-
ble helix on science and society. Contained in the molecule's graceful curves
was the key to molecular biology, a new science whose progress over the subse-
quent fifty years has been astounding. Not only has it yielded a stunning array of
insights into fundamental biological processes, but it is now having an ever
more profound impact on medicine, on agriculture, and on the law. DNA is no
longer a matter of interest only to white-coated scientists in obscure university
laboratories; it affects us all.

By the mid-sixties, we had worked out the basic mechanics of the cell, and
we knew how, via the "genetic code,” the four-letter alphabet of DNA sequence
is translated into the twenty-letter alphabet of the proteins. The next explosive
spurt in the new science's growth came in the 1970s with the introduction of
techniques for manipulating DNA and reading its sequence of base pairs. We
were no longer condemned to watch nature from the sidelines but could actu-
aly tinker with the DNA of living organisms, and we could actually read life's
basic script. Extraordinary new scientific vistas opened up: we would at last
come to grips with genetic diseases from cystic fibrosis to cancer; we would rev-
olutionize criminal justice through genetic fingerprinting methods; we would
profoundly revise ideas about human origins—about who we are and where we
came from—by using DNA-bascd approaches to prehistory; and we would
improve agriculturally important species with an effectiveness we had previ-
ously only dreamed of.

But the climax of the first fifty years of the DNA revolution came on Monday,
June 26, 2000, with the announcement by U.S. president Bill Clinton of the
completion of the rough draft sequence of the human genome: "Today, we are
learning the language in which God created life. With this profound new
knowledge, humankind is on the verge of gaining immense, new power to heal."
The genome project was a coming-of-age for molecular biology: it had become
"big science," with big money and big results. Not only was it an extraordinary
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technological achievement—the amount of information mined from the human
complement of twenty-three pairs of chromosomes is staggering—but it was
also a landmark in terms of our idea of what it is to be human. It is our DNA
that distinguishes us from all other species, and that makes us the creative,
conscious, dominant, destructive creatures that we arc. And here, in its entirety,
was that set of DNA—the human instruction book.

DNA has come a long way from that Saturday morning in Cambridge. How-
ever, it is also clear that the science of molecular biology—what DNA can do
for us—still has a long way to go. Cancer till has to be cured; effective gene
therapies for genetic diseases till have to be developed; genetic engineering
still has to realize its phenomenal potential for improving our food. But al these
things will come. The first fifty years of the DNA revolution witnessed a great
deal of remarkable scientific progress as well as the initial application of that
progress to human problems. The future will see many more scientific
advances, but increasingly the focus will be on DNA's ever greater impact on
the way we live.



CHAPTER ONE

BEGINNINGS OF GENETICS:
FROM MENDEL TO HITLER

y mother, Bonnie Jean, believed in genes. She was proud of her
father's Scottish origins, and saw in him the traditional Scottish
virtues of honesty, hard work, and thriftiness. She, too, possessed
these qualities and felt that they must have been passed down to her from him.
His tragic early death meant that her only nongenetic legacy was a set of tiny lit-
tle girl's kilts he had ordered for her from Glasgow. Perhaps therefore it is not
surprising that she valued her father's biological legacy over his material one.
Growing up, | had endless arguments with Mother about the relative roles
played by nature and nurture in shaping us. By choosing nurture over nature, |
was effectively subscribing to the belief that | could make myself into whatever
| wanted to be. | did not want to accept that my genes mattered that much, pre-
ferring to attribute my Watson grandmother's extreme fatness to her having
overeaten. If her shape was the product of her genes, then | too might have a
hefty future. However, even as a teenager, | would not have disputed the evi-
dent basics of inheritance, that like begets like. My arguments with my mother
concerned complex characteristics like aspects of personality, not the simple
attributes that, even as an obstinate adolescent, |1 could see were passed down
over the generations, resulting in "family likeness." My nose is my mother's and
now belongs to my son Duncan.
Sometimes characteristics come and go within a few generations, but some-
times they persist over many. One of the most famous examples of a long-lived
trait is known as the "Hapsburg Lip." This distinctive elongation of the jaw and
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At age eleven, with my sister Elizabeth and my father, James

droopiness to the lower lip—which made the Hapsburg rulers of Europe such a
nightmare assignment for generations of court portrait painters—was passed
down intact over at least twenty-three generations.

The Hapsburgs added to their genetic woes by intermarrying. Arranging mar-
riages between different branches of the Hapsburg clan and often among close
relatives may have made political sense as away of building alliances and ensur-
ing dynastic succession, but it was anything but astute in genetic terms.
Inbreeding of this kind can result in genetic disease, as the Hapsburgs found
out to their cost. Charles Il, the last of the Hapsburg monarchs in Spain, not
only boasted a prize-worthy example of the family lip—he could not even chew
his own food—but was also a complete invalid, and incapable, despite two mar-
riages, of producing children.

Genetic disease has long stalked humanity. In some cases, such as Charles
II's, it has had a direct impact on history. Retrospective diagnosis has suggested
that George Ill, the English king whose principal claim to fame is to have lost
the American colonies in the Revolutionary War, suffered from an inherited dis-
ease, porphyria, which causes periodic bouts of madness. Some historians—
mainly British ones—have argued that it was the distraction caused by George's
illness that permitted the Americans' against-the-odds military success. While
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most hereditary diseases have no such geopolitical impact, they nevertheless
have brutal and often tragic consequences for the afflicted families, sometimes
for many generations. Understanding genetics is not just about understanding
why we look like our parents. It is also about coming to grips with some of
humankind's oldest enemies: the flaws in our genes that cause genetic disease.

Our ancestors must have wondered about the workings of heredity as soon

as evolution endowed them with brains capable of formulating the right
kind of question. And the readily observable principle that close relatives tend
to be similar can carry you a long way if, like our ancestors, your concern with
the application of genetics is limited to practical matters like improving domes-
ticated animals (for, say, milk yield in cattle) and plants (for, say, the size of
fruit). Generations of careful selection—breeding initially to domesticate
appropriate species, and then breeding only from the most productive cows and
from the trees with the largest fruit—resulted in animals and plants tailor-made
for human purposes. Underlying this enormous unrecorded effort is that simple
rule of thumb: that the most productive cows will produce highly productive
offspring and from the seeds of trees with large fruit large-fruited trees will
grow. Thus, despite the extraordinary advances of the past hundred years or so,
the twentieth and twenty-first centuries by no means have a monopoly on
genetic insight. Although it wasn't until 1909 that the British biologist William
Bateson gave the science of inheritance a name, genetics, and although the
DNA revolution has opened up new and extraordinary vistas of potential
progress, in fact the single greatest application of genetics to human well-being
was carried out eons ago by anonymous ancient farmers. Almost everything we
eat—cereals, fruit, meat, dairy products—is the legacy of that earliest and most
far-reaching application of genetic manipulations to human problems.

An understanding of the actual mechanics of genetics proved a tougher nut
to crack. Gregor Mendel (1822—1884) published his famous paper on the sub-
ject in 1866 (and it was ignored by the scientific community for another thirty-
four years). Why did it take so long? After all, heredity is a major aspect of the
natural world, and, more important, it is readily, and universally, observable: a
dog owner sees how a cross between a brown and black dog turns out, and all
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parents consciously or subconsciously track the appearance of their own char-
acteristics in their children. One simple reason is that genetic mechanisms turn
out to be complicated. Mendel's solution to the problem is not intuitively obvi-
ous: children are not, after all, simply a blend of their parents' characteristics.
Perhaps most important was the failure by early biologists to distinguish
between two fundamentally different processes, heredity and development.
Today we understand that a fertilized egg contains the genetic information, con-
tributed by both parents, that determines whether someone will be afflicted
with, say, porphyria. That is heredity. The subsequent process, the development
of a new individual from that humble starting point of a single cell, the fertilized
egg, involves implementing that information. Broken down in terms of aca-
demic disciplines, genetics focuses on the information and developmental biol-
ogy focuses on the use of that information. Lumping heredity and development
together into a single phenomenon, early scientists never asked the questions
that might have steered them toward the secret of heredity. Nevertheless, the
effort had been under way in some form since the dawn of Western history.

The Greeks, including Hippocrates, pondered heredity. They devised a the-
ory of "pangenesis," which claimed that sex involved the transfer of miniatur-
ized body parts: "Hairs, nails, veins, arteries, tendons and their bones, albeit
invisible as their particles are so small. While growing, they gradually separate
from each other." This idea enjoyed a brief renaissance when Charles Darwin,
desperate to support his theory of evolution by natural selection with a viable
hypothesis of inheritance, put forward a modified version of pangenesis in the
second half of the nineteenth century. In Darwin's scheme, each organ—eyes,
kidneys, bones—contributed circulating "gemmules" that accumulated in the
sex organs, and were ultimately exchanged in the course of sexual reproduction.
Because these gemmules were produced throughout an organism's lifetime,
Darwin argued any change that occurred in the individual after birth, like the
stretch of a giraffe's neck imparted by craning for the highest foliage, could be
passed on to the next generation. Ironically, then, to buttress his theory of natu-
ral selection Darwin came to champion aspects of Jean-Baptiste Lamarck's the-
ory of inheritance of acquired characteristics—the very theory that his
evolutionary ideas did so much to discredit. Darwin was invoking only
Lamarck's theory of inheritance; he continued to believe that natural selection
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was the driving force behind evolution, but supposed that natural selection
operated on the variation produced by pangenesis. Had Darwin known about
Mendel's work (although Mendel published his results shortly after The
Origin of Species appeared, Darwin was never aware of them), he might have
been spared the embarrassment of this late-career endorsement of some of
Lamarck's ideas.

Whereas pangenesis supposed that embryos were assembled from a set of
minuscule components, another approach, "preformationism," avoided the
assembly step altogether: either the egg or the sperm (exactly which was a con-
tentious issue) contained a complete preformed individual called a homunculus.
Development was therefore merely a matter of enlarging this into a fully
formed being. In the days of preformationism, what we now recognize as
genetic disease was variously interpreted: sometimes as a manifestation of
the wrath of God or the mischief of demons and devils; sometimes as evi-
dence of either an excess of or a deficit of the father's "seed"; sometimes as
the result of "wicked thoughts" on the part of the mother during preg-
nancy. On the premise that fetal malformation can result when a pregnant
mother's desires are thwarted, leaving her feeling stressed and frustrated,
Napoleon passed a law permitting expectant mothers to shoplift. None of
these notions, needless to say, did much to advance our understanding of
genetic disease.

By the early nineteenth century, better microscopes had defeated pre-
formationism. Look as hard as you like, you will never see a tiny homuncu-
lus curled up inside a sperm or egg cell. Pangenesis, though an earlier
misconception, lasted rather longer—the argument would persist that the
gemmules were simply too small to visualize—but was eventually laid to
rest by August Weismann, who argued that inheritance depended on the
continuity of germ plasm between generations and thus changes to the
body over an individual's lifetime could not be transmitted to subsequent
generations. His simple experiment involved cutting the tails off several

Geneticsbefore Mendel: ahomunculus, a preformed
miniature person imagined to exist in the head of a
spermcell
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generations of mice. According to Darwin's pangenesis, tailless mice would pro-
duce gemmules signifying "no tail* and so their offspring should develop a
severely stunted hind appendage or none at al. When Weismann showed that

the tail kept appearing after many generations of amputees, pangenesis bit
the dust.

G regor Mendel was the one who got it right. By any standards, however, he
was an unlikely candidate for scientific superstardom. Born to a farming
family in what is now the Czech Republic, he excelled at the village school and,
at twenty-one, entered the Augustinian monastery at Brunn. After proving a dis-
aster as a parish priest—his response to the ministry was a nervous break-
down—nhe tried his hand at teaching. By al accounts he was a good teacher, but
in order to qualify to teach a full range of subjects, he had to take an exam. He
failed it. Mendel's father superior, Abbot Napp, then dispatched him to the
University of Vienna, where he was to bone up full-time for the retesting.
Despite apparently doing well in physics at Vienna, Mendel again faled the
exam, and so never rose above the rank of substitute teacher.

Around 1856, at Abbot Napp's suggestion, Mendel undertook some scientific
experiments on heredity. He chose to study a number of characteristics of the
pea plants he grew in his own patch of the monastery garden. In 1865 he pre-
sented his results to the local natural history society in two lectures, and, ayear
later, published them in the society's journal. The work was a tour de force: the
experiments were brilliantly designed and painstakingly executed, and his
analysis of the results was insightful and deft. It seems that his training in
physics contributed to his breakthrough because, unlike other biologists of that
time, he approached the problem quantitatively. Rather than simply noting that
crossbreeding of red and white flowers resulted in some red and some white off-
spring, Mendel actually counted them, realizing that the ratios of red to white
progeny might be significant—as indeed they are. Despite sending copies of his
article to various prominent scientists, Mendel found himself completely
ignored by the scientific community. His attempt to draw attention to his
results merely backfired. He wrote to his one contact among the ranking scien-
tists of the day, botanist Karl Nageli in Munich, asking him to replicate the
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experiments, and he duly sent off 140 carefully labeled packets of seeds. He
should not have bothered. Nageli believed that the obscure monk should be of
service to him, rather than the other way around, so he sent Mendel seeds of his
own favorite plant, hawkweed, challenging the monk to re-create his results
with a different species. Sad to say, for various reasons, hawkweed is not well-
suited to breeding experiments such as those Mendel had performed on the
peas. The entire exercise was a waste of his time.

Mendel's low-profile existence as monk-teacher-researcher ended abruptly in
1868 when, on Napp's death, he was elected abbot of the monastery Although
he continued his research—increasingly on bees and the weather—administra-
tive duties were a burden, especially as the monastery became embroiled in a
messy dispute over back taxes. Other factors, too, hampered him as a scientist.
Portliness eventually curtailed his fieldwork: as he wrote, hill climbing had
become "very difficult for me in a world where universal gravitation prevails."
His doctors prescribed tobacco to keep his weight in check, and he obliged
them by smoking twenty cigars a day, as many as Winston Churchill. It was not
his lungs, however, that let him down: in 1884, at the age of sixty-one, Mendel
succumbed to a combination of heart and kidney disease.

Not only were Mendel's results buried in an obscure journal, but they would
have been unintelligible to most scientists of the era. He was far ahead of his
time with his combination of careful experiment and sophisticated quantitative
analysis. Little wonder, perhaps, that it was not until 1900 that the scientific
community caught up with him. The rediscovery of Mendel's work, by three
plant geneticists interested in similar problems, provoked a revolution in biol-
ogy. At last the scientific world was ready for the monk's peas.

M endel realized that there are specific factors—later to be called
"genes'—that are passed from parent to offspring. He worked out that
these factors come in pairs and that the offspring receives one from each
parent.

Noticing that peas came in two distinct colors, green and yellow, he deduced
that there were two versions of the pea-color gene. A pea has to have two copies
of the G version if it is to become green, in which case we say that it is GG for
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the pea-color gene. It must therefore have received a G pea-color gene from
both of its parents. However, yellow peas can result both fromYY and YG com-
binations. Having only one copy of theY version is sufficient to produce yellow
peas. Y trumps G. Because in the YG case the Y signal dominates the G signal,
we call Y "dominant." The subordinate G version of the pea-color gene is called
"recessive."

Each parent pea plant has two copies of the pea-color gene, yet it contributes
only one copy to each offspring; the other copy is furnished by the other parent.
In plants, pollen grains contain sperm cells—the male contribution to the next
generation—and each sperm cell contains just one copy of the pea-color gene.
A parent pea plant with a YG combination will produce sperm that contain
either aY version or a G one. Mendel discovered that the process is random: 50
percent of the sperm produced by that plant will have aY and 50 percent will
have a G.

Suddenly many of the mysteries of heredity made sense. Characteristics, like
the Hapsburg Lip, that are transmitted with a high probability (actually 50 per-
cent) from generation to generation are dominant. Other characteristics that
appear in family trees much more sporadically, often skipping generations, may
be recessive. When a gene is recessive an individual has to have two copies of it
for the corresponding trait to be expressed. Those with one copy of the gene are
carriers: they don't themselves exhibit the characteristic, but they can pass the
gene on. Albinism, in which the body fails to produce pigment so the skin and
hair are strikingly white, is an example of a recessive characteristic that is trans-
mitted in this way. Therefore, to be albino you have to have two copies of the
gene, one from each parent. (This was the case with the Reverend Dr. William
Archibald Spooner, who was also—perhaps only by coincidence—prone to a
peculiar form of linguistic confusion whereby, for example, "a well-oiled bicy-
cle" might become "a well-boiled icicle.” Such reversals would come to be
termed "spoonerisms” in his honor.) Your parents, meanwhile, may have shown
no sign of the gene at al. If, as is often the case, each has only one copy, then
they are both carriers. The trait has skipped at least one generation.

Mendel's results implied that things—material objects—were transmitted
from generation to generation. But what was the nature of these things?
At about the time of Mendel's death in 1884, scientists using ever-improving

10
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Thehuman X chromo-
some, asseenwithan
electron microscope

optics to study the minute architecture of cells coined the term "chromosome"
to describe the long stringy bodies in the cell nucleus. But it was not until 1902
that Mendel and chromosomes came together.

A medical student at Columbia University, Walter Sutton, realized that chro-
mosomes had a lot in common with Mendel's mysterious factors. Studying
grasshopper chromosomes, Sutton noticed that most of the time they are dou-
bled up—just like Mendel's paired factors. But Sutton also identified one type
of cell in which chromosomes were not paired: the sex cells. Grasshopper
sperm have only a single set of chromosomes, not a double set. This was exactly
what Mendel had described: his pea plant sperm cells also only carried a single
copy of each of his factors. It was clear that Mendel's factors, now called genes,
must be on the chromosomes.

In Germany Theodor Boveri independently came to the same conclusions as
Sutton, and so the biological revolution their work had precipitated came to be
caled the Sutton-Boveri chromosome theory of inheritance. Suddenly genes
were real. They were on chromosomes, and you could actually see chromo-
somes through the microscope.

N ot everyone bought the Sutton-Boveri theory. One skeptic was Thomas
Hunt Morgan, also at Columbia. Looking down the microscope at those
stringy chromosomes, he could not see how they could account for al the

11



Notoriously camera shy T. H. Morgan was pho-
tographed surreptitiously whileat workinthefly
room.

changes that occur from one generation to
the next. If al the genes were arranged
along chromosomes, and all chromosomes
were transmitted intact from one genera-
tion to the next, then surely many charac-
teristics would be inherited together. But
since empirical evidence showed this not
to be the case, the chromosomal theory
seemed insufficient to explain the variation
observed in nature. Being an astute exper-
imentalist, however, Morgan had an idea
how he might resolve such discrepancies.
He turned to the fruit fly, Drosophila mela-
nogaster, the drab little beast that, ever since Morgan, has been so beloved by
geneticists.

In fact, Morgan was not the first to use the fruit fly in breeding experi-
ments—that distinction belonged to a lab at Harvard that first put the critter to
work in 1901—but it was Morgan's work that put the fly on the scientific map.
Drosophila is a good choice for genetic experiments. It is easy to find (as anyone
who has left out a bunch of overripe bananas during the summer well knows); it
is easy to raise (bananas will do as feed); and you can accommodate hundreds
of flies in a single milk bottle (Morgan's students had no difficulty acquiring
milk bottles, pinching them at dawn from doorsteps in their Manhattan neigh-
borhood); and it breeds and breeds and breeds (a whole generation takes about
ten days, and each female lays several hundred eggs). Starting in 1907 in a
famously squalid, cockroach-infested, banana-stinking lab that came to be
known affectionately as the "fly room," Morgan and his students ("Morgan's
boys" as they were called) set to work on fruit flies.

Unlike Mendel, who could rely on the variant strains isolated over the years
by farmers and gardeners—yellow peas as opposed to green ones, wrinkled skin
as opposed to smooth—Morgan had no menu of established genetic differ-
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ences in the fruit fly to draw upon. And you cannot do genetics until you have
isolated some distinct characteristics to track through the generations. Mor-
gan's first goal therefore was to find "mutants,” the fruit fly equivalents of yellow

or wrinkled peas. He was looking for genetic novelties, random variations
that somehow simply appeared in the population.

One of the first mutants Morgan observed turned out to be one of
the most instructive. While normal fruit flies have red eyes, these had
white ones. And he noticed that the white-eyed flies were typically

male. It was known that the sex of a fruit fly—or, for that matter,
the sex of a human—is determined chromosomally: females have
two copies of the X chromosome, whereas males have one copy of the
X and one copy of the much smaller Y. In light of this information, the
white-eye result suddenly made sense: the eye-color gene is located on
the X chromosome and the white-eye mutation, W, is recessive. Because
males have only a single X chromosome, even recessive genes, in the absence of
a dominant counterpart to suppress them, arc automatically expressed. White-
eyed females were relatively rare because they typically had only one copy of W
so they expressed the dominant red eye color. By correlating a gene—the one
for eye color—with a chromosome, the X, Morgan, despite his initial reserva-
tions, had effectively proved the Sutton-Boveri theory. He had also found an
example of "sex-linkage," in which a particular characteristic is disproportion-
ately represented in one sex.

Like Morgan's fruit flies, Queen Victoria provides a famous example of sex-
linkage. On one of her X chromosomes, she had a mutated gene for hemophilia,
the "bleeding disease” in whose victims proper blood clotting fails to occur.
Because her other copy was normal, and the hemophilia gene is recessive, she
herself did not have the disease. But she was a carrier. Her daughters did not
have the disease either; evidently each possessed at least one copy of the nor-
mal version. But Victoria's sons were not al so lucky. Like al males (fruit fly
males included), each had only one X chromosome; this was necessarily derived
from Victoria (a'Y chromosome could have come only from Prince Albert, Vic-
toria's husband). Because Victoria had one mutated copy and one normal copy,
each of her sons had a 50-50 chance of having the disease. Prince Leopold drew
the short straw: he developed hemophilia, and died at thirty-one, bleeding to
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death after a minor fall. Two of Victorias daughters, Princesses Alice and Beat-
rice, were carriers, having inherited the mutated gene from their mother. They
each produced carrier daughters and sons with hemophilia. Alice's grandson
Alexis, heir to the Russian throne, had hemophilia, and would doubtless have
died young had the Bolsheviks not gotten to him first.

Morgan's fruit flies had other secrets to reveal. In the course of studying
genes located on the same chromosome, Morgan and his students found that
chromosomes actually break apart and re-form during the production of sperm
and egg cells. This meant that Morgan's original objections to the Sutton-Boveri
theory were unwarranted: the breaking and re-forming—"recombination,” in
modern genetic parlance—shuffles gene copies between members of a chro-
mosome pair. This means that, say, the copy of chromosome 12 | got from my
mother (the other, of course, comes from my father) is in fact a mix of my
mother's two copies of chromosome 12, one of which came from her mother
and one from her father. Her two 12s recombined—exchanged material—dur-
ing the production of the egg cell that eventually turned into me. Thus my
maternally derived chromosome 12 can be viewed as a mosaic of my grandpar-
ents' 12s. Of course, my mother's maternally derived 12 was itself a mosaic of
her grandparents' 12s, and so on.

Recombination permitted Morgan and his students to map out the positions
of particular genes along a given chromosome. Recombination involves break-
ing (and re-forming) chromosomes. Because genes are arranged like beads
along a chromosome string, a break is statistically much more likely to occur
between two genes that are far apart (with more potential break points inter-
vening) on the chromosome than between two genes that are close together. If,
therefore, we see a lot of reshuffling for any two genes on a single chromosome,
we can conclude that they are a long way apart; the rarer the reshuffling, the
closer the genes likely are. This basic and immensely powerful principle under-
lies all of genetic mapping. One of the primary tools of scientists involved in the
Human Genome Project and of researchers at the forefront of the battle against
genetic disease was thus developed all those years ago in the filthy, cluttered
Columbia fly room. Each new headline in the science section of the newspaper
these days along the lines of "Gene for Something Located" is a tribute to the
pioneering work of Morgan and his boys.
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The rediscovery of Mendel's work, and the breakthroughs that followed it,
sparked a surge of interest in the social significance of genetics. While
scientists had been grappling with the precise mechanisms of heredity through
the eighteenth and nineteenth centuries, public concern had been mounting
about the burden placed on society by what came to be called the "degenerate
classes'—the inhabitants of poorhouses, workhouses, and insane asylums.
What could be done with these people? It remained a matter of controversy
whether they should be treated charitably—which, the less charitably inclined
claimed, ensured such folk would never exert themselves and would therefore
remain forever dependent on the largesse of the state or of private institu-
tions,—or whether they should be simply ignored, which, accordingto. the char-
itably inclined, would result only in perpetuating the inability of the
unfortunate to extricate themselves from their blighted circumstances.

The publication of Darwin's Origin of Species in 1859 brought these issues
into sharp focus. Although Darwin carefully omitted to mention human evolu-
tion, fearing that to do so would only further inflame an already raging contro-
versy, it required no great leap of imagination to apply his idea of natural
selection to humans. Natural selection is the force that determines the fate of
al genetic variations in nature—mutations like the one Morgan found in the
fruit fly eye-color gene, but also perhaps differences in the abilities of human
individuals to fend for themselves.

