
[image: Cover: The Code Breaker -- Young Readers Edition, by Walter Isaacson]


The #1 New York Times bestseller adapted for Young Readers

Walter Isaacson with Sarah Durand

The Code Breaker

Jennifer Doudna and the Race to Understand Our Genetic Code






[image: The Code Breaker -- Young Readers Edition, by Walter Isaacson, S&S Books for Young Readers]






To the memory of Alice Mayhew and Carolyn Reidy.

What a joy it was to see them smile.






Introduction [image: ]


In July 2019, a doctor at a hospital in Nashville, Tennessee, inserted a large needle into the arm of a thirty-four-year-old Black woman from a small town in central Mississippi. Victoria Gray, a mother of four children, wasn’t getting her yearly vaccination against the flu or donating blood to someone in need. She was becoming the first person in the United States to receive an infusion of cells that had been taken from her blood and altered using a revolutionary gene-editing technology called CRISPR-Cas9. These transformed cells were now being reinserted into her body in an attempt to cure her of the sickle cell disease that had given her debilitating pain since she was a baby.

Sickle cell anemia is a genetic condition caused when a single piece of a person’s DNA (out of more than three billion pairs!) mutates. “DNA” is short for “deoxyribonucleic acid,” and it’s the molecule inside every organism that carries the genetic instructions for growth and development. When DNA mutates in a sickle-cell patient, it leads to a defect in the hemoglobin protein, the part of the blood that carries oxygen from our lungs to the rest of our bodies. A normal version of hemoglobin protein forms round and smooth blood cells that move easily through our arteries and veins. But the problematic hemoglobin protein caused by sickle cell anemia forms long fibers that cause the red blood cells to clump together and fold into the shape of a sickle, or a kind of hook. When this happens, oxygen does not get to a person’s tissues and organs, and they experience severe pain.

About one hundred thousand sickle-cell patients live in the US, and they are mainly African Americans. Today, most of these people live past age fifty, but in the 1970s, life expectancy was less than twenty years old. The fact that Victoria Gray might live a long life was a relief to her family, but it didn’t change the fact that suffering from a chronic illness could be agonizing.

Before her infusion, doctors had taken stem cells—which are special cells your body makes before you are born—from Victoria Gray’s blood. Then they edited them using CRISPR technology to activate the production of a certain gene that would allow Victoria Gray’s blood cells to produce healthy hemoglobin that would heal the defective sickle cells. Hopefully, her body would soon contain enough working hemoglobin to make round, smooth cells outnumber the sickle cells.

When Victoria Gray was injected, her heart rate shot up, and for a while she had trouble breathing.

“There was a little scary, tough moment for me,” she said. “After that, I cried. But it was happy tears.”1

Victoria Gray was optimistic, and so was her family. Maybe, just maybe, for the first time in her whole life, she wouldn’t be in pain.

A few months after she was injected with her edited cells, Gray drove up to the Nashville hospital to see if the therapy was working. She was hopeful. Ever since she’d gotten the edited cells, she hadn’t needed any blood transfusions or experienced any sudden pain. Inside the hospital, a nurse drew multiple tubes of Victoria’s blood. Gray waited nervously, but then her doctor came in to give her the news.

“I am super-excited about your results today,” he said, adding that there were signs that she was starting to make healthy hemoglobin.

In fact, about half her blood contained hemoglobin that could heal her defective sickle cells!

In June 2020, Gray got some even more exciting news: the treatment seemed to be lasting. After nine months, she still had not suffered any sickle-cell pain attacks, nor did she need any further blood transfusions. Tests showed that 81 percent of her bone marrow cells were producing the good hemoglobin, meaning the gene edits were still working.2

“High school graduations, college graduations, weddings, grandkids—I thought I wouldn’t see none of that,” she said after getting the news. “Now I’ll be there to help my daughters pick out their wedding dresses.”3

Could this be an amazing milestone in human history? Could a special type of treatment, cooked up in a lab, help cure genetic diseases in humans? Is it possible that conditions such as blindness and sickle cell anemia that were once believed to be incurable—even fatal—can now be reversed? Maybe CRISPR will be able to cure certain types of cancer caused by rogue cells that reproduce and attack tissues, or maybe it will even stop a mysterious, deadly virus like the coronavirus. Is it possible that CRISPR will even help prevent illnesses by eliminating them from the genetic code? If we can change genes in a lab with CRISPR, can we use those improved genes to make humans smarter, stronger, faster, and more resistant to disease?