Natural populations have an enormous reproductive potential. Take fruit
flies, with their generation time of just ten days, and females that produce some
three hundred eggs apiece (half of which will be female): starting with a single
fruit fly couple, after a month (i.e., three generations later), you will have 150 X
150 X 1 50 fruit flies on your hands—that's more than 3 million flies, all of them
derived from just one pair in just one month. Darwin made the point by choos-
ing a species from the other end of the reproductive spectrum:

The elephant is reckoned to be the slowest breeder of all known animals,
and | have taken some pains to estimate its probable minimum rate of nat-
ural increase: it will be under the mark to assume that it breeds when thirty
years old, and goes on breeding till ninety years old, bringing forth three
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pairs of young in this interval; if this be so, at the end of the fifth century
there would be dive fifteen million elephants, descended from the first pair.

All these calculations assume that al the baby fruit flies and dl the baby ele-
phants make it successfully to adulthood. In theory, therefore, there must be an
infinitely large supply of food and water to sustain this kind of reproductive
overdrive. In reality, of course, those resources are limited, and not all baby fruit
flies or baby elephants make it. There is competition among individuals within
a species for those resources. What determines who wins the struggle for access
to the resources? Darwin pointed out genetic variation means that some indi-
viduals have advantages in what he called "the struggle for existence." To take
the famous example of Darwin's finches from the Galapagos Islands, those indi-
viduals with genetic advantages—like the right size of beak for eating the most
abundant seeds—are more likely to survive and reproduce. So the advantageous
genetic variant—having a bill the right size—tends to be passed on to the next
generation. The result is that natural selection enriches the next generation
with the beneficial mutation so that eventually, over enough generations, every
member of the species ends up with that characteristic.

The Victorians applied the same logic to humans. They looked around and
were alarmed by what they saw. The decent, moral, hardworking middle classes
were being massively outreproduced by the dirty, immoral, lazy lower classes.
The Victorians assumed that the virtues of decency, morality, and hard work ran
in families just as the vices of filth, wantonness, and indolence did. Such char-
acteristics must then be hereditary; thus, to the Victorians, morality and
immorality were merely two of Darwin's genetic variants. And if the great
unwashed were outreproducing the respectable classes, then the "bad" genes
would be increasing in the human population. The species was doomed!
Humans would gradually become more and more depraved as the "immorality"
gene became more and more common.

Francis Galton had good reason to pay special attention to Darwin's book, as
the author was his cousin and friend. Darwin, some thirteen years older, had
provided guidance during Galton's rather rocky college experience. But it was
The Origin of Species that would inspire Galton to start a social and genetic cru-
sade that would ultimately have disastrous consequences. In 1883, ayear after
his cousin's death, Galton gave the movement a name: eugenics.
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Eugenics was only one of Galton's many interests; Galton enthusiasts refer
to him as a polymath, detractors as a dilettante. In fact, he made signifi-
cant contributions to geography, anthropology, psychology, genetics, meteorol-
ogy, statistics, and, by setting fingerprint analysis on a sound scientific footing,

to criminology. Born in 1822 into a prosperous family,
his education—partly in medicine and partly in mathe-
matics—was mostly a chronicle of defeated expecta-
tions. The death of his father when he was twenty-one
simultaneously freed him from paternal restraint and
yielded a handsome inheritance; the young man duly
took advantage of both. After a full six years of being,
what might be described today as a trust-fund dropout,
however, Galton settled down to become a productive
member of the Victorian establishment. He made his
name leading an expedition to a then little known
region of southwest Africa in 1850-52. In his account
of his explorations, we encounter the first instance of
the one strand that connects his many varied interests:
he counted and measured everything. Galton was only
happy when he could reduce a phenomenon to a set of
numbers.

At a missionary station he encountered a striking
specimen of steatopygia—a condition of particularly
protuberant buttocks, common among the indigenous

Nama women of the region—and realized that this
woman was naturally endowed with the figure that was

SARTLEE, 'I‘HE‘ }I'O’P'I‘F;N TOT VENU S,
wvow Bahibilin vg . Lordon.
Drawen fromL {:/ﬂ»
A nineteenth-century exaggerated view of a
Nama woman

then fashionable in Europe. The only difference was that it required enormous
(and costly) ingenuity on the part of European dressmakers to create the

desired "look" lor their clients.

| profess to be a scientific man, and was exceedingly anxious to obtain
accurate measurements of her shape; but there was a difficulty in doing
this. | did not know a word of Hottentot [the Dutch name for the Nama],
and could never therefore have explained to the lady what the object of my
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footrule could be; and | really dared not ask my worthy missionary host to
interpret for me. | therefore felt in a dilemma as | gazed at her form, that
gift of bounteous nature to this favoured race, which no mantua-maker,
with al her crinoline and stuffing, can do otherwise than humbly imitate.
The object of my admiration stood under a tree, and was turning herself
about to all points of the compass, as ladies who wish to be admired usu-
aly do. Of a sudden my eye fell upon my sextant; the bright thought
struck me, and | took a series of observations upon her figure in every
direction, up and down, crossways, diagonaly, and so forth, and 1 regis-
tered them carefully upon an outline drawing for fear of any mistake; this
being done, | boldly pulled out my measuring tape, and measured the
distance from where | was to the place she stood, and having thus
obtained both base and angles, | worked out the results by trigonometry
and logarithms.

Galton's passion for quantification resulted in his developing many of the
fundamental principles of modern statistics. It also yielded some clever obser-
vations. For example, he tested the efficacy of prayer. He figured that if prayer
worked, those most prayed for should be at an advantage; to test the hypothesis
he studied the longevity of British monarchs. Every Sunday, congregations in
the Church of England following the Book of Common Prayer beseeched God to
"Endue the king/queen plenteously with heavenly gifts; Grant him/her in health
and wealth long to live." Surely, Galton reasoned, the cumulative effect of all
those prayers should be beneficial. In fact, prayer seemed ineffectual: he found
that on average the monarchs died somewhat younger than other members of
the British aristocracy.

Because of the Darwin connection—their common grandfather, Erasmus
Darwin, too was one of the intellectual giants of his day—Galton was especially
sensitive to the way in which certain lineages seemed to spawn disproportion-
ately large numbers of prominent and successful people. In 1869 he published
what would become the underpinning of al his ideas on eugenics, a treatise
called Hereditary Genius: An Inquiry into Its Laws and Consequences. In it he
purported to show that talent, like simple genetic traits such as the Hapsburg
Lip, does indeed run in families; he recounted, for example, how some families
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had produced generation after generation of judges. His analysis largely ne-
glected to take into account the effect of the environment: the son of a promi-
nent judge is, after al, rather more likely to become ajudge—by virtue of his
father's connections, it nothing else—than the son of a peasant farmer. Galton
did not, however, completely overlook the effect of the environment, and it was
he who first referred to the "nature/nurture" dichotomy, possibly in reference to
Shakespeare's irredeemable villain, Caliban, "a devil, a born devil, on whose
nature/Nurture can never stick."
The results of his analysis, however, left no doubt in Galton's mind.

| have no patience with the hypothesis occasionally expressed, and often
implied, especially in tales written to teach children to be good, that babies
are born pretty much alike, and that the sole agencies in creating differ-
ences between boy and boy, and man and man, are steady application and
moral effort. It is in the most unqualified manner that | object to preten-
sions of natural equality.

A corollary of his conviction that these traits are genetically determined, he
argued, was that it would be possible to "improve" the human stock by prefer-
entially breeding gifted individuals, and preventing the less gifted from repro-
ducing.

It is easy ... to obtain by careful selection a permanent breed of dogs or
horses gifted with peculiar powers of running, or of doing anything else, so
it would be quite practicable to produce a highly-gifted race of men by
judicious marriages during several consecutive generations.

Galton introduced the terms eugenics (literally "good in birth") to describe
this application of the basic principle of agricultural breeding to humans. In
time, eugenics came to refer to "self-directed human evolution": by making con-
scious choices about who should have children, eugenicists believed that they
could head off the "eugenic crisis" precipitated in the Victorian imagination by
the high rates of reproduction of inferior stock coupled with the typically small
families of the superior middle classes.
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Eugenics asit was perceived during the first fart of the twentieth century: an opportunity
for humans to control their own evolutionary destiny

Eugenics these days is a dirty word, associated with racists and Nazis—a
dark, best-forgotten phase of the history of genetics. It is important to
appreciate, however, that in the closing years of the nineteenth and early years
of the twentieth centuries, eugenics was not tainted in this way, and was seen
by many as offering genuine potential for improving not just society as a whole
but the lot of individuals within society as well. Eugenics was embraced with
particular enthusiasm by those who today would be termed the "liberal left."
Fabian socialists—some the era's most progressive thinkers—flocked to the
cause, including George Bernard Shaw, who wrote that "there is now no rea-
sonable excuse for refusing to face the fact that nothing but a eugenic religion
can save our civilisation." Eugenics seemed to offer a solution to one of society's

20



Beginnings of Genetics

mogt persistent woes: that segment of the population that is incapable of exist-
ing outside an institution.

Whereas Galton had preached what came to be known as "positive eugen-
ics" encouraging genetically superior people to have children, the American
eugenics movement preferred to focus on "negative eugenics,” preventing
genetically inferior people from doing so. The goals of each program were basi-
cdly the same—the improvement of the human genetic stock—but these two
approaches were very different.

The American focus on getting rid of bad genes, as opposed to increasing fre-
guencies of good ones, stemmed from a few influential family studies of
"degeneration” and "feeblemindedness"—two peculiar terms characteristic of
the American obsession with genetic decline. In 1875 Richard Dugdale pub-
lished his account of the Juke clan of upstate New York. Here, according to
Dugdale, were several generations of seriously bad apples—murderers, alco-
holics, and rapists. Apparently in the area near their home in New York State
the very name "Juke" was a term of reproach.

Another highly influential study was published in 1912 by Henry Goddard,
the psychologist who gave us the word "moron,” on what he called "The Kallikak
Family." This is the story of two family lines originating from a single male
ancestor who had a child out of wedlock (with a "feebleminded" wench he met
in a tavern while serving in the military during the American Revolutionary
War), as well as siring a legitimate family. The illegitimate side of the Kallikak
line, according to Goddard, was bad news indeed, "a race of defective degener-
ates," while the legitimate side comprised respectable, upstanding members of
the community. To Goddard, this "natural experiment in heredity" was an exem-
plary tale of good genes versus bad. This view was reflected in the fictitious
name he chose for the family. "Kallikak" is a hybrid of two Greek words, kalos
(beautiful, of good repute) and kakos (bad).

"Rigorous’ new methods for testing mental performance—the first 1Q tests,
which were introduced to the United States from Europe by the same Henry
Goddard—seemed to confirm the general impression that the human species
was gaining downward momentum on a genetic slippery slope. In those early days
of 1Q testing, it was thought that high intelligence and an alert mind inevitably
implied a capacity to absorb large quantities of information. Thus how much you
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knew was considered a sort of index of your 1Q. Following this line of reasoning,
early 1Q tests included lots of general knowledge questions. Here are a few
from a standard test administered to U.S. Army recruits during World War 1:

Pick one of four:

The Wyandotte is a kind of:
1) horse 2) fowl 3) cattle 4) granite

The ampere is used in measuring:
1) wind power 2) electricity 3) water power 4) rainfall

The number of a Zulu's legs is:
1) two 2) four 3) six 4) eight

[Answers are 2, 2, 1]

Some half of the nation's army recruits flunked the test and were deemed
"feebleminded."” These results galvanized the eugenics movement in the United
States: it seemed to concerned Americans that the gene pool really was becom-
ing more and more awash in low-intelligence genes.

Sientists realized that eugenic policies required some understanding
f the genetics underlying characteristics like feeblemindedness. With
the rediscovery of Mendel's work, it seemed that this might actually be pos-
sible. The lead in this endeavor was taken on Long Island by one of my prede-
cessors as director of Cold Spring Harbor Laboratory. His name was Charles
Davenport.

In 1910, with funding from a railroad heiress, Davenport established the
Eugenics Record Office at Cold Spring Harbor. Its mission was to collect basic
information—pedigrees—on the genetics of traits ranging from epilepsy to
criminality It became the nerve center of the American eugenics movement.
Cold Spring Harbor's mission was much the same then as it is now: today we
strive to be at the forefront of genetic research, and Davenport had no less lofty
aspirations—but in those days the forefront was eugenics. However, there is no

22



The staff of the Eugenics Record Office, pictured with members of the Cold Spring
Harbor Laboratory. Davenport, seatedinthevery center, hired personnel onthebasisof
hisbelief that women wer e genetically suited to thetask of gathering pedigreedata.

doubt that the research program initiated by Davenport was deeply flawed from
the outset and had horrendous, albeit unintended, consequences.

Eugenic thinking permeated everything Davenport did. He went out of his
way, for instance, to hire women as field researchers because he believed them
to have better observational and social skills than men. But, in keeping with the
central goal of eugenics to reduce the number of bad genes, and increase the
number of good ones, these women were hired for a maximum of three years.
They were smart and educated, and therefore, by definition, the possessors of
good genes. It would hardly be fitting for the Eugenics Record Office to hold
them back too long from their rightful destiny of producing families and passing
on their genetic treasure.

Davenport applied Mendelian analysis to pedigrees he constructed of human
characteristics. Initially, he confined his attentions to a number of simple
traits—like albinism (recessive) and Huntington disease (dominant)—whose
mode of inheritance he identified correctly. After these early successes he
plunged into a study of the genetics of human behavior. Everything was fair
game: all he needed was a pedigree and some information about the family his-
tory (i.e.,, who in the line manifested the particular characteristic in question),
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Sound genetics: Davenport's pedigree showing how albinismisinherited

and he would derive conclusions about the underlying genetics. The most cur-
sory perusal of his 1911 book, Heredity in Relation to Eugenics, reveals just how
wide-ranging Davenport's project was. He shows pedigrees of families with
musical and literary ability, and of a "family with mechanical and inventive abil-
ity, particularly with respect to boat-building." (Apparently Davenport thought
that he was tracking the transmission of the boat-building gene.) Davenport
even claimed that he could identify distinct family types associated with differ-
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ent surnames. Thus people with the surname Twinings have these characteris-
tics: "broad-shouldered, dark hair, prominent nose, nervous temperament, tem-
per usually quick, not revengeful. Heavy eyebrows, humorous vein, and sense
of ludicrous; lovers of music and horses."

The entire exercise was worthless. Today we know all the characteristics in
guestion are readily affected by environmental factors. Davenport, like Galton,
assumed unreasonably that nature unfailingly triumphed over nurture. In addi-
tion, whereas the traits he had studied earlier, albinism and Huntington dis-
ease, have a simple genetic basis—they are caused by a particular mutation in a
particular gene—for most behavioral characteristics, the genetic basis, if any, is
complex. They may be determined by a large number of different genes, each
one contributing just a little to the final outcome. This situation makes the
interpretation of pedigree data like Davenport's virtually impossible. Moreover,
the genetic causes of poorly defined characteristics like "feeblemindedness" in
one individual may be very different from those in another, so that any search
for underlying genetic generalities is futile.

Unsound genetics: Davenport's pedigree showing how boat-building skillsareinherited.
Hefailsto factor in the effect of the environment; a boat-builder'ssonislikely to follow his
father'strade because he hasbeen raised in that environment.
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egardless of the success or failure of Davenports scientific program, the
eugenics movement had already developed a momentum of its own. Local
chapters of the Eugenics Society organized competitions at state fairs, giving
awards to families apparently free from the taint of bad genes. Fairs that had
previously displayed only prize cattle and sheep now added "Better Babies" and
"Fitter Families" contests to their programs. Effectively these were efforts to
encourage positive eugenics—inducing the right kind of people to have chil-
dren. Eugenics was even de rigueur in the nascent feminist movement. The
feminist champions of birth control, Marie Stopes in Britain and, in the United
States, Margaret Sanger, founder of Planned Parenthood, both viewed birth
control as a form of eugenics. Sanger put it succinctly in 1919: "More children
from the fit, less from the unfit—that is the chief issue of birth control."
Altogether more sinister was the growth of negative eugenics—preventing
the wrong kind of people from having children. In this development, a water-
shed event occurred in 1899 when a young man called Clawson approached a

"Largefamily” winner, Fitter FamiliesContest, Texas Sate Fair (1925)
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prison doctor in Indiana called Harry Sharp (appropriately named in light of his
enthusiasm for the surgeon's knife). Clawson's problem—or so it was diagnosed
by the medical establishment of the day—was compulsive masturbation. He
reported that he had been hard at it ever since the age of twelve. Masturbation
was seen as part of the general syndrome of degeneracy, and Sharp accepted the
conventional wisdom (however bizarre it may seem to us today) that Clawson's
mental shortcomings—he had made no progress in school—were caused by
his compulsion. The solution? Sharp performed a vasectomy, then a recently
invented procedure, and subsequently claimed that he had "cured" Clawson. As
aresult, Sharp developed his own compulsion: to perform vasectomies.

Sharp promoted his success in treating Clawson (for which, incidentally, we
have only Sharp's own report as confirmation) as evidence of the procedure's
efficacy for treating al those identified as being of Clawson's kind—all "degen-
erates." Sterilization had two things going for it. First, it might prevent degener-
ate behavior, as Sharp claimed it had in Clawson. This, if nothing else, would
save society a lot of money because those who had required incarceration,
whether in prisons or insane asylums, would be rendered "safe" for release.
Second, it would prevent the likes of Clawson from passing their inferior
(degenerate) genes on to subsequent generations. Sterilization, Sharp believed,
offered the perfect solution to the eugenic crisis.

Sharp was an effective lobbyist, and in 1907 Indiana passed the first compul-
sory sterilization law, authorizing the sterilization of confirmed "criminals,
idiots, rapists, and imbeciles." Indiana's was the first of many: eventually thirty
American states had enacted similar statutes, and by 1941 some sixty thousand
individuals in the United States had duly been sterilized, half of them in Cali-
fornia alone. The laws, which effectively resulted in state governments deciding
who could and who could not have children, were challenged in court, but in
1927 the Supreme Court upheld the Virginia statute in the landmark case of
Carrie Buck. Oliver Wendell Holmes wrote the decision:

It is better for al the world if, instead of waiting to execute degenerate off-
spring for crime, or to let them starve for their imbecility, society can pre-
vent those who are manifestly unfit from continuing their kind . . . Three
generations of imbeciles is enough.
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Sterilization caught on outside the United States as well—and not only in
Nazi Germany. Switzerland and the Scandinavian countries enacted similar leg-
islation.

Racism is not implicit to eugenics—good genes, the ones eugenics seeks to
promote, can in principle belong to people of any race. Starting with Gal-
ton, however, whose account of his African expedition had confirmed preju-
dices about "inferior races," the prominent practitioners of eugenics tended to
be racists who used eugenics to provide a "scientific" justification for racist
views. Henry Goddard, of Kallikak family fame, conducted 1Q tests on immi-
grants at Ellis Island in 1913 and found as many as 80 percent of potential new
Americans to be certifiably feebleminded. The 1Q tests he carried out during
World War | for the U.S. Army reached a similar conclusion: 45 percent of
foreign-born draftees had a mental age of less than eight (only 21 percent of
native-born draftees fell into this category). That the tests were biased—they
were, after all, carried out in English—was not taken to be relevant: racists had
the ammunition they required, and eugenics would be pressed into the service
of the cause.

Although the term "white supremacist" had yet to be coined, America had
plenty of them early in the twentieth century. White Anglo-Saxon Protestants,
Theodore Roosevelt prominent among them, were concerned that immigration
was corrupting the WASP paradise that America, in their view, was supposed to
be. In 1916 Madison Grant, a wealthy New Yorker and friend of both Daven-
port and Roosevelt, published The Passing of the Great Race, in which he argued
that the Nordic peoples are superior to al others, including other Europeans.
To preserve the United States' fine Nordic genetic heritage, Grant campaigned
for immigration restrictions on al non-Nordics. He championed racist eugenic
policies, too:

Under existing conditions the most practical and hopeful method of race
improvement is through the elimination of the least desirable elements in
the nation by depriving them of the power to contribute to future genera-
tions. It is well known to stock breeders that the color of a herd of cattle
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can be modified by continuous destruction of worthless shades and of
course this is true of other characters. Black sheep, for instance, have been
practically obliterated by cutting out generation after generation all ani-
mals that show this color phase.

Despite appearances, Grant's book was hardly a minor publication by a mar-
ginalized crackpot; it was an influential best-seller. Later translated into Ger-
man, it appealed—not surprisingly—to the Nazis. Grant gleefully recalled
having received a personal letter from Hitler, who wrote to say that the book
was his Bible.

Although not as prominent as Grant, arguably the most influential of the era's
exponents of "scientific" racism was Davenport's right-hand man, Harry Laugh-
lin. Son of an lowa preacher, Laughlin's expertise was in racehorse pedigrees
and chicken breeding. He oversaw the operations of the Eugenics Record
Office, but was at his most effective as a lobbyist. In the name of eugenics, he
fanatically promoted forced sterilization measures and restrictions on the influx
of genetically dubious foreigners (i.e., non—northern Europeans). Particularly
important historically was his role as an expert witness at congressional hear-
ings on immigration: Laughlin gave full rein to his prejudices, al of them of
course dressed up as "science." When the data were problematic, he fudged
them. When he unexpectedly found, for instance, that immigrant Jewish chil-
dren did better than the native-born in public schools, Laughlin changed the
categories he presented, lumping Jews in with whatever nation they had come
from, thereby diluting away their superior performance. The passage in 1924 of
the Johnson-Reed Immigration Act, which severely restricted immigration from
southern Europe and elsewhere, was greeted as a triumph by the likes of Madi-
son Grant; it was Harry Laughlin's finest hour. As vice president some years ear-
lier, Calvin Coolidge had chosen to overlook both Native Americans and the
nation's immigration history when he declared that "America must remain
American." Now, as president, he signed his wish into law.

Like Grant, Laughlin had his fans among the Nazis, who modeled some of
their own legislation on the American laws he had developed. In 1936 he
enthusiastically accepted an honorary degree from Heidelberg University,
which chose to honor him as "the farseeing representative of racial policy in
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America" In time, however, a form of late-onset epilepsy ensured that Laugh-
lin's later years were especially pathetic. All his professional life he had cam-
paigned for the sterilization of epileptics on the grounds that they were
genetically degenerate.

_| itler's Mein Kampf is saturated with pseudoscientific racist ranting
derived from long-standing German claims of racial superiority and from
some of the uglier aspects of the American eugenics movement. Hitler wrote
that the state "must declare unfit for propagation all who are in any way visibly
sick or who have inherited a disease and can therefore pass it on, and put this
into actual practice," and elsewhere, "Those who are physically and mentally
unhealthy and unworthy must not perpetuate their suffering in the body of their
children." Shortly after coming to power in 1933, the Nazis had passed a com-
prehensive sterilization law—the "law for the prevention of progeny with hered-
itary defects"—that was explicitly based on the American model. (Laughlin
proudly published a translation of the law.) Within three years, 225,000 people
had been sterilized.

Positive eugenics, encouraging the "right" people to have children, also
thrived in Nazi Germany, where "right" meant properly Aryan. Heinrich Himm-
ler, head of the SS (the Nazi elite corps), saw his mission in eugenic terms: SS
officers should ensure Germany's genetic future by having as many children as
possible. In 1936, he established special maternity homes for SS wives to guar-
antee that they got the best possible care during pregnancy. The proclamations
at the 1935 Nuremberg Rally included a "law for the protection of German
blood and German honor," which prohibited marriage between Germans and
Jews and even "extra-marital sexual intercourse between Jews and citizens of
German or related blood." The Nazis were unfailingly thorough in closing up
any reproductive loopholes.

Neither, tragically, were there any loopholes in the U.S. Johnson-Reed Immi-
gration Act that Harry Laughlin had worked so hard to engineer. For many Jews
fleeing Nazi persecution, the United States was the logical first choice of desti-
nation, but the country's restrictive—and racist—immigration policies resulted
in many being turned away. Not only had Laughlin's sterilization law provided
Hitler with the model for his ghastly program, but his impact on immigration
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legislation meant that the United States would in effect abandon German Jewry
to its fate at the hands of the Nazis.

In 1939, with the war under way, the Nazis introduced euthanasia. Steriliza-
tion proved too much trouble. And why waste the food? The inmates of asylums
were categorized as "useless eaters." Questionnaires were distributed among
the mental hospitals where panels of experts were instructed to mark them with
a cross in the cases of patients whose lives they deemed "not worth living."
Seventy-five thousand came back so marked, and the technology of mass
murder—the gas chamber—was duly developed. Subsequently, the Nazis
expanded the definition of "not worth living" to include whole ethnic groups,
among them the Gypsies and, in particular, the Jews. What came to be called
the Holocaust was the culmination of Nazi eugenics.