One of the greatest pioneers in modern science knows the answer to all those questions. The scientist at the forefront of this exciting new technology is Jennifer Doudna (pronounced “DOWD-nuh”), a woman whose groundbreaking discoveries in chemistry allowed her to win the Nobel Prize in Chemistry—one of the most important awards in the world—in 2020. Her work illustrates that the key to innovation is connecting a curiosity about basic science to the practical work of creating tools that can be applied to our lives. As this book will show, scientists like Jennifer Doudna move discoveries from the inside of a lab to the inside of your home.

Doudna’s life offers an up-close look at how science works. Her story helps answer: What actually happens in a lab? To what extent do discoveries depend on individual genius, and how has teamwork become more critical? And has the competition for individual prizes, money, and fame stopped people from working together for the common good?

Most of all, Doudna’s story conveys the importance of basic science, meaning quests that are curiosity-driven rather than geared toward immediate, practical results. Curiosity-driven research plants the seeds—sometimes in unpredictable ways—for later discoveries.4 For example, a few scientists decided to research basic physics simply because it excited them, and their discoveries eventually led to the invention of the microchip. Similarly, the findings of a handful of researchers who took an interest in an astonishing method that bacteria use to fight off viruses helped generate a revolutionary gene-editing tool that humans now use in their own struggle against viruses.

Jennifer Doudna is the perfect example of that brand of curiosity. Hers is a tale filled with the biggest of questions, from the origins of the universe to the future of the human race. Yet it begins with a sixth-grade girl who loved searching for “sleeping grass” and other fascinating phenomena amid the lava rocks of Hawaii, and who came home from school one day to find on her bed a detective tale about the people who discovered what they believed to be “the secret of life.”






PART ONE The Origins of Life [image: ]







CHAPTER ONE Hilo [image: ]


If she had grown up in any other part of America, Jennifer Doudna might have felt like a regular kid. But in Hilo, an old town in a volcano-filled region on Hawaii’s “Big Island,” the fact that she was blond, blue-eyed, and lanky made her feel like a complete freak. Her classmates called her a haole, a negative term for people who weren’t Native Hawaiians. Feeling so different made her become skeptical of others and careful about the situations she chose to get herself into, even though later in life she became very friendly and open to new experiences.1

Her family often told Doudna and her sisters stories about their ancestors. One of the more popular tales involved one of Doudna’s great-grandmothers, who was part of a family of three brothers and three sisters. The parents could not afford for all six children to go to school, so they decided to send the three girls. One daughter became a teacher in Montana and kept a diary that has been handed down over the generations. Its pages were filled with tales of determination, hard work, and long hours in the family store, and other frontier pursuits.

“She was crusty and stubborn and had a pioneering spirit,” said Doudna’s sister Sarah, who now has the diary.

In fact, she was a little like her great-granddaughter Jennifer Doudna.

Doudna was also one of three sisters, although there were no brothers. As the oldest, she was spoiled by her father, Martin Doudna, who sometimes referred to his children as “Jennifer and the girls.” She was born February 19, 1964, in Washington, DC, where her father worked as a speechwriter for the Department of Defense. More than anything else, he wanted to be a professor of American literature, so he moved to Ann Arbor, Michigan, with his wife, a community college teacher named Dorothy, and enrolled at the University of Michigan.

When he earned his PhD, Martin applied for fifty jobs and got only one offer, from the University of Hawaii at Hilo. He borrowed $900 from his wife and moved his family there in August 1971, when Doudna was seven.