Eugenics ultimately proved a tragedy for humankind. It also proved a disas-
ter for the emerging science of genetics, which could not escape the taint.
In fact, despite the prominence of eugenicists like Davenport, many scientists
had criticized the movement and dissociated themselves from it. Alfred Russel
Wallace, the co-discoverer with Darwin of natural selection, condemned
eugenics in 1912 as "simply the meddlesome interference of an arrogant, scien-
tific priestcraft." Thomas Hunt Morgan, of fruit fly fame, resigned on "scientific
grounds" from the board of scientific directors of the Eugenics Record Office.
Raymond Pearl, at Johns Hopkins, wrote in 1928 that "orthodox eugenicists are
going contrary to the best established facts of genetical science."

Eugenics had lost its credibility in the scientific community long before the
Nazis appropriated it for their own horrific purposes. The science underpinning
it was bogus, and the social programs constructed upon it utterly reprehensible.
Nevertheless, by midcentury the valid science of genetics, human genetics in
particular, had a major public relations problem on its hands. When in 1948 |
first came to Cold Spring Harbor, former home of the by-then-defunct Eugen-
ics Record Office, nobody would even mention the "E word"; nobody was will-
ing to talk about our science's past even though past issues of the German
Journal of Racial Hygiene still lingered on the shelves of the library.

Realizing that such goals were not scientifically feasible, geneticists had long

32



Beginnings of Genetics

since forsaken the grand search for patterns of inheritance of human behavioral
characteristics—whether Davenport's feeblemindedness or Galton's genius—
and were now focusing instead on the gene and how it functioned in the cell.
With the development during the 1930s and 1940s of new and more effective
technologies for studying biological molecules in ever greater detail, the time
had finally arrived for an assault on the greatest biological mystery of al: what is
the chemical nature of the gene?
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CHAPTER TWO

THE DOUBLE HELIX:
THIS IS LIFE

got hooked on the gene during my third year at the University of Chicago.

Until then, | had planned to be a naturalist and looked forward to a career

far removed from the urban bustle of Chicago's South Side, where | grew
up. My change of heart was inspired not by an unforgettable teacher but a little
book that appeared in 1944, What |s Life?, by the Austrian-born father of wave
mechanics, Erwin Schrodinger. It grew out of several lectures he had given the
year before at the Institute for Advanced Study in Dublin. That a great physicist
had taken the time to write about biology caught my fancy. In those days, like
most people, | considered chemistry and physics to be the "real" sciences, and
theoretical physicists were science's top dogs.

Schrodinger argued that life could be thought of in terms of storing and pass-
ing on biological information. Chromosomes were thus simply information
bearers. Because so much information had to be packed into every cell, it must
be compressed into what Schrodinger called a "hereditary code-script" embed-
ded in the molecular fabric of chromosomes. To understand life, then, we
would have to identify these molecules, and crack their code. He even specu-
lated that understanding life—which would involve finding the gene—might
take us beyond the laws of physics as we then understood them. Schrodinger's
book was tremendously influential. Many of those who would become major
players in Act 1 of molecular biology's great drama, including Francis Crick (a
former physicist himself), had, like me, read What |s Life? and been impressed.

In my own case, Schrodinger struck a chord because | too was intrigued by
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the essence of life. A small minority of scientists still thought life
depended upon a vital force emanating from an all-powerful god. But
like most of my teachers, | disdained the very idea of vitalism. If such
a "vital" force were calling the shots in nature's game, there was little
hope life would ever be understood through the methods of science.
On the other hand, the notion that life might be perpetuated by
means of an instruction book inscribed in a secret code appealed to
me. What sort of molecular code could be so elaborate as to convey
al the multitudinous wonder of the living world? And what sort of
molecular trick could ensure that the code is exactly copied every
time a chromosome duplicates?

The physicist Erwin At the time of Schrodinger's Dublin lectures, most biologists sup-

Schrodinger, whose book posed that proteins would eventually be identified as the primary
What Is Life? turned me

on to the gene

bearers of genetic instruction. Proteins are molecular chains built up

from twenty different building blocks, the amino acids. Because per-
mutations in the order of amino acids along the chain are virtually infinite, pro-
teins could, in principle, readily encode the information underpinning life's
extraordinary diversity. DNA then was not considered a serious candidate for
the bearer of code-scripts, even though it was exclusively located on chromo-
somes and had been known about for some seventy-five years. In 1869,
Friedreich Miescher, a Swiss biochemist working in Germany, had isolated from
pus-soaked bandages supplied by a local hospital a substance he called
"nuclein." Because pus consists largely of white blood cells, which, unlike red
blood cells, have nuclei and therefore DNA-containing chromosomes,
Miescher had stumbled on a good source of DNA. When he later discovered
that "nuclein” was to be found in chromosomes alone, Miescher understood
that his discovery was indeed a big one. In 1893, he wrote: "Inheritance insures
a continuity in form from generation to generation that lies even deeper than
the chemical molecule. It lies in the structuring atomic groups. In this sense, |
am a supporter of the chemical heredity theory."

Nevertheless, for decades afterward, chemistry would remain unequal to the
task of analyzing the immense size and complexity of the DNA molecule. Only
in the 1930s was DNA shown to be a long molecule containing four different
chemical bases: adenine (A), guanine (G), thymine (T), and cytosine (C). But
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at the time of Schrodinger's lectures, it was still unclear just how the subunits
(called deoxynucleotides) of the molecule were chemically linked. Nor was it
known whether DNA molecules might vary in their sequences of the four dif-
ferent bases. If DNA were indeed Schrodinger's code-script, then the molecule
would have to be capable of existing in an immense number of different forms.
But back then it was still considered a possibility that one simple sequence like
AGTC might be repeated over and over along the entire length of DNA chains.

DNA did not move into the genetic limelight until 1944, when Oswald
Avey's lab at the Rockefeller Institute in New York City reported that the com-
position of the surface coats of pneumonia bacteria could be changed. This was
not the result he and his junior colleagues, Colin MacLeod and Maclyn
McCarty, expected.

For more than a decade Avery's group had been following up on another most
unexpected observation made in 1928 by Fred Griffith, a scientist in the British
Ministry of Health. Griffith was interested in pneumonia and studied its bacte-
rid agent, Pneumococcus. It was known that there were two strains, designated
"smooth" (S) and "rough" (R) according to their appearance under the micro-
scope. These strains differed not only visually but also in their virulence. Inject
S bacteriainto a mouse, and within afew days the mouse dies; inject R bacteria
and the mouse remains healthy. It turns out that S bacterial cells have a coating
that prevents the mouse's immune system from recognizing the invader. The R
cells have no such coating and are therefore readily attacked by the mouse's
immune defenses.

Aviewthrough the microscope of blood cellstreated with
achemical that stains DNA. In order to maximize their
oxygen-transporting capacity, red blood cellshave no
nucleus and therefore no DNA. But white blood cells,
which patrol thebloodstreamin search of intruders, havea
nucleus containing chromosomes.
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Through his involvement with public health, Griffith knew that multiple
strains had sometimes been isolated from a single patient, and so he was curi-
ous about how different strains might interact in his unfortunate mice. With
one combination, he made a remarkable discovery: when he injected heat-
killed S bacteria (harmless) and normal R bacteria (also harmless), the mouse
died. How could two harmless forms of bacteria conspire to become lethal ?
The clue came when he isolated the Pneumococcus bacteria retrieved from the
dead mice and discovered living S bacteria. It appeared the living innocuous
R bacteria had acquired something from the dead S variant; whatever it was,
that something had allowed the R in the presence of the heat-killed S bacteria
to transform itself into a living killer S strain. Griffith confirmed that this
change was for real by culturing the S bacteria from the dead mouse over
several generations: the bacteria bred true for the S type, just as any regular
S strain would. A genetic change had indeed occurred to the R bacteria in-
jected into the mouse.

Though this transformation phenomenon seemed to defy al understanding,
Griffith's observations at first created little stir in the scientific world. This was
partly because Griffith was intensely private and so averse to large gatherings
that he seldom attended scientific conferences. Once, he had to be virtually
forced to give a lecture. Bundled into a taxi and escorted to the hall by col-
leagues, he discoursed in a mumbled monotone, emphasizing an obscure corner
of his microbiological work but making no mention of bacterial transformation.
Luckily, however, not everyone overlooked Griffith's breakthrough.

Oswald Avery was also interested in the sugarlike coats of the Pneumococcus.
He set out to duplicate Griffith's experiment in order to isolate and characterize
whatever it was that had caused those R cells to change to the S type. In 1944
Avery, MaclL eod, and McCarty published their results: an exquisite set of exper-
iments showing unequivocally that DNA was the transforming principle. Cul-
turing the bacteria in the test tube rather than in mice made it much easier to
search for the chemical identity of the transforming factor in the heat-killed S
cells. Methodically destroying one by one the biochemical components of the
heat-treated S cells, Avery and his group looked to see whether transformation
was prevented. First they degraded the sugarlike coat of the S bacteria. Trans-
formation still occurred: the coat was not the transforming principle. Next they
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used a mixture of two protein-destroying enzymes, trypsin and chymotrypsin, to
degrade virtually al the proteinsin the S cells. To their surprise, transformation
was again unaffected. Next they tried an enzyme (RNase) that breaks down
RNA (ribonucleic acid), a second class of nucleic acids similar to DNA and
possibly involved in protein synthesis. Again transformation occurred. Finaly,
they came to DNA, exposing the S bacterial extracts to the DNA-destroying
enzyme, DNase. This time they hit a home run. All S-inducing activity ceased
completely. The transforming factor was DNA.

In part because of its bombshell implications, the resulting February 1944
paper by Avery, MacLeod, and McCarty met with a mixed response. Many
geneticists accepted their conclusions. After all, DNA was found on every chro-
mosome; why shouldn't it be the genetic material? By contrast, however, most
biochemists expressed doubt that DNA was a complex enough molecule to act
as the repository of such a vast quantity of biological information. They contin-
ued to believe that proteins, the other component of chromosomes, would prove
to be the hereditary substance. In principle, as the biochemists rightly noted, it
would be much easier to encode a vast body of complex information using the
twenty-letter amino-acid alphabet of proteins than the four-letter nucleotide
alphabet of DNA. Particularly vitriolic in his rejection of DNA as the genetic
substance was Avery's own colleague at the Rockefeller Institute, the protein
chemist Alfred Mirsky. By then, however, Avery was no longer scientifically
active. The Rockefeller Institute had mandatorily retired him at age sixty-five.

Avery missed out on more than the opportunity to defend his work against
the attacks of his colleagues: He was never awarded the Nobel Prize, which was
certainly his due, for identifying DNA as the transforming principle. Because
the Nobel committee makes its records public fifty years following each award,
we now know that Avery's candidacy was blocked by the Swedish physical
chemist Einar Hammarsten. Though Hammarsten's reputation was based
largely on his having produced DNA samples of unprecedented high quality, he
still believed genes to be an undiscovered class of proteins. In fact, even after
the double helix was found, Hammarsten continued to insist that Avery should
not receive the prize until after the mechanism of DNA transformation had
been completely worked out. Avery died in 1955; had he lived only a few more
years, he would almost certainly have gotten the prize.
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When | arrived at Indiana University in the fall of 1947 with plans to pur-
sue the gene for my Ph.D. thesis, Avery's paper came up over and over in
conversations. By then, no one doubted the reproducibility of his results, and
more recent work coming out of the Rockefeller Institute made it all the less
likely that proteins would prove to be the genetic actors in bacterial transforma-
tion. DNA had at last become an important objective for chemists setting their
sights on the next breakthrough. In Cambridge, England, the canny Scottish
chemist Alexander Todd rose to the challenge of identifying the chemical bonds
that linked together nucleotides in DNA. By early 1951, his lab had proved that
these links were always the same, such that the backbone of the DNA molecule
was very regular. During the same period, the Austrian-born refugee Erwin
Chargaff, at the College of Physicians and Surgeons of Columbia University,
used the new technique of paper chromatography to measure the relative
amounts of the four DNA bases in DNA samples extracted from a variety of
vertebrates and bacteria. While some species had DNA in which adenine and
thymine predominated, others had DNA with more guanine and cytosine. The
possibility thus presented itself that no two DNA molecules had the same com-
position.

At Indianal joined a small group of visionary scientists, mostly physicists and
chemists, studying the reproductive process of the viruses that attack bacteria
(bacteriophages—"phages" for short). The Phage Group was born when my
Ph.D. supervisor, the Italian-trained medic Salvador Luria and his close friend,
the German-born theoretical physicist Max Delbriick, teamed up with the
American physical chemist Alfred Hershey. During World War 11 both Luria
and Delbruck were considered enemy aliens, and thus ineligible to serve in the
war effort of American science, even though Luria, a Jew, had been forced to
leave France for New York City and Delbriick had fled Germany as an objector
to Nazism. Thus excluded, they continued to work in their respective university
labs—Luria at Indiana and Delbruck at Vanderbilt—and collaborated on phage
experiments during successive summers at Cold Spring Harbor. In 1943, they
joined forces with the brilliant but taciturn Hershey, then doing phage research
of his own at Washington University in St. Louis.

The Phage Group's program was based on its belief that phages, like all
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viruses, were in effect naked genes. This concept had first been proposed in
1922 by the imaginative American geneticist Herman J. Muller, who three years
later demonstrated that X rays cause mutations. His belated Nobel Prize came
in 1946, just after he joined the faculty of Indiana University. It was his pres-
ence, in fact, that led me to Indiana. Having started his career under T. H. Mor-
gan, Muller knew better than anyone else how genetics had evolved during the
first half of the twentieth century, and | was enthralled by his lectures during
my first term. His work on fruit flies (Drosophila), however, seemed to me to
belong more to the past than to the future, and | only briefly considered doing
thesis research under his supervision. | opted instead for Luria's phages, an
even speedier experimental subject than Drosophila: genetic crosses of phages
done one day could be analyzed the next.

For my Ph.D. thesis research, Luria had me follow in his footsteps by study-
ing how X rays killed phage particles. Initially | had hoped to show that viral
death was caused by damage to phage DNA. Reluctantly, however, | eventually
had to concede that my experimental approach could never give unambiguous
answers at the chemical level. 1 could draw only biological conclusions. Even
though phages were indeed effectively naked genes, | realized that the deep
answers the Phage Group was seeking could be arrived at only through
advanced chemistry. DNA somehow had to transcend its status as an acronym;
it had to be understood as a molecular structure in al its chemical detail.

Upon finishing my thesis, | saw no alternative but to move to a lab where |
could study DNA chemistry. Unfortunately, however, knowing almost no pure
chemistry, | would have been out of my depth in any lab attempting difficult
experiments in organic or physical chemistry. | therefore took a postdoctoral fel-
lowship in the Copenhagen lab of the biochemist Herman Kalckar in the fal of
1950. He was studying the synthesis of the small molecules that make up
DNA, but I figured out quickly that his biochemical approach would never lead
to an understanding of the essence of the gene. Every day spent in his lab would
be one more day's delay in learning how DNA carried genetic information.

My Copenhagen year nonetheless ended productively. To escape the cold
Danish spring, | went to the Zoological Station at Naples during April and May.
During my last week there, | attended a small conference on X-ray diffraction
methods for determining the 3-D structure of molecules. X-ray diffraction is a
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way of studying the atomic structure of any molecule that can be crystallized.
The crystal is bombarded with X rays, which bounce off its atoms and arc scat-
tered. The scatter pattern gives information about the structure of the mole-
cule but, taken alone, is not enough to solve the structure. The additional
information needed is the "phase assignment,” which deals with the wave
properties of the molecule. Solving the phase problem was not easy, and at that
time only the most audacious scientists were willing to take it on. Most of the
successes of the diffraction method had been achieved with relatively simple
molecules.

My expectations for the conference were low. | believed that a three-
dimensional understanding of protein structure, or for that matter of DNA, was
more than a decade away. Disappointing earlier X-ray photos suggested that
DNA was particularly unlikely to yield up its secrets via the X-ray approach.
These results were not surprising since the
exact sequences of DNA were expected
to differ from one individual molecule to
another. The resulting irregularity of surface
configurations would understandably pre-
vent the long thin DNA chains from lying
neatly side by side in the regular repeating
patterns required for X-ray analysis to be
successful.

It was therefore a surprise and a delight to
hear the last-minute talk on DNA by a thirty-
four-year-old Englishman named Maurice
Wilkins from the Biophysics Lab of King's
College, London. Wilkins was a physicist
who during the war had worked on the Man-
hattan Project. For him, as for many of the
other scientists involved, the actual deploy-
ment of the bomb on Hiroshima and
Nagasaki, supposedly the culmination of all
their work, was profoundly disillusioning.
Maurice Wilkins in his lab at King's College, London  He considered forsaking science altogether
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to become a painter in Paris, but biology intervened. He too had read
Schrodinger's book, and was now tackling DNA with X-ray diffraction.

He displayed a photograph of an X-ray diffraction pattern he had recently
obtained, and its many precise reflections indicated a highly regular crystalline
packing. DNA, one had to conclude, must have a regular structure, the eluci-
dation of which might well reveal the nature of the gene. Instantly I saw myself
moving to London to help Wilkins find the structure. My attempts to converse
with him after his talk, however, went nowhere. All I got for my efforts was a
declaration of his conviction that much hard work lay ahead.

While I was hitting consecutive dead ends, back in America the world's pre-
eminent chemist, Caltech's Linus Pauling, announced a major triumph: he had
found the exact arrangement in which chains of amino acids (called polypep-
tides) fold up in proteins, and called his structure the a-helix (alpha helix). That
it was Pauling who made this breakthrough was no surprise: he was a scientific
superstar. His book The Nature of the Chemical Bond essentially laid the foun-
dation of modern chemistry, and, for chemists of the day, it was the Bible. Paul-
ing had been a precocious child. When he was nine, his father, a druggist in
Oregon, wrote to the Oregonian newspaper requesting suggestions of reading
matter for his bookish son, adding that he had already read the Bible and Dar-
win's Origin of Species. But the early death of Pauling's father, which brought
the family to financial ruin, makes it remarkable that the promising young man
managed to get an education at all.

As soon as I returned to Copenhagen I read about Pauling's a-helix. To my
surprise, his model was not based on a deductive leap from experimental X-ray
diffraction data. Instead, it was Pauling's long experience as a structural
chemist that had emboldened him to infer which type of helical fold would be
most compatible with the underlying chemical features of the polypeptide
chain. Pauling made scale models of the different parts of the protein molecule,
working out plausible schemes in three dimensions. He had reduced the prob-
lem to a kind of three-dimensional jigsaw puzzle in a way that was simple yet
brilliant.

Whether the a-helix was correct—in addition to being pretty—was now the
question. Only a week later, I got the answer. Sir Lawrence Bragg, the English

inventor of X-ray crystallography and 1915 Nobel laureate in Physics, came to
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Lawrence Bragg (left) with Linus Pauling, who is carrying a model of the a-helix

Copenhagen and excitedly reported that his junior colleague, the Austrian-born
chemist Max Perutz, had ingeniously used synthetic polypeptides to confirm
the correctness of Pauling's a-helix. It was a bittersweet triumph for Bragg's
Cavendish Laboratory. The year before, they had completely missed the boat in
their paper outlining possible helical folds for polypeptide chains.

By then Salvador Luria had tentatively arranged for me to take up a research
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position at the Cavendish. Located at Cambridge University, this was the most
famous laboratory in al of science. Here Ernest Rutherford first described the
structure of the atom. Now it was Bragg's own domain, and | was to work as
apprentice to the English chemist John Kendrew, who was interested in deter-
mining the 3-D structure of the protein myoglobin. Luria advised me to visit the
Cavendish as soon as possible. With Kendrew in the States, Max Perutz would
check me out. Together, Kendrew and Perutz had earlier established the Med-
ical Research Council (MRC) Unit for the Study of the Structure of Biological
Systems.

A month later in Cambridge, Perutz assured me that | could quickly master
the necessary X-ray diffraction theory and should have no difficulty fitting in
with the others in their tiny MRC Unit. To my relief, he was not put off by my
biology background. Nor was Lawrence Bragg, who briefly came down from his
office to look me over.

| was twenty-three when | arrived back at the MRC Unit in Cambridge in
early October. | found myself sharing space in the biochemistry room with a
thirty-five-year-old ex-physicist, Francis Crick, who had spent the war working
on magnetic mines for the Admiralty. When the war ended, Crick had planned
to stay on in military research, but, on reading Schrédinger's
What Is Life?, he had moved toward biology. Now he was at
the Cavendish to pursue the 3-D structure of proteins for
his Ph.D.

Crick was always fascinated by the intricacies of impor-
tant problems. His endless questions as a child compelled
his weary parents to buy him a children's encyclopedia, hop-
ing that it would satisfy his curiosity. But it only made him
insecure: he confided to his mother his fear that everything
would have been discovered by the time he grew up, leaving
him nothing to do. His mother reassured him (correctly, as it
happened) that there would still be a thing or two for him to
figureout.

A great talker, Crick was invariably the center of attention
in any gathering. His booming laugh was forever echoing Francis Crick with the
down the hallways of the Cavendish. As the MRC Unit's res- Cavendish X-ray tube
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ident theoretician, he used to come up with a novel insight at least once a
month, and he would explain his latest idea at great length to anyone willing to
listen. The morning we met he lit up when he learned that my objective in com-
ing to Cambridge was to learn enough crystallography to have a go at the DNA
structure. Soon | was asking Crick's opinion about using Pauling's model-
building approach to go directly for the structure. Would we need many more
years of diffraction experimentation before modeling would be practicable? To
bring us up to speed on the status of DNA structural studies, Crick invited
Maurice Wilkins, afriend since the end of the war, up from London for Sunday
lunch. Then we could learn what progress Wilkins had made since his talk in
Naples.

Wilkins expressed his belief that DNA's structure was a helix, formed by sev-
eral chains of linked nucleotides twisted around each other. All that remained
to be settled was the number of chains. At the time, Wilkins favored three on
the basis of his density measurements of DNA fibers. He was keen to start
model-building, but he had run into a roadblock in the form of a new addition
to the King's College Biophysics Unit, Rosalind Franklin.

A thirty-one-year-old Cambridge-trained physical chemist, Franklin was an
obsessively professional scientist; for her twenty-ninth birthday al she
requested was her own subscription to her field's technical journal, Acta Crys—
tallographica. Logical and precise, she was impatient with those who acted oth-
erwise. And she was given to strong opinions, once describing her Ph.D. thesis
adviser, Ronald Norrish, a future Nobel Laureate, as "stupid, bigoted, deceitful,
ill-mannered and tyrannical." Outside the laboratory, she was a determined and
gutsy mountaineer, and, coming from the upper echelons of London society,
she belonged to a more rarefied social world than most scientists. At the end of
a hard day at the bench, she would occasionally change out of her lab coat into
an elegant evening gown and disappear into the night.

Just back from a four-year X-ray crystallographic investigation of graphite in
Paris, Franklin had been assigned to the DNA project while Wilkins was away
from King's. Unfortunately, the pair soon proved incompatible. Franklin, direct
and data-focused, and Wilkins, retiring and speculative, were destined never to
collaborate. Shortly before Wilkins accepted our lunch invitation, the two had
had a big blowup in which Franklin had insisted that no model-building could
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commence before she collected much more extensive diffraction data. Now
they effectively didn't communicate, and Wilkins would have no chance to
learn of her progress until Franklin presented her lab seminar scheduled for the
beginning of November. If we wanted to listen, Crick and | were welcome to go
as Wilkins's guests.

Crick was unable to make the seminar, so | attended alone and briefed him
later on what | believed to be its key take-home messages on crystalline DNA.
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In particular, | described from memory Franklin's measurements of the crystal-
lographic repeats and the water content. This prompted Crick to begin sketch-
ing helical grids on a sheet of paper, explaining that the new helical X-ray theory
he had devised with Bill Cochran and Vladimir Vand would permit even me, a
former bird-watcher, to predict correctly the diffraction patterns expected from
the molecular models we would soon be building at the Cavendish.

As soon as we got back to Cambridge, | arranged for the Cavendish machine
shop to construct the phosphorous atom models needed for short sections of
the sugar phosphate backbone found in DNA. Once these became available,
we tested different ways the backbones might twist around each other in the
center of the DNA molecule. Their regular repeating atomic structure should
allow the atoms to come together in a consistent, repeated conformation. Fol-
lowing Wilkins's hunch, we focused on three-chain models. When one of these
appeared to be almost plausible, Crick made a phone cal to Wilkins to
announce we had a model we thought might be DNA.

The next day both Wilkins and Franklin came up to see what we had done.
The threat of unanticipated competition briefly united them in common pur-
pose. Franklin wasted no time in faulting our basic concept. My memory was
that she had reported almost no water present in crystalline DNA. In fact, the
opposite was true. Being a crystallographic novice, | had confused the terms
"unit cell" and "asymmetric unit." Crystalline DNA was in fact water-rich. Con-
sequently, Franklin pointed out, the backbone had to be on the outside and not,
as we had it, in the center, if only to accommodate &l the water molecules she
had observed in her crystals.

That unfortunate November day cast a very long shadow. Franklins opposi-
tion to model-building was reinforced. Doing experiments, not playing with
Tinkertoy representations of atoms, was the way she intended to proceed. Even
worse, Sir Lawrence Bragg passed down the word that Crick and | should desist
from al further attempts at building a DNA model. It was further decreed that
DNA research should be left to the King's lab, with Cambridge continuing to
focus solely on proteins. There was no sense in two MRC-fundcd labs compet-
ing against each other. With no more bright ideas up our sleeves, Crick and |
were reluctantly forced to back off, at least lor the time being.

It was not a good moment to be condemned to the DNA sidelines. Linus
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Pauling had written Wilkins to request a copy of the crystalline DNA diffraction
pattern. Though Wilkins had declined, saying he wanted more time to interpret
it himsdf, Pauling was hardly obliged to depend upon data from King's. If he
wished, he could easily start serious X-ray diffraction studies at Caltech.

The following spring, | duly turned away from DNA and set about extend-
ing prewar studies on the pencil-shaped tobacco mosaic virus using the
Cavendish's powerful new X-ray beam. This light experimental workload gave
me plenty of time to wander through various Cambridge libraries. In the zool-
ogy building, | read Erwin Chargaff's paper describing his finding that the DNA
bases adenine and thymine occurred in roughly equal amounts, as did the bases
guanine and cytosine. Hearing of these one-to-one ratios Crick wondered
whether, during DNA duplication, adenine residues might be attracted to
thymine and vice versa, and whether a corresponding attraction might exist
between guanine and cytosine. If so, base sequences on the "parental" chains
(eg., ATGC) would have to be complementary to those on "daughter" strands
(yidding in this case TACG).

These remained idle thoughts until Erwin Chargaff came through Cam-
bridge in the summer of 1952 on his way to the International Biochemical Con-
oress in Paris. Chargaff expressed annoyance that neither Crick nor | saw the
need to know the chemical structures of the four bases. He was even more
upset when we told him that we could simply look up the structures in text-
books as the need arose. | was left hoping that Chargaff's data would prove
irrdlevant. Crick, however, was energized to do several experiments looking for
molecular "sandwiches" that might form when adenine and thymine (or alter-
natively, guanine and cytosine) were mixed together in solution. But his experi-
ments went nowhere.

Like Chargaff, Linus Pauling also attended the International Biochemical
Congress, where the big news was the latest result from the Phage Group. Alfred
Hershey and Martha Chase at Cold Spring Harbor had just confirmed Avery's
transforming principle: DNA was the hereditary material! Hershey and Chase
proved that only the DNA of the phage virus enters bacterial cells; its protein
coat remains on the outside. It was more obvious than ever that DNA must be
understood at the molecular level if we were to uncover the essence of the gene.
With Hershey and Chase's result the talk of the town, | was sure that Pauling

49



DNA

would now bring his formidable intellect and chemical wisdom to bear on the
problem of DNA.

Early in 1953, Pauling did indeed publish a paper outlining the structure of
DNA. Reading it anxiously | saw that he was proposing a three-chain model
with sugar phosphate backbones forming a dense central core. Superficialy it
was similar to our botched model of fifteen months earlier. But instead of using
positively charged atoms (e.g., Mg*) to stabilize the negatively charged back-
bones, Pauling made the unorthodox suggestion that the phosphates were held
together by hydrogen bonds. But it seemed to me, the biologist, that such
hydrogen bonds required extremely acidic conditions never found in cells. With
a mad dash to Alexander Todd's nearby organic chemistry lab my belief was con-
firmed: The impossible had happened. The world's best-known, if not best,
chemist had gotten his chemistry wrong. In effect, Pauling had knocked the A
off of DNA. Our quarry was deoxyribonucleic acid, but the structure he was
proposing was not even acidic.

Hurriedly | took the manuscript to London to inform Wilkins and Franklin
they were still in the game. Convinced that DNA was not a helix, Franklin had
no wish even to read the article and deal with the distraction of Pauling's helical
ideas, even when | offered Crick's arguments for helices. Wilkins, however, was
very interested indeed in the news | brought; he was now more certain than
ever that DNA was helical. To prove the point, he showed me a photograph
obtained more than sx months earlier by Franklin's graduate student Raymond
Gosling, who had X-rayed the so-called B form of DNA. Until that moment, |
didn't know a B form even existed. Franklin had put this picture aside, prefer-
ring to concentrate on the A form, which she thought would more likely yield
useful data. The X-ray pattern of this B form was a distinct cross. Since Crick
and others had already deduced that such a pattern of reflections would be cre-
ated by a helix, this evidence made it clear that DNA had to be a helix! In fact,
despite Franklin's reservations, this was no surprise. Geometry itself suggested
that a helix was the most logical arrangement for a long string of repeating units
such as the nucleotides of DNA. But we till did not know what that helix
looked like, nor how many chains it contained.

The time had come to resume building helical models of DNA. Pauling was
bound to realize soon enough that his brainchild was wrong. | urged Wilkins to
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X-ray photos of the A and B forms of DNA from, respectively, Maurice Wilkinsand
Rosalind Franklin. Thedifferencesin molecular structureare caused by differencesinthe
amount of water associated with each DNA molecule.

waste no time. But he wanted to wait until Franklin had completed her sched-
uled departure for another lab later that spring. She had decided to move on to
avoid the unpleasantness at King's. Before leaving, she had been ordered to stop
further work with DNA and had already passed on many of her diffraction
images to Wilkins.

When | returned to Cambridge and broke the news of the DNA B form,
Bragg no longer saw any reason for Crick and me to avoid DNA. He very much
wanted the DNA structure to be found on his side of the Atlantic. So we went
back to model-building, looking for a way the known basic components of
DNA—the backbone of the molecule and the four different bases, adenine,
thymine, guanine, and cytosine—could fit together to make a helix. I commis-
sioned the shop at the Cavendish to make us a set of tin bases, but they couldn't
produce them fast enough for me: | ended up cutting out rough approximations
from tiff cardboard.

By this time | realized the DNA density-measurement evidence actually
dightly favored a two-chain, rather than three-chain, model. So | decided to
search out plausible double helices. As a biologist, | preferred the idea of a
genetic molecule made of two, rather than three, components. After all, chro-
mosomes, like cells, increase in number by duplicating, not triplicating.
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SUGAR

PHOSPHATE

The chemical backbone of DNA

| knew that our previous model with the backbone on the inside and the
bases hanging out was wrong. Chemical evidence from the University of
Nottingham, which | had too long ignored, indicated that the bases must be
hydrogen-bonded to each other. They could only form bonds like this in the reg-
ular manner implied by the X-ray diffraction data if they were in the center of
the molecule. But how could they come together in pairs? For two weeks | got
nowhere, misled by an error in my nucleic acid chemistry textbook. Happily, on
February 27, Jerry Donahue, a theoretical chemist visiting the Cavendish from
Caltech, pointed out that the textbook was wrong. So | changed the locations of
the hydrogen atoms on my cardboard cutouts of the molecules.

The next morning, February 28, 1953, the key features of the DNA model all
fell into place. The two chains were held together by strong hydrogen bonds
between adenine-thymine and guanine-cytokine base pairs. The inferences
Crick had drawn the year before based on Chargaff's research had indeed been
correct. Adenine does bond to thymine and guanine does bond to cytosine, but
not through flat surfaces to form molecular sandwiches. When Crick arrived,
he took it al in rapidly, and gave my base-pairing scheme his blessing. He real-
ized right away that it would result in the two strands of the double helix run-
ning in opposite directions.
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It was quite a moment. We felt sure that this was it. Anything that simple,
that elegant just had to be right. What got us most excited was the complemen-
tarity of the base sequences along the two chains. If you knew the sequence—
the order of bases—along one chain, you automatically knew the sequence
along the other. It was immediately apparent that this must be how the genetic
messages of genes are copied so exactly when chromosomes duplicate prior to
cel division. The molecule would "unzip" to form two separate strands. Each
separate strand then could serve as the template for the synthesis of a new
strand, one double helix becoming two.

In What is Life? Schrodinger had suggested that the language of life might be
like Morse code, a series of dots and dashes. He wasn't far off. The language of
DNA is alinear series of As, Ts, Gs, and Cs. Andjust as transcribing a page out
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of a book can result in the odd typo, the rare mistake creeps in when al these
As, Ts, Gs, and Cs are being copied along a chromosome. These errors are the
mutations geneticists had talked about for almost fifty years. Change an "i" to an
"a' and "Jim" becomes "Jam" in English; change aT to a C and "ATG" becomes
"ACG" in DNA.

The double helix made sense chemically and it made sense biologically. Now
there was no need to be concerned about Schrodinger's suggestion that new
laws of physics might be necessary for an understanding of how the hereditary
code-script is duplicated: genes in fact were no different from the rest of chem-
istry. Later that day, during lunch at the Eagle, the pub virtually adjacent to the
Cavendish Lab, Crick, ever the talker, could not help but tell everyone we had
just found the "secret of life." | myself, though no less electrified by the

54



The Double Helix

thought, would have waited until we had a pretty three-dimensional model to
show off.

Among the first to see our demonstration model was the chemist Alexander
Todd. That the nature of the gene was so simple both surprised and pleased
him. Later, however, he must have asked himself why his own lab, having estab-
lished the general chemical structure of DNA chains, had not moved on to ask-
ing how the chains folded up in three dimensions. Instead the essence of the
molecule was left to be discovered by a two-man team, a biologist and a physi-
cist, neither of whom possessed a detailed command even of undergraduate
chemistry. But paradoxically, this was, at least in part, the key to our success:
Crick and | arrived at the double helix first precisely because most chemists at
that time thought DNA too big a molecule to understand by chemical analysis.

At the same time, the only two chemists with the vision to seek DNA's 3-D
structure made major tactical mistakes: Rosalind Franklin's was her resistance to
model-building; Linus Pauling's was a matter of simply neglecting to read the
existing literature on DNA, particularly the data on its base composition pub-
lished by Chargaff. Ironically, Pauling and Chargaff sailed across the Atlantic on
the same ship following the Paris Biochemical Congressin 1952, but failed to hit
it off. Pauling was long accustomed to being right. And he believed there was no
chemical problem he could not work out from first principles by himself. Usually
this confidence was not misplaced. During the Cold War, as a prominent critic of
the American nuclear weapons development program, he was questioned by the
FBI after giving a talk. How did he know how much plutonium there is in an
atomic bomb? Pauling's response was "Nobody told me. | figured it out."

Over the next several months Crick and (to a lesser extent) | relished show-
ing off our model to an endless stream of curious scientists. However, the Cam-
bridge biochemists did not invite us to give a formal talk in the biochemistry
building. They started to refer to it as the "WC," punning our initials with those
used in Britain for the toilet or water closet. That we had found the double helix
without doing experiments irked them.

The manuscript that we submitted to Nature in early April was published just
over three weeks later, on April 25, 1953. Accompanying it were two longer
papers by Franklin and Wilkins, both supporting the general correctness of our
model. In June, | gave the first presentation of our model at the Cold Spring

55



No. 4356 APl‘il 25, 1953

MOLECULAR STRUCTURE OF
NUCLEIC ACIDS

A Structure for Deoxyribose Nucleic Acid

E wish to suggest a structure for the salt

of deoxyribose nucleic acid (D.N.A.,). This
structure has novel features which are of eonsiderable
biological interest.

A structure for nucleic acid has already been
proposed by Pauling aud Carey!. 'They kindly made
their manuseript available to us in advance of
publication. Their model consists of three inter-
twined chains, with the phosphates near the fibre
axis, and the bases on the outside, In our opinion,
this structure is unsatisfactory for two reasons :
(1) We bholieve that the material which gives the
X-ray diagrams is the salt, not the free acid. Without
the acidic hydrogen atoms it is not clear what forces
would hold the structure together, especially as the
negatively charged phosphates near the axis will
repel each other. (2) Some of the van der Waals
distances appear to be too small,

Another three-chain structure has also been sug-
gested by Fraser (in the press). In his model the
phosphates are on the outside and the bases on the
ingide, linked together by hydrogen bonds. This
structure as described is rather ill-defined, and for
this reason we shall not comment
on it.

We wish to put forward a
radically different structure for
the salt of deoxyribose nucleic
acid. This structure has two
helical chains each coiled round
the same axis (see diagram), We
have made the usual chemical
assumptions, namely, that each
chain consists of phosphate di-
ester groups joining B-p-deoxy-
ribofuranose residues with 3’,5
linkages. The two chains (but
not their bases) are related by a
dyad perpendicular to the fibre
axigs. Both chains follow right-
handed helices, but owing to
the dyad the sequences of the
atoms in the two chains run
in opposite directions. Each
chain loosely resembles Fur-
berg’s® model No. 1; that is,
the bases are on the inside of
the helix and the phosphates on
the outside. The configuration
of the sugar and the atoms
near it is close to Furberg’s
‘standard configuration’, the
sugar being roughly perpendi-
cular to the atteched base. There

>

This figure i8 purely
diagrammatic. The two
ribbons eymbolize the
two phosphate—sugar
chalng, and the horl-
zontal rods the pairs of
bases holding the chains
fogether. The vertical
line marks the fibre axts

is & residue on each chain every 3-4 A. in the z-direc-
tion. We have assumed an angle of 36° between
adjacent residues in the same chain, so that the
structure repeats after 10 residues on each chain, that
is, after 34 A, The distance of a phosphorus atom
from the fibre axis is 10 A. As the phosphates are on
the outside, cations have easy access to them.

The structure ig an open one, and its water content
is rather high. At lower water contents we would
expect the bases to tilt so that the strueturce could
become more compact.

The novel feature of the structure is the manner
in which the two chains are held together by the
purine and pyrimidine hages. The planes of the bases
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are perpendicular to the fibre axis. 'They are joined
together in pairs, & single base from one chain being
hydrogen-bonded to & single base from the other
chain, 8o that the two lie side by side with identical
z-co-ordinates. One of the pair must be a purine and
the other a pyrimidine for bonding to occur. The
hydrogen bonds are made as follows : purine position
1 to pyrimidine position 1; purine position 6 to
pyrimidine position 6.

If it is assumed that the bases only occur in the
structure in the most plausible tautomeric forms
(that is, with the keto rather than the enol con-
figurations) it is found that only specific pairs of
bases can bond together. These pairs are : adenine
(purine) with thymine (pyrimidine), and guanine
(purine} with cytosine (pyrimidine).

In other words, if an adenine forms one member of
& pair, on either chain, then on these assumptions
the other member must be thymine ; similarly for
guanine and cytosine. The sequence of bases on &
single chain does not appear to be restricted in any
way. However, if only specific pairs of bases can be
formed, it follows that if the sequence of bases on
one chain is given, then the sequence on the other
chain is automatically determined.

It has been found experimentally®* that the ratio
of the amounts of adenine to thymine, and the ratio
of guanine to cytosine, are always very close to unity
for deoxyribose nucleic acid.

It is probably impossible to build this structure
with & ribose sugar in place of the deoxyribose, as
the extra oxygen atom would make too close & van
der Waals contact.

The previously published X-ray data®* on deoxy-
ribose nucleic acid are insufficient for a rigorous test
of our structure. So far as we can tell, it is roughly
compatible with the experimental data, but it must
be regarded as unproved until it has been checked
against more exact results. Some of these are given
in the following communications. We were not aware
of the ‘details of the results presented there when we
devised our structure, which rests mainly though not
ontirely on published experimental data and stereo-
chemical argurnents.

It has not escaped our notice that the speeific
pairing we have postulated immediately suggests a
possible copying mechanism for the genetic material.

1 details of the structure, including the con-
ditions assumed in building it, together with a set
of co-ordinates for the atoms, will be published
elsewhere.

‘We are much indebted to Dr. Jerry Donohue for
constant advice and criticism, especially on inter-
atomic distances. We have also been stimulated by
& knowledge of the general nature of the unpublished
experimental results and ideas of Dr. M. H. F.
Wilking, Dr. R. E. Franklin and their co-workers at
King's College, London. One of us (J.D. W.) has bc?en
aided by a fellowship from the National Foundation
for Infantile Paralysis.

J. D. WaTsox
F. H. C. Crick
Medical Research Council Unit for the
Study of the Molecular Structure of
Biological Systerms,
Cavendish Laboratory, Cambridge.
April 2.
' Pauling, 1., snd Corey, R. B., Nature, 171, 346 (1953); Proc. U.S.
Nat. Acad. Sei,, 39, 84 (1933).
2 Furberg, 5., dcla Chem. Scand., 8, 634 (1952).
3 Chargafl, E., for references see Zamenhof, S., Brawerman, G.. and
Chargafl, 'E., Biochim. et Biophys. Acta, 9, 402 (1952).
+ Wyatt. G. R., J. Gen. Physiol., 88, 201 (1952).
¢ Astbury, W. T., Symp. Soc. Exp. Biol. 1, Nucleic Acid, 66 (Camb.
niv. Press, 1947).

s wilking, M. H. F,, and Randall, J. T., Biockim. el Biophys. Acta,
10, 192 (1963).



Short and sweet: our Nature paper
announcing thediscovery. Thesameissue
also carriedlonger articlesby Rosalind
Franklinand Maurice Wilkins.

Unveiling the doublehelix: my lectureat
Cold Spring Harbor Laboratory, June 1953

Harbor symposium on viruses. Max Del-
brick saw to it that | was offered, at the
last minute, an invitation to speak. To
this intellectually high-powered meeting
| brought a three-dimensional model
built in the Cavendish, the adenine-
thymine base pairs in red and the
guanine-cytosine base pairs in green.

In the audience was Seymour Ben-
zer, yet another ex-physicist who had
heeded the clarion call of Schrédinger's
book. He immediately understood what
our breakthrough meant for his studies
of mutations in viruses. He realized that he could now do for a short stretch of
bacteriophage DNA what Morgan's boys had done forty years earlier for fruit fly
chromosomes: he would map mutations—determine their order—along a gene,
just as the fruit fly pioneers had mapped genes along a chromosome. Like Mor-
gan, Benzer would have to depend on recombination to generate new genetic
combinations, but, whereas Morgan had the advantage of a ready mechanism of
recombination—the production of sex cells in a fruit fly—Benzer had to induce
recombination by simultaneously infecting a single bacterial host cell with two
different strains of bacteriophage, which differed by one or more mutations in
the region of interest. Within the bacterial cell, recombination—the exchange
of segments of molecules—would occasionally occur between the different
vird DNA molecules, producing new permutations of mutations—so-called
"recombinants." Within a single astonishingly productive year in his Purdue
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University lab, Benzer produced a map of a single bacterio-
phage gene, rll, showing how a series of mutations—all errors
in the genetic script—were laid out linearly along the virus
DNA. The language was simple and linear, just like a line of
text on the written page.

The response of the Hungarian physicist Leo Szilard to my
Cold Spring Harbor talk on the double helix was less aca-
demic. His question was, "Can you patent it?" At one time
Szilard's main source of income had been a patent that he
held with Einstein, and he had later tried unsuccessfully to
patent with Enrico Fermi the nuclear reactor they built at the
University of Chicago in 1942. But then as now patents were
given only for useful inventions and at the time no one could
conceive of a practical use for DNA. Perhaps then, Szilard
suggested, we should copyright it.

There remained, however, a single missing piece in the
double helical jigsaw puzzle: our unzipping idea for
DNA replication had yet to be experimentally verified. Max
Delbriick, for example, was unconvinced. Though he liked
the double helix as a model, he worried that unzipping it
might generate horrible knots. Five years later, a former stu-
dent of Pauling's, Matt Meselson, and the equally bright
young phage worker Frank Stahl put to rest such fears when
they published the results of a single elegant experiment.
They had met in the summer of 1954 at the Marine Bio-
logical Laboratory at Woods Hole, Massachusetts, where |
was then lecturing, and agreed—over a good many gin marti-
nis—that they should get together to do some science. The

DNA replication: the double helix is unzipped and each strand copied.
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The Mesel son-Stahl experiment

result of their collaboration has been described as "the most beautiful experi-
ment in biology."

They used a centrifugation technique that allowed them to sort molecules
according to slight differences in weight; following a centrifugal spin, heavier
molecules end up nearer the bottom of the test tube than lighter ones. Because
nitrogen atoms (N) are a component of DNA, and because they exist in two dis-
tinct forms, one light and one heavy, Meselson and Stahl were able to tag seg-
ments of DNA and thereby track the process of its replication in bacteria.
Initially all the bacteria were raised in a medium containing heavy N, which was
thus incorporated in both strands of the DNA. From this culture they took a
sample, transferring it to a medium containing only light N, ensuring that the
next round of DNA replication would have to make use of light N. If, as Crick
and | had predicted, DNA replication involves unzipping the double helix and
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Matt Meselson beside an ultra-centrifuge, the
hardware at the heart of "the most beautiful
experiment in biology"

DNA

copying each strand, the resultant two "daughter"
DNA molecules in the experiment would be
hybrids, each consisting of one heavy N strand (the
template strand derived from the "parent” molecule)
and one light N strand (the one newly fabricated
from the new medium). Meselson and Stahl's cen-
trifugation procedure bore out these expectations
precisely. They found three discrete bands in their
centrifuge tubes, with the heavy-then-light sample
halfway between the heavy-heavy and light-light
samples. DNA replication works just as our model
supposed it would.

The biochemical nuts and bolts of DNA replica-
tion were being analyzed at around the same time in
Arthur Kornberg's laboratory at Washington Univer-
sity in St. Louis. By developing a new, "cell-free" sys-
tem for DNA synthesis, Kornberg discovered an
enzyme (DNA polymerase) that links the DNA
components and makes the chemical bonds of the
DNA backbone. Kornberg's enzymatic synthesis of
DNA was such an unanticipated and important
event that he was awarded the 1959 Nobel Prize in
Physiology or Medicine, less than two years after the
key experiments. After his prize was announced,

Kornberg was photographed holding a copy of the double helix model | had
taken to Cold Spring Harbor in 1953.

It was not until 1962 that Francis Crick, Maurice Wilkins, and | were to
receive our own Nobel Prize in Physiology or Medicine. Four years earlier, Ros-
alind Franklin had died of ovarian cancer at the tragically young age of thirty-
seven. Before then Crick had become a close colleague and a real friend of
Franklin's. Following the two operations that would fail to stem the advance of
her cancer, Franklin convalesced with Crick and his wife, Odile, in Cambridge.

It was and remains a long-standing rule of the Nobel Committee never to
split a single prize more than three ways. Had Franklin lived, the problem

60



The Double Helix

would have arisen whether to bestow the award upon
her or Maurice Wilkins. The Swedes might have
resolved the dilemma by awarding them both the Nobel
Prize in Chemistry that year. Instead, it went to Max
Perutz and John Kendrew, who had elucidated the
three-dimensional structures of hemoglobin and myo-
globin respectively.

The discovery of the double helix sounded the death
knell for vitalism. Serious scientists, even those
religiously inclined, realized that a complete under-
standing of life would not require the revelation of new
lavs of nature. Life was just a matter of physics and
chemistry, albeit exquisitely organized physics and
chemistry. The immediate task ahead would be to figure

Arthur Kornberg at the time of winning
his Nobel Prize

out how the DNA-encoded script of life went about its work. How does the
molecular machinery of cells read the messages of DNA molecules? As the next
chapter will reveal, the unexpected complexity of the reading mechanism led to

profound insights into how life first came about.



CHAPTER THREE

READING THE CODE:
BRINGING DNA TO LIFE

ong before Oswald Avery's experiments put DNA in the spotlight as the

"transforming principle,” geneticists were trying to understand just how

the hereditary material—whatever it might be—was able to influence
the characteristics of a particular organism. How did Mendel's "factors" affect
the fom of peas, making them either wrinkled or round?

Thefirst clue came around the turn of the century, just after the rediscovery
of Mendd's work. Archibald Garrod, an English physician whose slow progress
through medical school and singular lack of a bedside manner had ensured him
a career in research rather than patient care at St. Bartholomew's Hospital in
London, was interested in a group of rare diseases of which a common marked
symptom was strangely colored urine. One of these diseases, alkaptonuria, has
been dubbed "black diaper syndrome" because those afflicted with it pass urine
that turns black on exposure to air. Despite this alarming symptom, the disease
is usudly not lethal, though it can lead in later life to an arthritis-like condition
as the black-urine pigments accumulate in the joints and spine. Contemporary
tience attributed the blackening to a substance produced by bacteria living in
the gut, but Garrod argued that the appearance of black urine in newborns,
whose guts lack bacterial colonies, implied that the substance was produced by
the body itself. He inferred that it was the product of a flaw in the body's chem-
icd machinery, an "error in metabolism" in his words, suggesting there might be
acritica glitch in some biochemical pathway.

Garrod further observed that alkaptonuria, though very rare in the population
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as a whole, occurred more frequently among children of marriages between
blood relatives. In 1902, he was able to explain the phenomenon in terms of
Mendel's newly rediscovered laws. Here was the pattern of inheritance to be
expected of a rare recessive gene: two first cousins, say, have both received a
copy of the "alkaptonuria’ gene from the same grandparent, creating a one-in-
four chance that their union will produce a child homozygous for the gene (i.e.,
a child with two copies of the recessive gene) who will therefore develop alkap-
tonuria. Combining his biochemical and genetic analyses, Garrod concluded
that alkaptonuria is an "inborn error in metabolism." Though nobody really
appreciated it at the time, Garrod was thus the first to make the causal connec-
tion between genes and their physiological effect. Genes in some way governed
metabolic processes, and an error in a gene—a mutation—could result in a
defective metabolic pathway.

The next significant step would not occur until 1941, when George Beadle
and Ed Tatum published their study of induced mutations in a tropical bread
mold. Beadle had grown up outside Wahoo, Nebraska, and would have taken
over the family farm had a high-school science teacher not encouraged him to
consider an alternative career. Through the thirties, first at Caltech in associa-
tion with T. H. Morgan of fruit fly fame and then at the Institut de Biologie
Physico-Chimique in Paris, Beadle had applied himself to discovering how
genes work their magic in affecting, for example, eye color in fruit flies. Upon
his arrival at Stanford University in 1937, he recruited Tatum, who joined the
effort against the advice of his academic advisers. Ed Tatum had been both an
undergraduate and graduate student at the University of Wisconsin, doing stud-
ies of bacteria that lived in milk (of which there was no shortage in the Cheese
State). Though thejob with Beadle might be intellectually challenging, Tatum's
Wisconsin professors counseled in favor of the financial security to be found in
a career with the dairy industry. Fortunately for science, Tatum chose Beadle
over butter.

Beadle and Tatum came to realize that fruit flies were too complex for the
kind of research at hand: finding the effect of a single mutation in an animal as
complicated as Drosophila would be like looking for a needle in a haystack.
They chose instead to work with an altogether simpler species, Neurospora
crassa, the orange-red mold that grows on bread in tropical countries. The plan
was simple: subject the mold to X rays to cause mutations—just as Muller had
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done with fruit flies—and then try to determine the impact of the resulting
mutations on the fungi. They would track the effects of the mutations in this
way: Normal (i.e., unmutated) Neurospora, it was known, could survive on a so-
caled minimal culture medium; on this basic "diet" they could evidently syn-
thesize biochemically al the larger molecules they required to live, constructing
them from the simpler ones in the nutrient medium. Beadle and Tatum theo-
rized that a mutation that knocked out any of those synthetic pathways would
result in the irradiated mold strain being unable to grow on minimal medium,;
that same strain should, however, still manage to thrive on a "complete"
medium, one containing al the molecules necessary for life, like amino acids
and vitamins. In other words, the mutation preventing the synthesis of a key
nutrient would be rendered harmless if the nutrient were available directly from
the culture medium.

Beadle and Tatum irradiated some five thousand specimens, then set about
testing each one to see whether it could survive on minimal medium. The first
survived fine; so did the second, and the third ... It was not until they tested
strain number 299 that they found one that could no longer exist on minimal
medium, though as predicted it could survive on the complete version. Number
299 would be but the first of many mutant strains that they would analyze. The
next step was to see what exact capacity the mutants had lost. Maybe 299 could
not synthesize essential amino acids. Beadle and Tatum tried adding amino
acids to the minimal medium, but still 299 failed to grow. What about vitamins?
They added a slew of them to the minimal medium, and this time 299 thrived.
Now it was time to narrow the field, adding each vitamin individually and then
gauging the growth response of 299. Niacin didn't work, nor riboflavin, but
when they added vitamin Bg, 299 was able to survive on minimal medium. 299s
X-ray-induced mutation had somehow disrupted the synthetic pathway
involved in the production of Bg. But how? Knowing that biochemical syntheses
of this kind are governed by protein enzymes that promote the individual incre-
mental chemical reactions along the pathway, Beadle and Tatum suggested that
each mutation they discovered had knocked out a particular enzyme. And since
mutations occur in genes, genes must produce enzymes. When it appeared in
1941, their study inspired a slogan that summarized what had become the
understanding of how genes work: "One gene, one enzyme."

But since all enzymes were then thought to be proteins, the question soon
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arose whether genes also encoded the many cellular proteins that were not
enzymes. The first suggestion that genes might provide the information for al
proteins came from Linus Pauling's lab at Caltech. He and his student Harvey
Itano studied hemoglobin, the protein in red blood cells that transports oxygen
from the lung to metabolically active tissues, like muscle, where it is needed. In
particular, they focused on the hemoglobin of people with sickle-cell disease,
also known as sickle-cell anemia, a genetic disorder common in Africans, and
therefore among African Americans as well. The red blood cells of sickle-cell
victims tend to become deformed, assuming a distinctive "sickle" shape under
the microscope, and the resulting blockages in capillaries can be horribly
painful, even lethal. Later research would uncover an evolutionary rationale for
the disease's prevalence among Africans: because part of the malaria parasite's
life cycle is spent in red blood cells, people with sickle-cell hemoglobin suffer
less severely from malaria. Human evolution seems to have struck a Faustian
bargain on behalf of some inhabitants of tropical regions: the sickle-cell afflic-
tion confers some protection against the ravages of malaria.

I[tano and Pauling compared the hemoglobin proteins of sickle-cell patients
with those of non-sickle-cell individuals and found that the two molecules dif-
fered in their electrical charge. Around that time, the late forties, geneticists
determined that sickle-cell disease is transmitted as a classical Mendelian
recessive character. Sickle-cell disease, they therefore inferred, must be caused
by a mutation in the hemoglobin gene, a mutation that affects the chemical
composition of the resultant hemoglobin protein. And so it was that Pauling was
able to refine Garrod's notion of "inborn errors of metabolism" by recognizing
some to be what he called "molecular diseases." Sickle-cell was just that, a
molecular disease.

In 1956, the sickle-cell hemoglobin story was taken a step further by Vernon
Ingram, working in the Cavendish Laboratory where Francis Crick and | had
found the double helix. Using recently developed methods of identifying the
specific amino acids in the chain that makes up a protein, Ingram was able to
specify precisely the molecular difference that Itano and Pauling had noted as
affecting the overall charge of the molecule. It amounted to a single amino acid:
Ingram determined that glutamic acid, found at position 6 in the normal protein
chain, is replaced, in sickle-cell hemoglobin, by valine. Here, conclusively, was
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DNA ~CCTQAGGAG -
L I I J
PROTEIN -
glutamic aciol in valine tn sickle-

normal hemoglobin cell hemoglobin

Theimpact of mutation. A single base change in the DNA sequence of the human beta
hemogl obin generesultsintheincorporation of theamino acid valinerather than glu-
tamic acid into the protein. Thissingledifference causessickle-cell disease, inwhichthe
red blood cellsbecome distorted into a characteristic sickle shape.

evidence that genetic mutations—differences in the sequence of As, Ts, Gs,
and Cs in the DNA code of a gene—could be "mapped" directly to differences
in the amino acid sequences of proteins. Proteins are life's active molecules:
they form the enzymes that catalyze biochemical reactions, and they also pro-
vide the body's mgjor structural components, like keratin, of which skin, hair,
and nails are composed. And so the way DNA exerts its controlling magic over
cells, over development, over life as a whole, is through proteins.

But how is the information encoded in DNA—a molecular string of
nucleotides, As, Ts, Gs, and Cs—converted into a protein—a string of amino
acids?

Sortly after Francis Crick and | published our account of the double helix,
e began to hear from the well-known Russian-born theoretical physicist
George Gamow. His letters—invariably handwritten and embellished with car-
toons and other squiggles, some quite relevant, others less so—were aways

67



DNA

signed simply "Geo" (pronounced "Jo," as we would later discover). He'd
become interested in DNA and, even before Ingram had conclusively demon-
strated the connection between the DNA base sequence and the amino acid
sequence of proteins, in the relationship between DNA and protein. Sensing
that biology was at last becoming an exact science, Gamow foresaw a time
when every organism could be described genetically by a very long number rep-
resented exclusively by the numerals 1,2,3, and 4, each one standing for one of
the bases, A, T, G, and C. At first, we took him for a buffoon; we ignored his first
letter. A few months later, however, when Crick met him in New York City, the
magnitude of his gifts became clear and we promptly welcomed him aboard the
DNA bandwagon as one of’its earliest recruits.

Gamow had come to the United States in 1934 to escape the engulfing
tyranny of Stalin's Soviet Union. In a 1948 paper, he explained the abundance
of different chemical elements present throughout the universe in relation to
thermonuclear processes that had taken place in the early phases of the Big
Bang. The research, having been carried out by Gamow and his graduate stu-
dent Ralph Alpher, would have been published with the byline of "Alpher and
Gamow" had Gamow not decided to include as well the name of his friend
Hans Bethe, an eminently talented physicist to be sure, but one who had con-
tributed nothing to the study. It delighted the inveterate prankster Gamow that
the paperappeared attributed to "Alpher, Bethe, and Gamow," no less than that
its publication date was, fortuitously, April 1. To this day, cosmologists still refer
to it as the aly (Alpha-Beta-Gamma) paper.

By the time | first met Gamow in 1954, he had already devised a formal
scheme in which he proposed that overlapping triplets of DNA bases served to
specify certain amino acids. Underlying his theory was a belief that there
existed on the surface of each base pair a cavity that was complementary in
shape to part of the surface of one of the amino acids. | told Gamow | was skep-
tical: DNA could not be the direct template along which amino acids arranged
themselves before being connected into polypeptide chains, as lengths of
linked amino acids are called. Being a physicist, Gamow had not, | supposed,
read the scientific papers refuting the notion that protein synthesis occurs
where DNA is located—in the nucleus. In fact, it had been observed that the
removal of the nucleus from a cell has no immediate effect on the rate at which
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proteins are made. Today we know that amino acids are actually assembled into
proteins in ribosomes, small cellular particles containing a second form of
nucleic acid called RNA.

RNA's exact role in life's biochemical puzzle was unclear at that time. In
some viruses, like tobacco mosaic virus, it seemed to play a role similar to DNA
in other species, encoding the proteins specific to that organism. And in cells,
RNA had to be involved somehow in protein synthesis, since cells that made
lots of proteins were always RNA-rich. Even before we found the double helix,
| thought it likely that the genetic information in chromosomal DNA was used
to make RNA chains of complementary sequences. These RNA chains might in
turn serve as the templates that specified the order of amino acids in their
respective proteins. If so, RNA was thus an intermediate between DNA and
protein. Francis Crick would later refer to this DNA —> RNA —> protein flow of
information as the "central dogma." The view soon gained support with the dis-
covery in 1959 of the enzyme RNA polymerase. In virtually all cells, it catalyzes
the production of single-stranded RNA chains from double-stranded DNA
templates.

It appeared the essential clues to the process by which proteins are made
would come from further studies of RNA, not DNA. To advance the cause of
"cracking the code"—deciphering that elusive relationship between DNA
sequence and the amino acid sequence of proteins—Gamow and | formed the
RNA Tie Club. Its members would be limited to twenty, one for each of the
twenty different amino acids. Gamow designed a club necktie and commis-
sioned the production of the amino-acid-specific tiepins. These were badges of
office, each bearing the standardized three-letter abbreviation of an amino acid,
the one the member wearing the pin was responsible for studying. | had PRO
for proline and Gamow had ALA for alanine. In an era when tiepins with letters
usually advertised one's initials, Gamow took pleasure in confusing people with
his ALA pin. His joke backfired when a sharp-eyed hotel clerk refused to honor
his check, noting that the name printed on the check bore no relation to the ini-
tials on the gentleman's jewelry.

The fact that most of the scientists interested in the coding problem at that
time could be squeezed into the club's membership of twenty showed how
small the DNA-RNA world was. Gamow easily found room for a nonbiologist
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friend, the physicist Edward Teller (LEU—Ieucine), while | inducted Richard
Feynman (GLY—glycine), the extraordinarily imaginative Caltech physicist
who, when momentarily frustrated in his exploration of inner atomic forces,
often visited me in the biology building where | was then working.

One element of Gamow's 1954 scheme had the virtue of being testable:
because it involved overlapping DNA triplets, it predicted that many pairs of
amino acids would in fact never be found adjacent in proteins. So Gamow
eagerly awaited the sequencing of additional proteins. To his disappointment,
more and more amino acids began to be found next to each other, and his
scheme became increasingly untenable. The coup de gréce for all Gamow-type
codes came in 1956 when Sydney Brenner (VAL—valine) analyzed every amino
acid sequence then available.

Brenner had been raised in a small town outside Johannesburg, South Africa,
in two rooms at the back of his father's cobbler's shop. Though the elder Bren-
ner, a Lithuanian immigrant, was illiterate, his precocious son discovered a love
of reading at the age of four and, led by this passion, would be turned on to biol-
ogy by a textbook called The Science of Life. Though he was one day to admit
having stolen the book from the public library, neither larceny nor poverty could
dow Brenner's progress. he entered the University of Witwatersrand's under-
graduate medical program at fourteen, and was working on his Ph.D. at Oxford
when he came to Cambridge a month after our discovery of the double helix.
He recalls his reaction to our model: "That's when | saw that this was it. And in
aflashyou just knew that this was very fundamental.”

Gamow was not the only one whose theories were biting the dust: | had my
own share of disappointments. Having gone to Caltech in the immediate after-
math of the double helix, | wanted to find the structure of RNA. To my despair,
Alexander Rich (ARG—arginine) and | soon discovered that X-ray diffraction of
RNA vyielded uninterpretable patterns: the molecule's structure was evidently
not as beautifully regular as that of DNA. Equally depressing, in a note sent out
early in 1955 to al Tie Club members, Francis Crick (TYR—tyrosine) pre-
dicted that the structure of RNA would not, as | supposed, hold the secret of
the DNA —> protein transformation. Rather, he suggested that amino acids
were likely ferried to the actual site of protein synthesis by what he called
"adaptor molecules," of which there existed one specific to every amino acid.
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He speculated that these adaptors themselves might be very small RNA mole-
cules. For two years | resisted his reasoning. Then a most unexpected biochem-
ical finding proved that his novel idea was right on the mark.

It came from work at the Massachusetts General Hospital in Boston, where
Paul Zamecnik had for several years been developing cell-free systems for
studying protein synthesis. Cells are highly compartmentalized bodies, and
Zamecnik correctly saw the need to study what was going on inside them with-
out the complications posed by their various membranes. Using material
derived from rat liver tissue, he and his collaborators were able to re-create in a
test tube a simplified version of the cell interior in which they could track
radioactively tagged amino acids as they were assembled into proteins. In this
way Zamecnik was able to identify the ribosome as the site of protein synthesis,
a fact that George Gamow did not accept initially.

Soon, with his colleague Mahlon Hoagland, Zamecnik made the even more
unexpected discovery that amino acids, prior to being incorporated into
polypeptide chains, were bound to small RNA molecules. This result puzzled
them until they heard from me of Crick's adaptor theory. They then quickly con-
firmed Crick's suggestion that a specific RNA adaptor (called transfer RNA)
existed for each amino acid. And each of these transfer RNA molecules aso
had on its surface a specific sequence of bases that permitted it to bind to a cor-
responding segment of the RNA template, thereby lining up the amino acids for
protein synthesis.

Until the discovery of transfer RNA, al cellular RNA was thought to have a
template role. Now we realized RNA could come in several different forms,
though the two major RNA chains that comprised the ribosomes predominated.
Puzzling at the time was the observation that these two RNA chains were of
constant sizes. If these chains were the actual templates for protein synthesis,
we would have expected them to vary in length in relation to the different sizes
of their protein products. Equally disturbing, these chains proved very stable
metabolically: once synthesized they did not break down. Yet experiments at the
Institut Pasteur in Paris suggested that many templates for bacterial protein
synthesis were short-lived. Even stranger, the sequences of the bases in the two
ribosomal RNA chains showed no correlation to sequences of bases along the
respective chromosomal DNA molecules.
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Resolution of these paradoxes came in 1960 with discovery of a third form of
RNA, messenger RNA. This was to prove the true template for protein synthe-
sis. Experiments done in my lab at Harvard and at both Caltech and Cambridge
by Matt Meselson, Francois Jacob, and Sydney Brenner showed that ribosomes
were, in effect, molecular factories. Messenger RNA passed between the two
ribosomal subunits like ticker tape being fed into an old-fashioned computer.
Transfer RNASs, each with its amino acid, attached to the messenger RNA in
the ribosome so that the amino acids were appropriately ordered before being
chemically linked to form polypeptide chains.

Still unclear was the genetic code, the rules for translating a nucleic acid
sequence into an ordered polypeptide sequence. In a 1956 RNA Tie Club man-
uscript, Sydney Brenner laid out the theoretical issues. In essence they boiled
down to this: how could the code specify which one of 20 amino acids was to be
incorporated into a protein chain at a particular point when there are only four
DNA letters, A, T, G, C? Obviously a single nucleotide, with only four possible
identities, was insufficient, and even two—which would allow for 16 (4x4)
possible permutations—wouldn't work. It would take at minimum three
nucleotides, a triplet, to code for a single amino acid. But this also supposed a
puzzling redundant capacity. With a triplet, there could exist 64 permutations
(4 X 4 X 4); since the code needed only 20, was it the case that most amino
acids could be encoded by more than one triplet? If that were so, in principle, a
"quadruplet” code (4x4x4x4) yielding 256 permutations was also perfectly
feasible, though it implied even greater redundancy.

In 1961 at Cambridge University, Brenner and Crick did the definitive exper-
iment that demonstrated that the code was triplet-based. By a clever use
of chemical mutagens they were able to delete or insert DNA base pairs.
They found that inserting or deleting a single base pair results in a harmful
"frameshift" because the entire code beyond the site of the mutation is scram-
bled. Imagine a three-letter word code as follows: JIM ATE THE FAT CAT.
Now imagine that the first "T" is deleted. If we are to preserve the three-letter
word structure of the sentence, we have JIM AET HEF ATC AT—gibberish
beyond the site of the deletion. The same thing happens when two base pairs
are deleted or inserted: removing the first "T" and "E," we get JIM ATH EFA
TCA T—more gibberish. Now what happens if we delete (or insert) three let-
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ters? Removing the first "A," "T," and "E," we get JIM THE FAT CAT; although
we have lost one "word"—ATE—we have nevertheless retained the sense of the
rest of the sentence. And even if our deletion straddles "words"—say we delete
the first "T" and "E," and the second "T"—we still lose only those two words,
and are again able to recover the intended sentence beyond them: JJM AHE
FAT CAT. So it is with DNA sequence: a single insertion/deletion massively
disrupts the protein because of the frameshift effect, which changes every sin-
gle amino acid beyond the insertion/deletion point; so does a double inser-
tion/deletion. But a triple insertion/deletion along a DNA molecule will not
necessarily have a catastrophic effect; they will add/eliminate one amino acid
but this does not necessarily disrupt al biological activity.

Crick came into the lab late one night with his colleague Leslie Barnett to
check on the final result of the triple-deletion experiment, and realized at once
the significance of the result, telling Barnett, "We're the only two who know it's
atriplet code!" With me, Crick had been the first to glimpse the double helical
secret of life; now he was the first to know for sure that the secret is written in
three-letter words.

Sthe code came in threes, and the links from DNA to protein were RNA-
ediated. But we till had to crack the code. What pair of amino acids was
specified by a stretch of DNA with, say, sequence ATA TAT or GGT CAT? The
first glimpse of the solution came in atalk given by Marshall Nirenberg at the
International Congress of Biochemistry in Moscow in 1961.

After hearing about the discovery of messenger RNA, Nirenberg, working at
the U.S. National Institutes of Health, wondered whether RNA synthesized in
vitro would work as well as the naturally occurring messenger form when it
came to protein synthesis in cell-free systems. To find out, he used RNA tai-
lored according to procedures developed at New York University six years earlier
by the French biochemist Marianne Grunberg-Manago. She had discovered an
RNA-specific enzyme that could produce strings like AAAAAA or GGGGGG.
And because one key chemical difference between RNA and DNA is RNA's
substitution of uracil, "U," for thymine, "T," this enzyme would also produce
strings of U, UUUUU . . . —poly-U, in the biochemical jargon. It was poly-U
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that Nirenberg and his German collaborator, Heinrich Matthaei, added to their
cell-free system on May 22, 1961. The result was striking: the ribosomes
started to pump out a simple protein, one consisting of a string of a single amino
acid, phenylalanine. They had discovered that poly-U encodes polyphenylala~
nine. Therefore, one of the three-letter words by which the genetic code speci-
fied phenylalanine had to be UUU.

The International Congress that summer of 1961 brought together al the
mgor players in molecular biology. Nirenberg, then a young scientist nobody
had heard of, was slated to speak for just ten minutes, and hardly anyone,

B THE GENETIC CODE
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including myself, attended his talk. But when
news of his bombshell began to spread, Crick
promptly inserted him into a later session of the
conference so that Nirenberg could make his
announcement to a now-expectant capacity audi-
ence. It was an extraordinary moment. A quiet,
self-effacing young no-name speaking before a
who's who crowd of molecular biology had shown
the way toward finding the complete genetic
code.

Practically speaking, Nirenberg and Matthaei
had solved but one sixty-fourth of the problem—
all we now knew was what UUU codes for phen-
ylalanine. There remained sixty-three other
three-letter triplets (codons) to figure out, and
the following years would see a frenzy of research

as we labored to discover what amino acids these
and MarianneGrunberg-Mz_mago. Khoran_a other codons represented. The tricky part was
unraveled much of the genetic code after Niren-

berg'sinitial breakthrough, whichwasbasedon ~ Synthesizing the various permutations of RNA:
Grunberg-Manago'spioneering research. poly-U was relatively straightforward to produce,

but what about AGG? A lot of ingenious chem-
istry went into solving these problems, much of it done at the University of Wis-
consin by Gobind Khorana. By 1966, what each of the sixty-four codons
specifies (in other words, the genetic code itself) had been established;

Khorana and Nirenberg received the Nobel Prize for Physiology or Medicine
in 1968.

Francis Crick (center) with Gobind Khorana

L et's now put the whole story together and look at how a particular protein,
hemoglobin, is produced.

Red blood cells are specialized as oxygen transporters: they use hemoglobin
to transport oxygen from the lungs to the tissues where it is needed. Red blood
cells are produced in the bone marrow by stem cells—at a rate of about two and
a half million per second.

When the need arises to produce hemoglobin, the relevant segment of the
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RNA deliver amino acids, which are bonded together to form a protein chain.
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bone-marrow DNA—the hemoglobin gene—unzips just as DNA unzips when
it is replicating. This time, instead of copying both strands, only one is copied
or, to use the technical term, transcribed; and rather than a new strand of DNA,
the product created with the help of the enzyme RNA polymerase is a new sin-
gle strand of messenger RNA, which corresponds to the hemoglobin gene. The
DNA from which the RNA has been derived now zips itself up again.

The messenger RNA is transported out of the nucleus and delivered to a
ribosome, itself composed of RNA and proteins, where the information in the
sequence of the messenger RNA will be used to generate a new protein mole-
cule. This process is known as trandation. Amino acids are delivered to the
scene attached to transfer RNA. At one end of the transfer RNA is a particular
triplet (in the case given in the diagram, CAA) that recognizes its opposite cor-
responding triplet in the messenger RNA, GUU. At its other end the transfer
RNA is towing its matching amino acid, in this case valine. At the next triplet
along the messenger RNA, because the DNA sequence is TTC (which speci-
fies lysine), we have a lysine transfer RNA. All that remains now is to glue the
two amino acids together biochemically. Do that 100 times, and you have a pro-
tein chain 100 amino acids long; the order of the amino acids has been speci-
fied by the order of As, Ts, Gs, and Cs in the DNA from which the messenger
RNA was created. The two kinds of hemoglobin chains are 141 and 146 amino
acids in length.

Proteins, however, are more than just linear chains of amino acids. Once the
chain has been made, proteins fold into complex configurations, sometimes by
themselves, sometimes assisted by "helper" molecules. It is only once they
assume this configuration that they become biologically active. In the case of
hemoglobin, it takes four chains, two of one kind and two of a slightly different
kind, before the molecule is in business. And loaded into the center of each
twisted chain is the key to oxygen transport, an iron atom.

t has been possible to use today's molecular biological tricks to go back and
reconsider some of the classic examples of early genetics. For Mendel, the
mechanism that caused some peas to be wrinkled and others round was myste-
rious; as far as he was concerned, these were merely characteristics that obeyed
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the laws of inheritance he had worked out. Now, however, we understand the
difference in molecular detail.

In 1990, scientists in England found that wrinkled peas lack a certain
enzyme involved in the processing of starch, the carbohydrate that is stored in
seeds. It turns out that the gene for that enzyme in wrinkled-pea plants is non-
functional owing to a mutation (in this case an intrusion of irrelevant DNA into
the middle of the gene). Because wrinkled peas contain, as a result of this
mutation, less starch and more sugar, they tend to lose more water as they are
maturing. The outside seed coat of the pea, however, fails to shrink as the water
escapes (and the volume of the pea decreases), and the result is the character-
istic wrinkling—the contents being too little to fill out the coat.

Archibald Garrod's alkaptonuria has also entered the molecular era. In 1995,
Spanish scientists working with fungi found a mutated gene that resulted in the
accumulation of the same substance that Garrod had noted in the urine of al-
kaptonurics. The gene in question ordinarily produces an enzyme that turns out
to be a basic feature of many living systems, and is present in humans. By com-
paring the sequence of the fungal gene to human sequences, it was possible to
find the human gene, which encodes an enzyme called homogentisate dioxy-
genase. The next step was to compare the gene in normal individuals with the
one in alkaptonurics. Lo and behold, the alkaptonurics' gene was nonfunc-
tional, courtesy of single base pair mutations. Garrod's "inborn error in metabo-
lism" is caused by a single difference in DNA sequence.

At the 1966 Cold Spring Harbor Symposium on the genetic code, there

was a sense that we had done it al. The code was cracked, and we knew
in outline how DNA exerted control of living processes through the proteins it
specifies. Some of the old hands decided that it was time to move beyond the
study of the gene per se. Francis Crick decided to move into neurobiology;
never one to shy away from big problems, he was particularly interested in fig-
uring out how the human brain works. Sydney Brenner turned to developmen-
tal biology, choosing to concentrate on a simple nematode worm in the belief
that precisely so simple a creature would most readily permit scientists to
unravel the connections between genes and development. Today, the worm, as
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it is known in the trade, is indeed the source of many of our insights into how
organisms are put together. The worm's contribution was recognized by the
Nobel Committee in 2002 when Brenner and two longstanding worm stalwarts,
John Sulston at Cambridge and Bob Horvitz at MIT, were awarded the Nobel
Prize in Physiology or Medicine.

Most of the early pioneers in the DNA game, however, chose to remain
focused on the basic mechanisms of gene function. Why are some proteins
much more abundant than others? Many genes are switched on only in specific
cells or only at particular times in the life of a cell; how is that switching
achieved? A muscle cell is hugely different from a liver cell, both in its function
and in its appearance under the microscope. Changes in gene expression create
this cellular diversity and differentiation: in essence, muscle cells and liver cells
produce different sets of proteins. The simplest way to produce different pro-
teins is to regulate which genes are transcribed in each cell. Thus some
so-called housekeeping proteins—the ones essential for the functioning of the
cell, such as those involved in the replication of DNA—are produced by all
cells. Beyond that, particular genes are switched on at particular moments in
particular cells to produce appropriate proteins. It is also possible to think of
development—the process of growth from a single fertilized egg into a stagger-
ingly complex adult human—as an enormous exercise in gene-switching: as tis-
sues arise through development, so whole suites of genes must be switched on
and off.

The first important advances in our understanding of how genes are switched
on and off came from experiments in the 1960s by Francois Jacob and Jacques
Monod at the Institut Pasteur in Paris. Monod had started slowly in science
because, poor fellow, he was talented in so many fields that he had difficulty
focusing. During the thirties, he spent time at Caltech's biology department
under T. H. Morgan, father of fruit fly genetics, but not even daily exposure to
Morgan's no-longer-so-boyish "boys" could turn Monod into a fruit fly convert.
He preferred conducting Bach concerts at the university—which later offered
him ajob teaching undergraduate music appreciation—and in the lavish homes
of local millionaires. Not until 1940 did he complete his Ph.D. at the Sorbonne
in Paris, by which time he was already heavily involved in the French Resis-
tance. In one of the few instances of biology's complicity in espionage, Monod
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was able to conceal vital secret papers in the hollow
leg bones of a giraffe skeleton on display outside his
lab. As the war progressed, so did his importance to
the Resistance (and with it his vulnerability to the
Nazis). By D-day he was playing a major role in facil-
itating the Allied advance and harrying the German
retreat.

Jacob too was involved in the war effort, having
escaped to Britain and joined General de Gaulle's
Free French Army. He served in North Africa and
participated in the D-day landings. Shortly there-
after, he was nearly killed by a bomb; twenty pieces
of shrapnel were removed, but he retains to this day
another eighty. Because his arm was damaged, his

FrancoisJacob, JacquesMonod, and Andre
Lwoff

injuries ended his ambition to be a surgeon, and, inspired like so many of our
generation by Schrédinger's What Is Life?, he drifted toward biology. His
attempts to join Monod's research group were, however, repeatedly rebuffed.
But after seven or eight tries, by Jacob's own count, Monod's boss, the microbi-

ologist Andre Lwoff, caved in in June 1950:

Without giving me a chance to explain anew my wishes, my ignorance, my
eagerness, [Lwoff] announced, "You know, we have discovered the induc-
tion of the prophage!" [i.e., how to activate bacteriophage DNA that has

been incorporated into the host bacterium's DNA].
| said, "Oh!" putting into it al the admiration |
mysdf, "What the devil is a prophage?’

could and thinking to

Then he asked, "Would it interest you to work on phage?' | stammered
out that that was exactly what | had hoped. "Good; come along on the first

of September."

Jacob apparently went straight from the interview to a bookshop to find a dic-
tionary that might tell him what he had just committed himself to.

Despite its inauspicious beginnings, the Jacob-Monod collaboration pro-
duced science of the very highest caliber. They tackled the gene-switching
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problem in E. coli, the familiar intestinal bacterium, focusing on its ability to
make use of lactose, a kind of sugar. In order to digest lactose, the bacterium
produces an enzyme called beta-galactosidase, which breaks the nutrient into
two subunits, simpler sugars called galactose and glucose. When lactose is
absent in the bacterial medium, the cell produces no beta-galactosidase; when,
however, lactose is introduced, the cell starts to produce the enzyme. Conclud-
ing that it is the presence of lactose that induces the production of beta-
galactosidase, Jacob and Monod set about discovering how that induction
occurs.

In a series of elegant experiments, they found evidence of a "repressor" mole-
cule that, in the absence of lactose, prevents the transcription of the beta-
galactosidase gene. When, however, lactose is present, it binds to the repressor,
thereby keeping it from blocking the transcription; thus the presence of lactose
enables the transcription of the gene. In fact, Jacob and Monod found that lac-
tose metabolism is coordinately controlled: it is not simply a matter of one gene
being switched on or off at a given time. Other genes participate in digesting
lactose, and the single repressor system serves to regulate al of them. While E.
coli is arelatively simple system in which to investigate gene-switching, subse-
guent work on more complicated organisms, including humans, has revealed
that the same basic principles apply across the board.

Jacob and Monod obtained their results by studying mutant strains of E. coli.
They had no direct evidence of a repressor molecule: its existence was merely a
logical inference from their solution to the genetic puzzle. Their ideas were not
validated in the molecular realm until the late sixties, when Walter (Wally)
Gilbert and Benno Muller-Hill at Harvard set out to isolate and analyze the
repressor molecule itself. Jacob and Monod had only predicted its existence;
Gilbert and Muller-Hill actually found it. Because the repressor is normally
present only in tiny amounts, just a few molecules per cell, gathering a sample
large enough to analyze proved technically challenging. But they got it in the
end. At the same time, Mark Ptashne, working down the hall in another lab,
managed to isolate and characterize another repressor molecule, this one in a
bacteriophage gene-switching system. Repressor molecules turn out to be pro-
teins that can bind to DNA. In the absence of lactose, then, that is exactly what
the beta-galactosidase repressor does: by binding to a site on the E. coli DNA
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close to the point at which transcription of the beta-galactosidase gene starts,
the repressor prevents the enzyme that produces messenger RNA from the
gene from doing itsjob. When, however, lactose is introduced, that sugar binds
to the repressor, preventing it from occupying the site on the DNA molecule
close to the beta-galactosidase gene; transcription is then free to proceed.

The characterization of the repressor molecule completed a loop in our
understanding of the molecular processes underpinning life. We knew that
DNA produces protein via RNA; now we also knew that protein could interact
directly with DNA, in the form of DNA-binding proteins, to regulate a gene's
activity.

The discovery of the central role of RNA in the cell raised an interesting
(and long-unanswered) question: why does the information in DNA need
to go through an RNA intermediate before it can be translated into a polypep-
tide sequence? Shortly after the genetic code was worked out, Francis Crick
proposed a solution to this paradox, suggesting that RNA predated DNA. He
imagined RNA to have been the first genetic molecule, at a time when life was
RNA-based: there would have been an "RNA world" prior the familiar "DNA
world" of today (and of the past few billion years). Crick imagined that the dif-
ferent chemistry of RNA (based on its possession of the sugar ribose in its back-
bone, rather than the deoxyribose of DNA) might endow it with enzymatic
properties that would permit it to catalyze its own self-replication.

Crick argued that DNA had to be a later development, probably in response
to the relative instability of RNA molecules, which degrade and mutate much
more easily than DNA molecules. If you want a good stable, long-term storage
molecule for genetic data, then DNA is a much better bet than RNA.

Crick's ideas about an RNA world preceding the DNA one went largely
unnoticed until 1983. That's when Tom Cech at the University of Colorado and
Sidney Altman at Yae independently showed that RNA molecules do indeed
have catalytic properties, a discovery that earned them the Nobel Prize in
Chemistry in 1989. Even more compelling evidence of a pre-DNA RNA world
came a decade later, when Harry Noller at the University of California, Santa
Cruz, showed that the formation of peptide bonds, which link amino acids
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Harry Noller grap-
pling with the
ribosome

together in proteins, is not catalyzed by any of the sixty different proteins found
associated with the ribosome, the site of protein synthesis. Instead, peptide
bond formation is catalyzed by RNA. He arrived at this conclusion by stripping
away all the proteins from the ribosome and finding that it was still capable of
forming peptide bonds. Exquisitely detailed analysis of the 3-D structure of the
ribosome by Noller and others shows why: the proteins are scattered over the
surface, far from the scene of action at the heart of the ribosome.

These discoveries inadvertently resolved the chicken-and-egg problem of the
origin of life. The prevailing assumption that the original life-form consisted of
a DNA molecule posed an inescapable contradiction: DNA cannot assemble
itself; it requires proteins to do so. Which came first? Proteins, which have no
known means of duplicating information, or DNA, which can duplicate infor-
mation but only in the presence of proteins? The problem was insoluble: you
cannot, we thought, have DNA without proteins, and you cannot have proteins
without DNA.

RNA, however, being a DNA equivalent (it can store and replicate genetic
information) as well as a protein equivalent (it can catalyze critical chemical
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reactions) offers an answer. In fact, in the "RNA world" the chicken-and-egg
problem simply disappears. RNA is both the chicken and the egg.

RNA is an evolutionary heirloom. Once natural selection has solved a prob-
lem, it tends to stick with that solution, in effect following the maxim "If it ain't
broke, don't fix it." In other words, in the absence of selective pressure to
change, cellular systems do not innovate and so bear many imprints of the
evolutionary past. A process may be carried out in a certain way simply because
it first evolved that way, not because that is absolutely the best and most effi-
cient way.

M olecular biology had come a long way in its first twenty years after the
discovery of the double helix. We understood the basic machinery of life,
and we even had a grasp on how genes are regulated. But all we had been doing
so far was observing; we were molecular naturalists for whom the rain forest
was the cell—all we could do was describe what was there. The time had come
to become proactive. Enough observation: we were beckoned by the prospect of
intervention, of manipulating living things. The advent of recombinant DNA
technologies, and with them the ability to taillor DNA molecules, would make
al this possible.
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CHAPTER FOUR

PLAYING GOD:
CUSTOMIZED DNA MOLECULES

NA molecules are immensely long. Only one continuous DNA double

helix is present in any given chromosome. Popular commentators like

to evoke the vastness of these molecules through comparisons to the
number of entries in the New York City phone book or the length of the River
Danube. Such comparisons don't help me—I have no sense of how many
phone numbers there are in New York City, and mention of the Danube more
readily suggests a Strauss waltz than any sense of linear distance.

Except for the sex chromosomes, X and Y, the human chromosomes are
numbered according to size. Chromosome 1 is the largest and chromosomes 21
and 22 are the smallest. In chromosome 1 there resides 8 percent of each cell's
total DNA, about a quarter of a billion base pairs. Chromosomes 21 and 22
contain some 40 and 45 million base pairs respectively. Even the smallest
DNA molecules, those from small viruses, have no fewer than several thousand
base pairs.

The great size of DNA molecules posed a big problem in the early days of
molecular biology. To come to grips with a particular gene—a particular stretch
of DNA—we would have to devise some way of isolating it from all the rest of
the DNA that sprawled around it in either direction. But it was not only a mat-
ter of isolating the gene; we also needed some way of "amplifying" it: obtaining
a large enough sample of it to work with. In essence we needed a molecular
editing system: a pair of molecular scissors that could cut the DNA text into
manageable sections; a kind of molecular glue pot that would alow us to

AP4laboratory, the ultrasafefacility required for biomedical research onlethal bugslikethe Ebolavirus
or for devel oping biol ogical weapons. During thelate 1970s, scientistsusing genetic engineering methods
to doresearch on human DNAwerealsorequiredto usea P4 laboratory'.
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manipulate those pieces; and finally a molecular duplicating machine to
amplify the pieces that we had cut out and isolated. We wanted to do the equiv-
alent of what a word processor can now achieve: to cut, paste, and copy DNA.

Developing the basic tools to perform these procedures seemed a tall order
even after we cracked the genetic code. A number of discoveries made in the
late sixties and early seventies, however, serendipitously came together in 1973
to give us so-called "recombinant DNA" technology—the capacity to edit DNA.
This was no ordinary advance in lab techniques. Scientists were suddenly able
to tailor DNA molecules, creating ones that had never before been seen in
nature. We could "play God" with the molecular underpinning of al of life. This
was an unsettling idea to many people. Jeremy Rifkin, an alarmist for whom
every new genetic technology has about it the whiff of Dr. Frankenstein's mon-
ster, had it right when he remarked that recombinant DNA "rivaled the impor-
tance of the discovery of fire itself."

A thur Kornberg was the first to "make life" in atest tube. In the 1950s, as
we have seen, he discovered DNA polymerase, the enzyme that replicates
DNA through the formation of a complementary copy from an unzipped "par-
ent" strand. Later he would work with a form of viral DNA; he was ultimately
able to induce the replication of al of the virus's 5,300 base pairs of DNA. But
the product was not "aive"; though identical in DNA sequence to its parent, it
was biologically inert. Something was missing. The missing ingredient would
remain a mystery until 1967, when Martin Gellert at the National Institutes of
Health and Bob Lehman at Stanford simultaneously identified it. This enzyme
was named "ligase." Ligase made it possible to "glue" the ends of DNA mole-
cules together.

Kornberg could replicate the vira DNA using DNA polymerase and, by
adding ligase, join the two ends together so that the entire molecule formed a
continuous loop, just as it did in the origina virus. Now the "artificial" vira
DNA behaved exactly as the natural one did: the virus normally multiplies in E.
coli, and Kornberg's test-tube DNA molecule did just that. Usingjust a couple
of enzymes, some basic chemical ingredients, and viral DNA from which to
make the copy, Kornberg had made a biologically active molecule. The media
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reported that he had created life in a test tube, inspiring President Lyndon
Johnson to hail the breakthrough as an "awesome achievement."”

The contributions of Werner Arber in the 1960s to the development of
recombinant DNA technology were less expected. Arber, a Swiss biochemist,
was interested not in grand questions about the molecular basis of life but in a
puzzling aspect of the natural history of viruses. He studied the process
whereby some viral DNAs are broken down after insertion into bacterial host
cells. Some, but not all (otherwise viruses could not reproduce), host cells rec-
ognized certain viral DNAs as foreign, and selectively attacked them. But
how—and why? All DNA throughout the natural world is the same basic mole-
cule, whether found in bacteria, viruses, plants, or animals. What kept the bac-
teria from attacking their own DNA even as they went after the virus's?

The first answer came from Arber's discovery of a new group of DNA-
degrading enzymes, restriction enzymes. Their presence in bacterial cells
restricts viral growth by cutting foreign DNA. This DNA-cutting is a sequence-
specific reaction: a given enzyme will cut DNA only when it recognizes a par-
ticular sequence. EcoRl, one of the first restriction enzymes to be discovered,
recognizes and cuts the specific sequence of bases GAATTC.

But why is it that bacteria do not end up cutting up their own DNA in every
place where the sequence GAATTC appears? Here Arber made a second big
discovery. While making the restriction enzyme that targets specific sequences,
the bacterium also produces a second enzyme that chemically modifies those
very same sequences in its own DNA wherever they may occur.* Modified
GAATTC sequences present in the bacterial DNA will pass unrecognized by
EcoRI, even as the enzyme goes its marauding way, snipping the sequence
wherever it occurs in the viral DNA.

The next ingredient of the recombinant DNA revolution emerged from stud-
ies of antibiotic resistance in bacteria. During the sixties, it was discovered that
many bacteria developed resistance to an antibiotic not in the standard way
(through a mutation in the bacterial genome) but by the import of an otherwise
extraneous piece of DNA, called a "plasmid.” Plasmids are small loops of DNA
that live within bacteria and are replicated and passed on, along with the rest of

*The enzyme achieves this chemical modification by adding methyl groups, CH 3 to the bases.
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the bacterial genome, during cell division. Under certain circum-
stances plasmids may also be passed from bacterium to bacterium,
allowing the recipient instantly to acquire a whole cassette of genetic
information it did not receive "at birth." That information often
encompasses the genes conferring antibiotic resistance. Natural
selection imposed by antibiotics favors those bacterial cells that have
the resistance factor (the plasmid) on board.

Stanley Cohen, at Stanford University, was a plasmid pioneer.
Thanks to the encouragement of his high-school biology teacher,
Cohen opted for a medical career. Upon graduation from medical
school, his plans to practice internal medicine were shelved when the
prospect of being drafted as an army doctor inspired him to accept a
research position at the National Institutes of Health. He soon found
that he preferred research over practicing medicine. His big break-
through came in 1971, when he devised a method to induce E. coli
bacterial cells to import plasmids from outside the cell. Cohen was,
in effect, "transforming” the E. coli as Fred Griffith, forty years
A plasmid asviewed by the before, had converted strains of nonlethal pneumonia bacteria into
electron microscope lethal ones through the uptake of DNA. In Cohen's case, however, it

was the plasmid, with its antibiotic resistance genes, that was taken
up by a strain that had previously been susceptible to the antibiotic. The strain
would remain resistant to the antibiotic over subsequent generations, with
copies of the plasmid DNA passed along intact during every cell division.

By the early seventies, al the ingredients to make recombinant DNA were
in place. First we could cut DNA molecules using restriction enzymes
and isolate the sequences (genes) we were interested in; then, using ligase, we
could "glue" that sequence into a plasmid (which would thus serve as a kind of
floppy disk containing our desired sequence); finally, we could copy our piece of
DNA by inserting that same plasmid floppy into a bacterial cell. Ordinary bac-
terial cell division would take care of replicating the plasmid with our piece of
DNA just as it would the cell's own inherited genetic materials. Thus, starting
with a single plasmid transplanted into a single bacterial cell, bacterial repro-
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duction could produce enormous quantities of our selected DNA sequence.
As we let that cell reproduce and reproduce, ultimately to grow into a vast
bacterial colony consisting of billions of bacteria, we would be simultaneously
creating billions of copies of our piece of DNA. The colony was thus our DNA
factory.

The three components—cutting, pasting, and copying—came together in
November 1972, in Honolulu. The occasion was a conference on plasmids.
Herb Boyer, a newly tenured young professor at the University of California,
San Francisco, was there, and, not surprisingly, so was Stanley Cohen, first
among plasmid pioneers. Boyer, like Cohen, was an East
Coast boy. A former high-school varsity lineman from west-
ern Pennsylvania, Boyer was perhaps fortunate that his foot-
ball coach was also his science teacher. Like Cohen, he
would be part of a new generation of scientists who were
reared on the double helix. His enthusiasm for DNA even
inspired him to name his Siamese cats Watson and Crick.
No one, certainly not the coach, was surprised when after
college he took up graduate work in bacterial genetics.

Though Boyer and Cohen both now worked in the San
Francisco Bay Area, they had not met before the Hawaii
conference. Boyer was already an expert in restriction
enzymes in an era when hardly anyone had even heard of
them: it was he and his colleagues who had recently figured
out the sequence of the cut site of the EcoRI enzyme. Boyer
and Cohen soon realized that between them they had the skills to push molec-
ular biology to a whole new level, the world of cut, paste, and copy. In a deli
near Waikiki, they set about late one evening dreaming up the birth of recombi-
nant DNA technology, jotting their ideas down on napkins. That visionary map-
ping of the future has been described as "from corned beef to cloning.”

Herb Boyer and Stanley Cohen, the
world'sfirst genetic engineers

Within a few months, Boyer's lab in San Francisco and Cohen's forty miles to
the south in Palo Alto were collaborating. Naturally Boyer's carried out the
restriction enzyme work and Cohen's the plasmid procedures. Fortuitously a
technician in Cohen's lab, Annie Chang, lived in San Francisco and was able to
ferry the precious cargo of experiments in progress between the two sites. The
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first experiment intended to make a hybrid, "a recombinant,” of two different
plasmids, each of which was known to confer resistance to a particular antibi-
otic. On one plasmid there was a gene, a stretch of DNA, for resistance to tetra-
cycline, and on the other a gene for resistance to kanamycin. (Initialy, as we
might expect, bacteria carrying the first type of plasmid were killed by
kanamycin while those with the second were killed by tetracycline.) The goal
was to make a single "super-plasmid” that would confer resistance to both.

First, the two types of unaltered plasmid were snipped with restriction
enzymes. Next the plasmids were mixed in the same test tube and ligase added
to prompt the snipped ends to glue themselves together. For some molecules in
the mix, the ligase would merely cause a snhipped plasmid to make itself whole
again—the two ends of the same plasmid would have been glued together.
Sometimes, however, the ligase would cause a shipped plasmid to incorporate
pieces of DNA from the other type of plasmid, thus yielding the desired hybrid.
With this accomplished, the next step was to transplant all the plasmids into
bacteria by using Cohen's plasmid-importing tricks. Colonies thus generated
were then cultured on plates coated with both tetracycline and kanamycin.
Plasmids that had simply re-formed would still confer resistance to only one of
the antibiotics; bacteria carrying such plasmids would therefore not survive on
the double-antibiotic medium. The only bacteria to survive were those with
recombinant plasmids—those that had reassembled themselves from the two
kinds of DNA present, the one coding for tetracycline resistance and the one
coding for resistance to kanamycin.

The next challenge lay in creating a hybrid plasmid using DNA from a com-
pletely different sort of organism—a human being, for example. An early suc-
cessful experiment involved putting a gene from the African clawed toad into an
E. coli plasmid and transplanting that into bacteria. Every time cells in the bac-
terial colony divided, they duplicated the inserted segment of toad DNA. We
had, in the rather confusing terminology of molecular biology, "cloned" the toad
DNA.* Mammal DNA, too, proved eminently clonable. This is not terribly sur-

*"Cloning" is the term applied to producing multiple identical pieces of a piece of DNA inserted
into a bacterial cell. The term is confusingly also applied to the cloning of whole animals, most
notably Dolly the sheep. In the first type we are copyingjust a piece of DNA; in the other, we are
copying an entire genome.
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prising, in retrospect: a piece of DNA after all is finaly still DNA,
its chemical properties the same irrespective of its source. It was
soon clear that Cohen and Boyer's protocols for cloning fragments
of plasmid DNA would work just fine with DNA from any and
every creature.

Phase 2 of the molecular biology revolution was thus under way.
In phase 1 we aimed to describe how DNA works in the cell; now,
The gut microbe E. coli. with recombinant DNA,* we had the tools to intervene, to manip-
Should you care to look, ulate DNA. The stage was set for rapid progress, as we spied the
about 10 million of these can  cpance to "play God." It was intoxicating: the extraordinary poten-
he found in every gram of . . . . . ..
human  feces. tial for delving deep into the mysteries of life and the opportunities

for making real progress in the fight against diseases like cancer.
But while Cohen and Boyer may indeed have opened our eyes to extraordinary
scientific vistas, had they also opened a Pandora's box? Were there undiscov-
ered perils in molecular cloning? Should we go on cheerfully inserting pieces of
human DNA into E. coli, a species predominant in the microbial jungle in our
guts? What if the altered forms should find their way into our bodies? In short,
could we in good conscience simply turn a deaf ear to the cry of the alarmists,
that we were creating bacterial Frankensteins?

n 1961 a monkey virus called SV40 ("SV" stands for "simian virus") was iso-

lated from rhesus monkey kidneys being used for the preparation of polio
vaccine. Although the virus was believed to have no effect on the monkeys in
which it naturally occurs, experiments soon showed that it could cause cancer
in rodents and, under certain laboratory conditions, even in human cells.
Because the polio vaccination program had, since its inception in 1955,
infected millions of American children with the virus, this discovery was alarm-
ing indeed. Had the polio prevention program inadvertently condemned a gen-

*The term "recombinant DNA" may present a little confusion in light of our encounter with
"recombination” in the context of classical genetics. In Mendelian genetics, recombination
involved the breaking and re-forming of chromosomes, with the result of a "mixing and matching"
of chromosomal segments. In the molecular version, "mixing and matching" occurs on a much
smaller scale, recombining two stretches of DNA into a single composite molecule.

94



Paul Bergwith hisviral Honda

eration to cancer? The answer, fortu-
nately, seems to be "no"; no epidemic
of cancer has resulted, and SV40
seems to be no more pernicious in
living humans than it is in monkeys.
Nevertheless, even as SV40 was
becoming a fixture in molecular biol-
ogy laboratories, there remained doubts about its safety. | was particularly con-
cerned since | was by this time head of the Cold Spring Harbor Laboratory,
where growing ranks of young scientists were working with SV40 to probe the
genetic basis of cancer.

Meanwhile, at Stanford University Medical School, Paul Berg was more
excited by the promise than by the dangers of SV40; he foresaw the possibility
of using the virus to introduce pieces of DNA—foreign genes—into mam-
malian cells. The virus would work as a molecular delivery system in mammals,
just as plasmids had been put to work in bacteria by Stanley Cohen. But
whereas Cohen used bacteria essentially as copy machines, which could
amplify up a particular piece of DNA, Berg saw in SV40 a means to introduce
corrective genes into the victims of genetic disease. Berg was ahead of his time.
He aspired to carry out what today is called gene therapy: introducing new
genetic material into a living person to compensate for inherited genetic flaws.

Berg had come to Stanford as ajunior professor in 1959 as part of the pack-
age deal that also brought the more eminent Arthur Kornberg there from Wash-
ington University in St. Louis. In fact, Berg's connections to Kornberg can be
traced all the way back to their common birthplace of Brooklyn, New York,
where each in his time was to pass through the same high-school science club
run by a Miss Sophie Wolfe. Berg recalled: "She made science fun, she made us
share ideas." It was an understatement really: Miss Wolfe's science club at
Abraham Lincoln High School would produce three Nobel laureates—Korn-
berg (1959), Berg (1980), and the crystallographer Jerome Karle (1985)—all of
whom have paid tribute to her influence.

While Cohen and Boyer, and by now others, were ironing out the details of
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how to cut and paste DNA molecules, Berg planned a truly bold experiment: he
would see whether SV40, implanted with a piece of DNA not its own, could be
made to transport that foreign gene into an animal cell. For convenience he
would use as the source of his non-SV40 DNA a readily available bacterial
virus, a bacteriophage. The aim was to see whether a composite molecule con-
sisting of SV40 DNA and the bacteriophage DNA could successfully invade an
animal cell. If it could, as Berg hoped, then the possibility existed that he could
ultimately use this system to insert useful genes into human cells.

At Cold Spring Harbor Laboratory in the summer of 1971, a graduate stu-
dent of Berg's gave a presentation explaining the planned experiment. One sci-
entist in the audience was alarmed enough to phone Berg straightaway. What if,
he asked, things happened to work in reverse? In other words, what if the SV40
virus, rather than taking up the viral DNA and then inserting it into the animal
cell, was itself manipulated by the bacteriophage DNA, which might cause the
SV40 DNA to be inserted into, say, an E. coli bacterial cell? It was not an unre-
alistic scenario: after all, that is precisely what many bacteriophages are pro-
grammed to do—to insert their DNA into bacterial cells. Since E. coli is both
ubiquitous and intimately associated with humans, as the major component of
our gut flora, Berg's well-meaning experiment might result in dangerous
colonies of E. coli carrying SV40 monkey virus, a potential cancer agent. Berg
heeded his colleague's misgivings, though he did not share them: he decided to
postpone the experiments until more could be learned about SV40's potential to
cause human cancer.

Biohazard anxieties followed hard on the heels of the news of Boyer and
Cohen's success with their recombinant DNA procedures. At a scientific con-
ference on nucleic acids in New Hampshire in the summer of 1973, a majority
voted to petition the National Academy of Sciences to investigate without delay
the dangers of the new technology. A year later a committee appointed by the
National Academy and chaired by Paul Berg published its conclusions in a let-
ter to thejournal Science. | myself signed the letter, as did many of the others—
including Cohen and Boyer—who were most active in the relevant research. In
what has since come to be known as the "Moratorium Letter" we called upon
"scientists throughout the world" to suspend voluntarily al recombinant studies
"until the potential hazards of such recombinant DNA molecules have been
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better evaluated or until adequate methods are developed for preventing their
spread.” An important element of this statement was the admission that "our
concern is based on judgements of potential rather than demonstrated risk
since there are few experimental data on the hazards of such DNA molecules.”

All too soon, however, | found myself feeling deeply frustrated and regretful
of my involvement in the Moratorium Letter. Molecular cloning had the obvi-
ous potential to do a fantastic amount of good in the world, but now, having
worked so hard and arrived at the brink of a biological revolution, here we were
conspiring to draw back. It was a confusing moment. As Michael Rogers wrote
in his 1975 report on the subject for Rolling Sone, "The molecular biologists
had clearly reached the edge of an experimental precipice that may ultimately
prove equal to that faced by nuclear physicists in the years prior to the atom
bomb." Were we being prudent or chickenhearted? | couldn't quite tell yet, but
| was beginning to feel it was the latter.

The "Pandora's Box Congress': that's how Rogers described the February
1975 meeting of 140 scientists from around the world at the Asilomar confer-
ence center in Pacific Grove, California. The agenda was to determine once and
for al whether recombinant DNA really held more peril than promise. Should
the moratorium be permanent? Should we press ahead regardless of potential
risk, or wait for the development of certain safeguards? As chair of the organiz-
ing committee, Paul Berg was also nominal head of the conference, and so had
the almost impossible task of drafting a consensus statement by the end of the
meeting.

The press was there, scratching its collective head as scientists bandied
about the latest jargon. The lawyers were there, too, just to remind us that there
were also legal issues to be addressed: for example, would |, as head of a lab
doing recombinant research, be liable if a technician of mine developed cancer?
As to the scientists, they were by nature and training averse to hazarding pre-
dictions in the absence of knowledge; they rightly suspected that it would be
impossible to reach a unanimous decision. Perhaps Berg was equally doubtful;
in any case, he opted for freedom of expression over firm leadership from the
chair. The resulting debate was therefore something of a free-for-all, with the
proceedings not infrequently derailed by some speaker intent only on rambling
irrelevantly and at length about the important work going on in his or her lab.
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Debating DNA: Maxine
Snger, Norton Zinder,
Sydney Brenner, and
Paul Berg grapplewith
theissuesduring the
Asilomar conference.

Opinions ranged wildly, from the timid—"prolong the moratorium"—to the
gung ho—"the moratorium be damned, let's get on with the science." | was def-
initely on the latter end of the spectrum. | now felt that it was more irresponsi-
ble to defer research on the basis of unknown and unquantified dangers. There
were desperately sick people out there, people with cancer or cystic fibrosis—
what gave us the right to deny them perhaps their only hope?

Sydney Brenner, then based in the United Kingdom, at Cambridge, offered
one of the very few pieces of relevant data. He had collected colonies of the
E. coli strain known as K-12, the favorite bacterial workhorse for this kind of
molecular cloning research. Particular rare strains of E. coli occasionally cause
outbreaks of food poisoning, but in fact the vast majority of E. coli strains are
harmless, and Brenner assumed that K-12 was no exception. What interested
him was not his own health but K-12's: could it survive outside the laboratory?
He stirred the microbes into a glass of milk (they were rather unpalatable served
up straight), and went on to quaff the vile mixture. He monitored what came
out the other end to see whether any K-12 cells had managed to colonize his
intestine. His finding was negative, suggesting that K-12, despite thriving in a
petri dish, was not viable in the "natural" world. Still, others questioned the
inference: even if the K-12 bacteria were themselves unable to survive, this was
no proof they could not exchange plasmids—or other genetic information—
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with strains that could live perfectly well in our guts. Thus "genetically engi-
neered" genes could still enter the population of intestine-dwelling bacteria.
Brenner then championed the idea that we should develop a K-12 strain that
was without question incapable of living outside the laboratory. We could do
this by a genetic alteration that would ensure the strain could grow only when
supplied with specialized nutrients. And of course we would specify a set of
nutrients that would never be available in the natural world; the full comple-
ment of nutrients would occur together only in the lab. A K-12 thus modified
would be a "safe" bacterium, viable in our controlled research setting, but
doomed in the real world.

With Brenner's urging, this middle-ground proposal carried the day. There
was plenty of grumbling from both extremes, of course, but the conference
ended with coherent recommendations allowing research to continue on dis-
abled, non-disease-causing bacteria and mandating expensive containment
facilities for work involving the DNA of mammals. These recommendations
would form the basis for a set of guidelines issued a year later by the National
Institutes of Health.

| departed feeling despondent, isolated from most of my peers. Stanley
Cohen and Herb Boyer found the occasion disheartening as well; they believed,
as | did, that many of our colleagues had compromised their better judgment as
scientists just to be seen by the assembled press as "good guys' (and not as
potential Dr. Frankensteins). In fact, the vast majority had never worked with
disease-causing organisms and little understood the implications of the
research restrictions they wanted to impose on those of us who did. | was irked
by the arbitrariness of much of what had been agreed: DNA from cold-blooded
vertebrates was, for instance, deemed acceptable, while mammalian DNA was
ruled off-limits for most scientists. Apparently it was safe to work with DNA
from a toad but not with DNA from a mouse. Dumbstruck by such nonsense, |
offered up a bit of my own: didn't everyone know that toads cause warts? But
my facetious objections were in vain.

I he guidelines led many participants in the Asilomar conference to expect
clear sailing for research based on cloning in "safe bacteria." But anyone
who set off under such an impression very soon hit choppy seas. According to
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the logic peddled by the popular press, if scientists themselves saw cause for
concern, then the public at large should really be alarmed. These were, after al,
still the days, though waning, of the American counterculture. Both the Viet-
nam War and Richard Nixon's political career had only recently petered out; a
suspicious public, ill-equipped to understand complexities that science itself
was only beginning to fathom, was only too eager to swallow theories of evil
conspiracies perpetrated by the Establishment. For our part, we scientists were
quite surprised to see ourselves counted among this elite, to which we had
never before imagined we belonged. Even Herb Boyer, the veritable model of a
hippie scientist, would find himself named in the special Halloween issue of
the Berkeley Barb, the Bay Area's underground paper, as one of the region's "ten
biggest bogeymen," a distinction otherwise reserved for corrupt pols and union-
busting capitalists.

My greatest fear was that this blooming public paranoia about molecular
biology would result in draconian legislation. Having experimental dos and
don'ts laid down for us in some cumbersome legalese could only be bad for sci-
ence. Plans for experiments would have to be submitted to politically minded
review panels, and the whole hopeless bureaucracy that comes with this kind of
territory would take hold like the moths in Grandmother's closet. Meanwhile,
our best attempts to assess the real risk potential of our work continued to be
dogged by a complete lack of data and by the logical difficulty of proving a neg-
ative. No recombinant DNA catastrophe had ever occurred, but the press con-
tinued to outdo itself imagining "worst case scenarios." In his account of a
meeting in Washington, D.C., in 1977, the biochemist Leon Heppel aptly
summed up the absurdities scientists perceived in the controversy.

| felt the way | would feel if | had been selected for an ad hoc committee
convened by the Spanish Government to try to evaluate the risks assumed
by Christopher Columbus and his sailors, a committee that was supposed
to set up guidelines for what to do in case the earth was flat, how far the
crew might safely venture to the earth's edge, etc.

Even withering irony, however, could little hinder those hell-bent on counter-
ing what they saw as science's Promethean hubris. One such crusader was

Hearingsin Cambridge, Massachusetts, that resulted
inacitywideban on recombinant DNAresearch
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Alfred Vellucci, the mayor of Cambridge, Massachusetts. Vellucci had earned
his political chops championing the common man at the expense of his town's
elite institutions of learning, namely, MIT and Harvard. The recombinant DNA
tempest provided him with a political bonanza. A contemporary account cap-
tures nicely what was going on.

In his cranberry doubleknit jacket and black pants, with his yellow-striped
blue shirt struggling to contain a beer belly, right down to his crooked teeth
and overstuffed pockets, Al Vellucci is the incarnation of middle-American
frustration at these scientists, these technocrats, these smartass Harvard
eggheads who think they've got the world by a string and wind up dropping
it in apuddle of mud. And who winds up in the puddle? Not the eggheads.
No, it's always Al Vellucci and the ordinary working people who are left
alone to wipe themselves off.

Whence this heat? Scientists at Harvard had voiced a desire to build an on-
campus containment facility for doing recombinant work in strict accordance
with the new NIH guidelines. But, seeing his chance and backed by a left-wing
Harvard-MIT cabal with its own anti-DNA agenda, Vellucci managed to push
through a several months' ban on all recombinant DNA research in Cambridge.
The result was a brief but pronounced local brain drain, as Harvard and MIT
biologists headed off to less politically charged climes. Vellucci, meanwhile,
began to enjoy his newfound prominence as society's scientific watchdog. In
1977 he would write to the president of the National Academy of Sciences:

In today's edition of the Boston Herald American, a Hearst Publication,
there are two reports which concern me greatly. In Dover, MA, a "strange,
orange-eyed creature” was sighted and in Hollis, New Hampshire, a man
and his two sons were confronted by a "hairy, nine foot creature.”

I would respectfully ask that your prestigious institution investigate
these findings. | would hope as well that you might check to see whether
or not these "strange creatures" (should they in fact exist), are in any way
connected to recombinant DNA experiments taking place in the New
England area.
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Though much debated, attempts to enact national legislation regulating
recombinant DNA experiments fortunately never came to fruition. Sena-
tor Ted Kennedy of Massachusetts entered the fray early on, holding a Senate
hearing just a month after Asilomar. In 1976, he wrote President Ford to advise
that the federal government should control industrial as well as academic DNA
research. In March of 77, | testified before a hearing of the California state leg-
islature. Governor Jerry Brown was in attendance, and so | had the occasion to
advise him in person that it would be a mistake to consider any legislative action
except in the event of unexplained illnesses among the scientists at Stanford. If
those actually handling recombinant DNA remained perfectly healthy, the pub-
lic would be better served if lawmakers focused on more evident dangers to
public health, like bike riding.

As more and more experiments were performed, whether under NIH guide-
lines or under those imposed by regulators in other countries, it became more
and more apparent that recombinant DNA procedures were not creating
Frankenbugs (much less—pace Mr. Vellucci—"strange orange-eyed crea-
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tures"). By 1978 | could write, "Compared to almost any other object that starts
with the letter D, DNA is very safe indeed. Far better to worry about daggers,
dynamite, dogs, dieldrin, dioxin, or drunken drivers than to draw up Rube Gold-
berg schemes on how our laboratory-made DNA will lead to the extinction of
the human race."

Later that year, in Washington, D.C., the Recombinant DNA Advisory Com-
mittee (RAC) of the NIH proposed much less restrictive guidelines that would
permit most recombinant work—including tumor virus DNA research—to go
forward. And in 1979, Joseph Califano, Secretary of Health, Education, and
Welfare, approved the changes, thus ending a period of pointless stagnation for
mammalian cancer research.

In practical terms, the outcome of the Asilomar consensus was ultimately
nothing more than five sad years of delay in important research, and five frus-
trating years of disruption in the careers of many young scientists.

As the 1970s ended, the issues raised by Cohen and Boycr's original experi-
ments turned gradually into non-issues. We had been forced to take an unprof-
itable detour, but at least it showed that molecular scientists wanted to be
socially responsible.

M olecular biology during the second half of the 1970s, however, was not
completely derailed by politics; these years did in fact see a number of
important advances, most of them building upon the still controversial Boyer-
Cohen molecular cloning technology. The most significant breakthrough was
the invention of methods for reading the sequence of DNA. Sequencing
depends on having a large quantity of the particular stretch of DNA that you are
interested in, so it was not feasible—except in the case of small virah DNA—
until cloning technologies had been developed. As we have seen, cloning, in
essence, involves inserting the desired piece of DNA into a plasmid, which is
then itself inserted into a bacterium. The bacteria, allowed to divide and grow,
will then produce a vast number of copies of the DNA fragment. Once har-
vested from the bacteria, this large quantity of the DNA fragment is then ripe
for sequencing.

Two sequencing techniques were developed simultaneously, one by Wally

104



Gilbert in Cambridge, Massachusetts (Harvard),
and the other by Fred Sanger in Cambridge, Eng-
land. Gilbert's interest in sequencing DNA
stemmed from his having isolated the repressor pro-
tein in the E. coli beta-galactosidase gene regulation
system. As we have seen, he had shown that the
repressor binds to the DNA close to the gene, pre-
venting its transcription into RNA chains. Now he
wanted to know the sequence of that DNA region. A
fortuitous meeting with the brilliant Soviet chemist
Andrei Mirzabekov suggested to Gilbert a way—
using certain potent combinations of chemicals—to
break DNA chains at just the desired, base-specific
sites.

As a high-school senior in Washington, D.C.,
Gilbert used to cut class to read up on physics at the
Library of Congress. He was then pursuing the Holy
Grail of al high-school science prodigies: a prize in
the Westinghouse Talent Search.* He duly won his
prize in 1949. (Years later, in 1980, he would receive
a cal from the Swedish Academy in Stockholm,
adding to the statistical evidence that winning the
Westinghouse is one of the best predictors of a

Wally Gilbert (top) and Fred Sanger,
sequence kings

future Nobel.) Gilbert stuck with physics as an undergraduate and graduate
student, and ayear after | arrived at Harvard in 1956 hejoined the physics fac-
ulty. But once | got him interested in my lab's work on RNA, he abandoned his
field for mine. Thoughtful and unrelenting, Gilbert has ever since been at the

forefront of molecular biology.

Of the two sequencing methods, however, it is Sanger's that has better with-
stood the test of time. Some of the DNA-breaking chemicals required by
Gilbert's are difficult to work with; given half a chance, they will start breaking
up the researcher's own DNA. Sanger's method, on the other hand, uses the

*In 1998, as the Old Economy gave way to the New, the honor was renamed the Intel Prize.
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same enzyme that copies DNA naturally in cells, DNA polymerase. His trick
involves making the copy out of base pairs that have been slightly altered.
Instead of using only the normal "deoxy" bases (As, Ts, Gs, and Cs) found nat-
urally in DNA (deoxyribonucleic acid), Sanger also added some so-called
"dideoxy bases." Dideoxy bases have a peculiar property: DNA polymerase will
happily incorporate them into the growing DNA chain (i.e., the copy being
assembled as the complement of the template strand), but it cannot then add
any further bases to the chain. In other words, the duplicate chain cannot be
extended beyond a dideoxy base.

Imagine a template strand whose sequence is GGCCTAGTA. There are
many, many copies of that strand in the experiment. Now imagine that the
strand is being copied using DNA polymerase, in the presence of a mixture of
normal A, T, G, and C plus some dideoxy A. The enzyme will copy along, adding
first a C (to correspond to the initial G), then another C, then a G, and another
G. But when the enzyme reaches thefirst T, there are two possibilities: either it
can add a normal A to the growing chain, or it can add a dideoxy A. If it picks up
a dideoxy A, then the strand can grow no further, and the result is a short chain
that ends in a dideoxy A (ddA): CCGGddA. If it happens to add a normal A,
however, then DNA polymerase can continue adding bases: T, C, etc. The next
chance for a dideoxy "stop" of this kind will not come until the enzyme reaches
the next T Here again it may add either a normal A or a ddA. If it adds a ddA,
the result is another truncated chain, though a slightly longer one: this chain
has a sequence of CCGGATCddA. And so it goes every time the enzyme
encounters a T (i.e., has occasion to add an A to the chain); if by chance it
selects a normal A, the chain continues, but in the case of a ddA the chain ter-
minates there.

Where does this leave us? At the end of this experiment, we have a whole
slew of chains of varying lengths copied from the template DNA; what do they
al have in common? They al end with a ddA.

Now, imagine the same process carried out for each of the other three bases:
in the case of T, for instance, we use a mix of normal A, T, G, and C plus ddT;
the resultant molecules will be either CCGGAddT or CCGGATCAddT

Having staged the reaction all four ways—once with ddA, once with ddT,
once with ddG, and once with ddC—we have four sets of DNA chains: one
consists of chains ending in ddA, one with chains ending with ddT, and so on.
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Now if we could only sort al these mini-chains according to their respective,
dlightly varying lengths, we could infer the sequence. How? A moment, please.
First, let's see how we could do the sorting. We can place al the DNA frag-
ments on a plate full of a special gel, and place the plate of gel in an electric
field. In the pull of the electric field the DNA molecules will be forced to
migrate through the gel, and the speed with which a particular mini-chain will
travel is afunction of its size: short chains travel faster than long ones. Within a
fixed interval of time, the smallest mini-chain, in our case a simple ddC, will
travel furthest; the next smallest, CddC, will travel a slightly shorter distance;
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and the next one, CCddG, a slightly shorter one still. Now Sanger's trick should
be clear: by reading off the relative positions of al these mini-chains after a
timed race through our gel, we can infer the sequence of our piece of DNA: first
is a C, then another C, then a G, and so on.

In 1980, Sanger shared the Nobel Prize in Chemistry with Gilbert and with
Paul Berg, who was recognized for his contribution to the development of the
recombinant DNA technologies. (Inexplicably neither Stanley Cohen nor Herb
Boyer has been so honored.)

For Sanger, this was his second Nobel.* He had received the chemistry prize
in 1958 for inventing the method by which proteins are sequenced—that is, by
which their amino acid sequence is determined—and applying it to human
insulin. But there is absolutely no relation between Sanger's method for protein
sequencing and the one he devised for sequencing DNA; neither technically
nor imaginatively did the one give rise to the other. He invented both from
scratch, and should perhaps be regarded as the presiding technical genius of
the early history of molecular biology.

Sanger is not what you might expect of a double Nobel laureate. Born to a
Quaker family, he became a socialist and was a conscientious objector during
the Second World War. More improbably, he does not advertise his achieve-
ments, preferring to keep the evidence of his Nobel honors in storage: "You get
a nice gold medal, which is in the bank. And you get a certificate, which is in
the loft." He has even turned down a knighthood: "A knighthood makes you dif-
ferent, doesn't it? And | don't want to be different.” Having retired, Sanger is
content these days to tend his garden outside Cambridge, though he still makes
the occasional self-effacing and cheerful appearance at the Sanger Centre, the
genome-sequencing facility near Cambridge that opened in 1993.

E §quencing would confirm one of the most remarkable findings of the
970s. We already knew that genes were linear chains of As, Ts, Gs, and

*As a double Nobelist, Sanger is in exalted company. Marie Curie received the prize in physics
(1903) and then in chemistry (1911); John Bardeen received the physics prize twice, for the dis-
covery of transistors (1956) and for superconductivity (1972); and Linus Pauling received the
chemistry prize (1954) and the peace prize (1962).
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Cs, and that these bases were translated three at a time, in accordance with the
genetic code, to create the linear chains of amino acids we call proteins. But
remarkable research by Richard Roberts, Phil Sharp, and others revealed that,
in many organisms, genes actually exist in pieces, with the vital coding DNA
broken up by chunks of irrelevant DNA. Only once the messenger RNA has
been transcribed is the mess sorted out by an "editing" process that eliminates
the irrelevant parts. It would be as though this book contained occasional extra-
neous paragraphs, apparently tossed in at random, about baseball or the history
of the Roman Empire. Wally Gilbert dubbed the intrusive sequences "introns"
and the ones responsible for actual protein-coding (i.e., functionally part of the
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gene) he named "exons." It turns out that introns are principally a feature of
sophisticated organisms; they do not appear in bacteria.

Some genes are extraordinarily intron-rich. For example, in humans, the gene
for blood clotting factor VIII (which may be mutated in people with hemo-
philia) has twenty-five introns. Factor VIl is a large protein, some two thousand
amino acids long, but the exons that code for it constitute a mere 4 percent of
the total length of the gene. The remaining 96 percent of the gene is made up of
introns.

Why, then, do introns exist? Obviously their presence vastly complicates cel-
lular processes, since they always have to be edited out to form the messenger
RNA; and that editing seems a tricky business, especially when you consider
that a single error in excising an intron from the messenger RNA for, say, clot-
ting factor VIII would likely result in a frameshift mutation that would render
the resulting protein useless. One theory holds that these molecular intruders
are merely vestigial, an evolutionary heirloom, left over from the early days of
life on earth. Still it remains a much-debated issue how introns came to be and
what if any use they may have in life's great code.

Once we became aware of the general nature of genes in eukaryotes (organ-
isms whose cells contain a compartment, the nucleus, specialized for
storing the genetic material; prokaryotes, such as bacteria, lack nuclei), a scien-
tific gold rush was launched. Teams of eager scientists armed with the latest
technology raced to be the first to isolate (clone) and characterize key genes.
Among the earliest treasures to be found were genes in which mutations give
rise to cancers in mammals. Once scientists had completed the DNA sequenc-
ing of several well-studied tumor viruses, SV40 for one, they could then
pinpoint the exact cancer-causing genes. These genes were capable of trans-
forming normal cells into cells with cancerlike properties, with for instance a
propensity for the kind of uncontrolled growth and cell division that results in
tumors. It was not long until molecular biologists began to isolate genes from
human cancer cells, finally confirming that human cancer arises because of
changes at the DNA level and not from simple nongenetic accidents of growth,
as had been supposed. We found genes that accelerate or promote cancer
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growth and we found genes that slow or inhibit it. Like an automobile, a cell, it
seems, needs both an accelerator and a brake to function properly.

The treasure hunt for genes took over molecular biology. In 1981, Cold
Spring Harbor Laboratory started an advanced summer course that taught
gene-cloning techniques. Molecular Cloning, the lab manual that was devel-
oped out of this course, sold more than eighty thousand copies over the follow-
ing three years. The first phase of the DNA revolution (1953—72)—the early
excitement that grew out of the discovery of the double helix and led to the
genetic code—eventually involved some three thousand scientists. But the sec-
ond phase, inaugurated by recombinant DNA and DNA sequencing technolo-
gies, would see those ranks swell a hundredfold in little more than a decade.

Part of this expansion reflected the birth of a brand new industry: biotechnol-
ogy. After 1975, DNA was no longer solely the concern of biologists trying to
understand the molecular underpinnings of life. The molecule moved beyond
the academic cloisters inhabited by white-coated scientists into a very different
world populated largely by men in silk ties and sharp suits. The name Francis
Crick had given his home in Cambridge, the Golden Helix, now had a whole
new meaning.
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CHAPTER FIVE

DNA, DOLLARS, AND DRUGS:
BIOTECHNOLOGY

erb Boyer has a way with meetings. We have seen how his 1972 chat

with Stanley Cohen in a Waikiki deli led to the experiments that made

recombinant DNA a reality. In 1976, lightning struck a second time:
the scene was San Francisco, the meeting was with a venture capitalist named
Bob Swanson, and the result was a whole new industry that would come to be
called biotechnology.

Only twenty-seven when he took the initiative and contacted Boyer, Swanson
was already making a name for himself in high-stakes finance. He was looking
for a new business opportunity, and with his background in science he sensed
one in the newly minted technology of recombinant DNA. Trouble was, every-
one Swanson spoke to told him that he was jumping the gun. Even Stanley
Cohen suggested that commercial applications were at |east several years away.
As for Boyer himself, he disliked distractions, especially when they involved
men in suits, who always look out of place in the jeans-and-T-shirt world of aca-
demic science. Somehow, though, Swanson cgjoled him into sparing ten min-
utes of his time one Friday afternoon.

Ten minutes turned into several hours, and then several beers when the
meeting was adjourned to nearby Churchill's Bar, where Swanson discovered
he had succeeded in rousing a latent entrepreneur. It was in Derry Borough
High School's 1954 yearbook that class president Boyer had first declared his
ambition "to become a successful businessman."

The basic proposition was extraordinarily simple: find a way to use the

Time magazine marks the hirth of the biotechnol-
ogy business (and looks forward to a royal wedding).
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Cohen-Boyer technology to produce proteins that are marketable. A gene for a
"useful" protein—say, one with therapeutic value, such as human insulin—
could be inserted into a bacterium, which in turn would start manufacturing
the protein. Then it would just be a matter of scaling up production, from petri
dishes in the laboratory to vast industrial-size vats, and harvesting the protein as
it was produced. Simple in principle, but not so simple in practice. Neverthe-
less, Boyer and Swanson were optimistic: each plunked down $500 to form a
partnership dedicated to exploiting the new technology. In April 1976 they
formed the world's first biotech company. Swanson's suggestion that they call
the firm "Her-Bob," a combination of their first names, was mercifully rejected
by Boyer, who offered instead "Genentech," short for "genetic engineering tech-
nology."

Insulin was an obvious commercial first target for Genentech. Diabetics
require regular injections of this protein since their bodies naturally produce
either too little of it (Type |l diabetes) or none at al (Type |). Before the discov-
ery in 1921 of insulin's role in regulating blood-sugar levels, Type | diabetes was
lethal. Since then, the production of insulin for use by diabetics has become a
major industry. Because blood-sugar levels are regulated much the same way in
all mammals, it is possible to use insulin from domestic animals, mainly pigs
and cows. Pig and cow insulins differ slightly from the human version: pig
insulin by 1 amino acid in the 51-amino-acid protein chain, and cow insulin by
3. These differences can occasionally cause adverse effects in patients; diabet-
ics sometimes develop allergies to the "foreign" protein. The biotech way
around these allergy problems would be to provide diabetics with the real
McCoy, human insulin.

With an estimated 8 million diabetics in the United States, insulin promised
a biotech gold mine. Boyer and Swanson, however, were not alone in recogniz-
ing its potential. A group of Boyer's colleagues at the University of California,
San Francisco (UCSF), as well as Wally Gilbert at Harvard, had also realized
that cloning human insulin would prove both scientifically and commercially
valuable. In May 1978, the stakes were raised when Gilbert and several others
from the United States and Europe formed their own company, Biogen. The
contrasting origins of Biogen and Genentech show just how fast things were
moving: Genentech was envisioned by a twenty-seven-year-old willing to work
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the phones; Biogen was put together by a consortium of seasoned venture capi-
talists who head-hunted top scientists. Genentech was born in a San Francisco
bar, Biogen in a fancy European hotel. Both companies, however, shared the
same vision, and insulin was part of it. The race was on.

nducing a bacterium to produce a human protein is tricky. Particularly awk-

ward is the presence of introns, those noncoding segments of DNA found in
human genes. Since bacteria have no introns, they have no means for dealing
with them. While the human cell carefully "edits" the messenger RNA to
remove these noncoding segments, bacteria, with no such capacity, cannot pro-
duce a protein from a human gene. And so, if E. coli were really going to be har-
nessed to produce human proteins from human genes, the intron obstacle
needed to be overcome first.

The riva start-ups approached the problem in different ways. Genentech's
strategy was to chemically synthesize the intron-free portions of the gene,
which could then be inserted into a plasmid. They would in effect be cloning an
artificial copy of the original gene. Nowadays, this cumbersome method is
seldom used, but at the time Genentech's was a smart strategy. The Asilomar
biohazard meeting had occurred only a short time earlier, and genetic cloning,
particularly when it involved human genes, was still viewed with great suspicion
and fell under heavy regulation. However, by using an artificial copy of the
gene, rather than one actually extracted from a human being, Genentech had
found a loophole. The company's insulin hunt could proceed unimpeded by
the new rules.

Genentech's competitors followed an alternative approach—the one gener-
aly used today—but, working with DNA taken from actual human cells, they
would soon find themselves stumbling into a regulatory nightmare. Their
method employed one of molecular biology's most surprising discoveries to
date: that the central dogma governing the flow of genetic information—the
rule that DNA begets RNA, which in turn begets protein—could occasionally
be violated. In the 1950s scientists had discovered a group of viruses that con-
tain RNA but lack DNA. HIV, the virus that causes AIDS, is a member of this
group. Subsequent research showed that these viruses could nevertheless
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convert their RNA into DNA after inserting it
into a host cell. These viruses thus defy the
central dogma with their backward RNA —>
DNA path. The critical trick is performed by an
enzyme, reverse transcriptase, that converts
RNA to DNA. Its discovery in 1970 earned
Howard Temin and David Baltimore the 1975
Nobel Prize in Physiology or Medicine.
Reverse transcriptase suggested to Biogen
and others an elegant way to create their own
intron-free human insulin gene for insertion in
bacteria. The first step was to isolate the mes-
senger RNA produced by the insulin gene.
Because of the editing process, the messenger
RNA lacks the introns in the DNA from which
it is copied. The RNA itself is not especially
useful because RNA, unlike DNA, is a delicate
molecule liable to degrade rapidly; also the
Cohen-Boyer system calls for inserting DNA—
not RNA—into bacterial cells. The goal, there-
fore, was to make DNA from the edited
messenger RNA molecule using reverse tran-
scriptase. The result would be a piece of DNA
without the introns but with al the information
that bacteria would require to make the human
insulin protein—a cleaned-up insulin gene.

In the end Genentech would win the race, but just barely. Using the reverse
transcriptase method, Gilbert's team had succeeded in cloning the rat gene for
insulin and then coaxing a bacterium into producing the rat protein. All that
remained was to repeat the process with the human gene. Here, however, is
where Biogen met its regulatory Waterloo. To clone human DNA, Gilbert's
team had to find a P4 containment facility—one with the highest level of con-
tainment, the sort required for work on such unpleasant beasts as the Ebola
virus. They managed to persuade the British military to grant them access to
Porton Down, a biological warfare laboratory in the south of England.
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In his book about the race to clone insulin, Stephen Hall records the almost
surreal indignities suffered by Gilbert and his colleagues.

Merely entering the P4 lab was an ordeal. After removing al clothing, each
researcher donned government-issue white boxer shorts, black rubber
boots, blue pajama-like garments, a tan hospital-style gown open in the
back, two pairs of gloves, and a blue plastic hat resembling a shower cap.
Everything then passed through a quick formaldehyde wash. Everything.
All the gear, dl the bottles, al the glassware, al the equipment. All the sci-
entific recipes, written down on paper, had to pass through the wash; so
the researchers slipped the instructions, one sheet at a time, inside plastic
Ziploc bags, hoping that formaldehyde would not leak in and turn the
paper into a brown, crinkly, parchment-like mess. Any document exposed
to lab air would ultimately have to be destroyed, so the Harvard group
could not even bring in their lab notebooks to make entries. After stepping
through a basin of formaldehyde, the workers descended a short flight of
steps into the P4 lab itself. The same hygienic rigmarole, including a
shower, had to be repeated whenever anyone left the lab.

All this for the simple privilege of cloning a piece of human DNA. Today, in
our less paranoid and better informed times, the same procedure is often per-
formed in rudimentary labs by undergraduates taking introductory molecular
biology. The whole episode was a bust for Gilbert and his team as they failed to
clone the insulin gene. Not surprisingly they blamed their P4 nightmare.

The Genentech team faced no such regulatory hurdles, but their technical
challenges in inducing E. coli to produce insulin from their chemically synthe-
sized gene were considerable al the same. For Swanson the businessman, the
problems were not merely scientific. Since 1923, the U.S. insulin market had
been dominated by a single producer, Eli Lilly, which by the late seventies was
a $3 billion company with an 85 percent share of the insulin market. Swanson
knew Genentech was in no position to compete with the 800-pound gorilla,
even with a genetically engineered human insulin, a product patently superior
to Lilly's farm-animal version. He decided to cut a deal and approached Lilly,
offering an exclusive license to Genentech's insulin. And so as his scientist
partners beavered away in the lab, Swanson hustled away in the boardroom.
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Lilly, he was sure, would agree; even such a giant could ill afford to miss out on
what recombinant DNA technology represented, namely the very future of
pharmaceutical production.

But Swanson wasn't the only one with a proposal, and Lilly was actually
funding one of the competing efforts. A Lilly official had even been dispatched
to Strasbourg, France, to oversee a promising attempt to clone the insulin gene
using methods similar to Gilbert's. However, when the news came through that
Genentech had gotten there first, Lilly's attention was instantly diverted to Cal-
ifornia. Genentech and Lilly signed an agreement on August 25, 1978, one day
after the final experimental confirmation. The biotech business was no longer
just a dream. Genentech would go public in September 1980. Within minutes
its shares rose from a starting price of $35 to $89. At the time, this was the most
rapid escalation in value in the history of Wall Street. Boyer and Swanson sud-
denly found themselves worth some $66 million apiece.

Traditionally in academic biology, al that mattered was precedence: who
made the discovery first. One was rewarded in kudos, not cash. There were
exceptions—the Nobel Prize, for instance, does come with a hefty financial
award—but in general we did biology because we loved it. Our meager aca-
demic salaries certainly did not offer much of an inducement.

With the advent of biotechnology, all that changed. The 1980s would see
changes in the relationship of science and commerce that were unimaginable a
decade before. Biology was now a big-money game, and with the money came a
whole new mind-set, and new complications.

For one thing, the founders of biotech companies were typically university
professors, and not surprisingly the research underpinning their companies'
commercial prospects typically originated in their university labs. It was in his
Zurich University lab, for instance, that Charles Weissmann, one of Biogen's
founders, cloned human interferon, which, as a treatment for multiple sclero-
sis, has since become the company's biggest moneymaker. And Harvard Univer-
sity hosted Wally Gilbert's ultimately unsuccessful attempt to add recombinant
insulin to Biogen's roster of products. Certain questions were soon bound to be
asked: Should professors be permitted to enrich themselves on the basis of
work done in their university's facilities? Would the commercialization of aca-
demic science create irreconcilable conflicts of interest? And the prospect of a
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new era of industrial-scale molecular biology fanned the still-glowing embers of
the safety debate: with big money at stake, just how far would the captains of
this new industry push the safety envelope?

Harvard's initial response was to form a biotech company of its own. With
plenty of venture capital and the intellectual capital of two of the university's
star molecular biologists, Mark Ptashne and Tom Maniatis, the business plan
seemed a sure thing; a major player was about to enter the biotech game. In the
fal of 1980, however, the plan fell apart. When the measure was put to a vote,
the faculty refused to allow Fair Harvard to dip its lily-white academic toes into
the murky waters of commerce. There were concerns that the enterprise would
create conflicts of interest within the biology department: with a profit center in
place, would faculty continue to be hired strictly on the basis of academic merit
or would their potential to contribute to the firm now come into consideration?
Ultimately, Harvard was forced to withdraw, giving up its 20 percent stake in
the company. Sixteen years later, the cost of that call would become apparent
when the firm was sold to the pharmaceutical giant Wyeth for $1.25 billion.
And to this day, Harvard's Department of Molecular and Cellular Biology lacks
a designated endowment to support research above the cost of salaries.

The decision of Ptashne and Maniatis to press on regardless precipitated a
fresh set of obstacles. Mayor Vellucci's moratorium on recombinant DNA
research in Cambridge was a thing of the past, but anti-DNA sentiment lin-
gered on. Carefully avoiding a flashy high-tech name like Genentech or Biogen,
Ptashne and Maniatis named their company Genetics Insti-
tute, hoping to evoke the less threatening fruit fly era of biol-
ogy, rather than the brave new world of DNA. In the same
spirit, the fledgling company decided to hang its shingle not
in Cambridge but in the neighboring city of Somerville. A
stormy hearing in Somerville City Hall, however, demon-
strated that the Vellucci effect extended beyond the Cam-
bridge city limits: Genetics Institute was denied a license to
operate. Fortunately the city of Boston, just across the
Charles River from Cambridge, proved more receptive, and
the new firm set up shop in an empty hospital building in
Boston's Mission Hill district. As it became more and more
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apparent that recombinant methods posed no health or environmental risk, the
Vellucci brand of antibiotech fanaticism could not endure. Within a few years,
Genetics Institute would move to North Cambridge, just down the road from
the university parent that had abandoned it at birth.

Over the past twenty years, the suspicion and sanctimoniousness attending
the early days of the relationship between academic and commercial molecular
biology has given way to something approaching a productive symbiosis. For
their part universities now actively encourage their faculty to cultivate commer-
cial interests. Learning from Harvard's mistake with Genetics Institute, they
have developed ways to cash in on the lucrative applications of technology
invented on campus. New codes of practice aim to prevent conflicts of interest
for professors straddling both worlds. In the early days of biotech, academic sci-
entists were al too often accused of "selling out" when they became involved
with a company. Now involvement in commercial biotech is a standard part of a
hotshot DNA career. The money is handy, and there are intellectual rewards as
well because, for good business reasons, biotech is invariably on the scientific
cutting edge.

Stanley Cohen proved himself a forerunner not only in technology but also in
the evolution from a purely academic mind-set to one adapted to the age of big-
bucks biology. He had known from the beginning that recombinant DNA had
potential for commercial applications, but it had never occurred to him that the
Cohen-Boyer cloning method should be patented. It was Niels Reimers in
Stanford's technology licensing office who suggested that a patent might be in
order when he read on the front page of the New York Times about the home
team's big win. At first Cohen was dubious; the breakthrough in question, he
argued, was dependent on generations of earlier research that had been freely
shared, and so it seemed inappropriate to patent what was merely the latest
development. But every invention builds on ones that have come before (the
steam locomotive could only come after the steam engine); and patents rightly
belong to those innovators who extend the achievements of the past in decisive
and influential ways. In 1980, six years after Stanford first submitted the appli-
cation, the Cohen-Boyer process was granted its patent.

In principle the patenting of methods could stifle innovation by restricting
the application of important technologies, but Stanford handled the matter
wisely, and there were no such negative consequences. Cohen and Boyer (and
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their institutions) were rewarded for their commercially significant contribu-
tion, but not at the expense of academic progress. In the first place, the patent
ensured that only corporate entities would be charged for use of the technology;
academic researchers could use it free of charge. Second, Stanford resisted the
temptation to impose a very high licensing fee, which would have prevented all
but the wealthiest companies and institutions from using recombinant DNA.
For arelatively modest $ 10,000 a year with a maximum 3 percent royalty on the
sales of products based on the technology, the Cohen-Boyer method was avail-
able to anyone who wanted to use it. This strategy, good for science, proved to
be good for business as well: the patent has contributed some quarter of a bil-
lion dollars to the coffers of UCSF and Stanford. And both Boyer and Cohen
generously donated part of their shares of the proceeds to their universities.

It was only a matter of time before organisms genetically altered by technol-
ogy would themselves be patented. The test case had in fact originated in 1972;
it involved a bacterium that had been modified using not recombinant DNA
technology but traditional genetic methods. The implications for the biotech
business were clear nevertheless: if bacteria modified with conventional tech-
nigues were patentable, then those modified by the new recombinant methods
would be too.

In 1972, Ananda Chakrabarty, a research scientist at General Electric,
applied for a patent on a Pseudomonas bacteria strain he had developed as an
all-in-one oil-slick degrader. Before this, the most efficient way to break down
an ail spill was to use a number of different bacteria, each of which degraded a
different component of the oil. By combining different plasmids, each coding
for a different degradation pathway, he managed to produce a superdegrader
strain of Pseudomonas. Chakrabarty's initial patent application was turned
down, but after wending its way through the legal system for eight years it was
finally granted in 1980, when the Supreme Court ruled five to four in his favor,
concluding that "a live, human-made micro-organism is patentable subject mat-
ter" if, as in this case, it "is the result of human ingenuity and research.”

Despite the clarification supplied by the Chakrabarty case, the early encoun-
ters between biotechnology and the law were inevitably messy. The stakes were
high and—as we shall see in the case of DNA fingerprinting in chapter 10—
lawyers, juries, and scientists too often speak different languages. By 1983,
both Genentech and Genetics Institute had successfully cloned the gene for
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tissue plasminogen activator (t-PA), which is an important weapon against the
blood clots that cause strokes and heart attacks. Genetics Institute did not,
however, apply for a patent, deeming the science underlying the cloning of t-PA
"obvious'—in other words, unpatentable. Genentech, however, applied for and
was granted a patent, on which, by definition, Genetics Institute had infringed.

The case first came to court in England. The presiding judge, Mr. Justice
Whitford, sat behind a large stack of books for much of the trial, appearing to be
asleep. The basic question was whether the first party to clone a gene should be
granted all subsequent rights over the production and use of the protein. In
finding for Genetics Institute and its backers, the drug company Wellcome, Jus-
tice Whitford concluded that Genentech could justify a narrow claim for the
limited process used by them to clone t-PA but could not justify broad claims
for the protein product. Genentech appealed. In England when such esoteric
technical cases are appealed they are heard by three specialist judges, who are
led through the issues by an independent expert—in this instance, Sydney
Brenner. The judges turned down Genentech's appeal, agreeing with Genetics
Institute that the "discovery" was indeed obvious, and therefore the Genentech
patent was invalid.

In the United States, such cases are argued in front of a jury. Genentech's
lawyers ensured that no member of the jury had a college education. Thus what
might be obvious to a scientist or to legal experts trained in science was not
obvious to members of that jury. The jury found against Genetics Institute,
deeming the broad-based Genentech patent valid. Not, perhaps, American jus-
tice's finest hour, but the case did nevertheless establish a precedent: from then
on, people applied for patents on their products regardless of whether or not the
science was "obvious." In future disputes, all that would matter was who cloned
the gene first.

Good patents, | would suggest, strike a balance: they recognize and reward
innovative work and protect it from being ripped off, but they also make new
technology available to do the most good. Unfortunately, Stanford's wise exam-
ple has not been followed in every case of important new DNA methodology.
The polymerase chain reaction (PCR), for instance, is an invaluable technique
for amplifying small quantities of DNA. Invented in 1983 at the Cetus Corpo-
ration, PCR—about which we shall hear more in chapter 7, in connection with
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the Human Genome Project—quickly became one of the workhorses of aca-
demic molecular biology. Its commercial applications, however, have been
much more limited. After granting one commercial license to Kodak, Cetus
sold PCR for $300 million to the Swiss giant Hoffmann-LaRoche, makers
of chemical, pharmaceutical, and medical diagnostic products. Hoffmann-
LaRoche in turn decided that, rather than granting further licenses, the way to
maximize the return on their investment was to establish a monopoly on PCR-
based diagnostic testing. As part of this strategy, it cornered the AIDS testing
business. And only as the patent expiration date drew near did the firm grant
any licenses for the technology; those granted have generally been to other
major diagnostic companies that can afford the commensurably large fees. To
create a subsidiary revenue stream from the same patent, Hoffmann-LaRoche
has also levied hefty charges on producers of machines that carry out PCR. And
so, to market a simple device for schoolchildren to use, the Cold Spring Harbor
Dolan DNA Learning Center must pay the company a 15 percent royalty.

An even more pernicious effect on the productive availability of new tech-
nologies has been exerted by lawyers moving aggressively to patent not only new
inventions but also the general ideas underpinning them. The patent on a
genetically altered mouse created by Phil Leder is a case in point. In the course
of their cancer research, Leder's group at Harvard produced a strain of mouse
that was particularly prone to developing breast cancer. They did this using
established techniques for inserting a geneti-
caly engineered cancer gene into a fertilized
mouse egg cell. Because the factors inducing
cancer in mice may be similar to those at work
in humans, this "onco-mouse" was expected to
help us understand human cancer. But instead
of applying for a patent limited to the specific
mouse Leder's team had produced, Harvard's
lawyers sought one that covered all cancer-
prone transgenic animals—they didn't even
draw the line at mice. This umbrella patent
was granted in 1988, and so was born the
cancerous little rodent dubbed the "Harvard phil Leder with his"Harvard" onco-mouse
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mouse." In fact, because the work in Leder's laboratory was underwritten by
Du Pont, the commercial rights resided not with the university but with the
chemical giant. The "Harvard mouse" might have been more aptly called the
"Du Pont mouse." But whatever its name, the impact of the patent on cancer
research has been profound and counterproductive.

Companies interested in developing new forms of cancer-prone mice have
been put off by the fees demanded by Du Pont, and those keen to use existing
cancer mouse strains to screen experimental drugs have likewise curtailed their
programs. Du Pont has begun demanding that academic institutions disclose
what experiments are being performed using the company's patented onco-
mice. This represents an unprecedented, and unacceptable, intrusion of big
business into academic laboratories. UCSF, MIT's Whitehead Institute, and
Cold Spring Harbor Laboratory, among other research institutions, have
refused to cooperate.

When patents involve "enabling technologies" that are fundamental to carry-
ing out the necessary molecular manipulations, the patent holders can literally
hold an entire area of research for ransom. And while every patent application
should be treated on its particular merits, there are nevertheless some general
rules that should be observed. Patents on methods clearly vital to scientific
progress should follow the precedent set by the Cohen-Boyer case: the technol-
ogy should be generally available (not controlled by a single licensee) and
should be reasonably priced. These limitations by no means go against the ethic
of free enterprise. If a new method is a genuine step forward, then it will be
extensively used and even a modest royalty will result in substantial revenue.
Patents on products, however—drugs, transgenic organisms—should be limited
to the specific product created, not the entire range of additional products the
new one might suggest.

Genentech's insulin triumph put biotechnology on the map. A quarter of a
century later, genetic engineering with recombinant DNA technology is a
routine part of the drug-discovery industry. These procedures permit the pro-
duction in large quantities of human proteins, which are otherwise difficult to
acquire. In many cases, the genetically engineered proteins are safer for thera-
peutic and diagnostic uses than their predecessors. Extreme short stature,
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dwarfism, often stems from a lack of human growth hormone (HGH). In 1959,
doctors first started treating dwarfism with HGH, which then could be obtained
only from the brains of cadavers. The treatment worked fine, but it was later
recognized to carry the risk of a terrible infection: patients sometimes devel-
oped Creutzfeldt-Jakob disease, a ghastly brain-wasting affliction, similar to so-
caled mad cow disease. In 1985, the FDA banned the use of HGH derived
from cadavers. By happy coincidence, Genentech's recombinant HGH—which
carries no risk of infection—was approved for use that same year.

During the biotech industry's first phase, most companies focused on proteins
of known function. Cloned human insulin was bound to succeed; after all, peo-
ple had already been injecting themselves with some form of insulin for more
than fifty years when Genentech introduced its product. Another example was
epoetin alpha (EPO), a protein that stimulates the body to produce red blood
cells. The target population for EPO is patients undergoing kidney dialysis who
suffer from anemia caused by loss of red blood cells. To meet the need for this
product, Amgen, based in Southern California, and Genetics Institute both
developed arecombinant form of EPO. That EPO was a useful and commercially
viable product was a given; the only unknown was which company would come to
dominate the market. Despite being trained in the arcane subtleties of physical
chemistry, Amgen CEO George Rathmann has adapted well to the rough and
tumble of the business world. Competition brings out a decidedly unsubtle side
in him: negotiating with him is like wrestling with a large bear whose twinkling
e