That’s when Doudna began to feel alone and isolated, especially at school.

In the third grade, she was so unloved by her classmates that she had trouble eating, and she developed all sorts of digestive problems that she later realized were stress related. Kids teased her every day—especially the boys, because unlike them she had hair on her arms. To protect herself, she escaped into books and developed a defensive layer.

There’s an internal part of me they’ll never touch, she told herself.

Many creative people—including Leonardo da Vinci, Albert Einstein, Oprah Winfrey, and Malala Yousafzai—grew up feeling slightly alienated from their surroundings. Like them, Doudna started to become curious about where humans belong in the universe. Digging deep and reading everything she could get her hands on, Doudna tried to figure out who she was in the world and how we all got here.

Fortunately, this loneliness did not last forever. Life began to get better halfway through third grade, when her family moved from the heart of Hilo to a new development of houses that had been carved into a forested slope on the edge of the Mauna Loa volcano. She switched from a large school, with sixty kids per grade, to a smaller one with only twenty. There they studied US history, a subject that made her feel more connected to her roots and less like an outsider.

“It was a turning point,” she recalled.

Doudna thrived so much that by the time she was in fifth grade, her math and science teacher urged her to skip a grade. Her parents agreed and moved her into sixth grade, and that year she finally made a close friend, a girl with whom she has kept in close contact her whole life. Lisa Hinkley (now Lisa Twigg-Smith) was from a classic mixed-race Hawaiian family: part Scottish, Danish, Chinese, and Polynesian. She knew how to handle the bullies.

“When someone would call me a… haole, I would cringe,” Doudna recalled. “But when a bully called Lisa names, she would turn and look right at him and give it right back to him. I decided I wanted to be that way.”

One day in class the students were asked what they wanted to be when they grew up. Lisa proclaimed that she wanted to be a skydiver. Doudna thought that was so cool. Lisa was bold in a way Doudna had never been. So Doudna told herself she needed to learn to be brave, and soon she started to be. Doudna and Lisa spent their afternoons riding bikes and hiking through sugarcane fields, where the biology was lush and diverse, with moss and mushrooms, peach and arenga palms. They found meadows filled with lava rocks covered in ferns, and in the lava-flow caves there lived a species of spider with no eyes. Doudna wondered, How did this spider come to be? She was also intrigued by a thorny vine called hilahila or “sleeping grass,” because its fernlike leaves curl up when touched.2

We all see the wonders of nature every day, whether it be a plant that moves or a sunset that reaches its pink finger rays into a sky of deep blue. The key to true curiosity is pausing to think about the causes. What makes a sky blue or a sunset pink or a leaf of sleeping grass curl?

Doudna was curious about all those things and more, and she soon found someone who could help answer such questions. Her parents were friends with a biology professor named Don Hemmes, and he and Doudna’s family loved to go on nature walks together. They especially liked hunting for mushrooms, which was Hemmes’s scientific interest. After photographing the fungi, he would pull out his reference books and show Doudna how to identify them. He also collected microscopic shells from the beach, and he would work with her to categorize them so that they could try to figure out how they evolved.

Doudna’s exploration also continued at home. Her father bought her a horse, a chestnut male named Mokihana after a Hawaiian tree with a fragrant fruit. She joined the soccer team, playing halfback, a position that had been hard to fill because it required a runner with long legs and lots of stamina. At school, math was her favorite class because it felt like detective work.

Although she began doing well academically, she did not feel that teachers at her small school on the outskirts of Hilo expected much of her. She had an interesting response to that, though—the lack of challenges made her feel free to take more chances.

“I decided you just have to go for it,” she recalled. “It made me more willing to take on risks, which is something I later did in science when I chose projects to pursue.”

Her father was the one person who really pushed her. He saw his oldest daughter as his soul mate in the family, the intellectual who was bound for college and an academic career like him. Doudna felt like she was the son he’d always wanted to have, and that was why he treated her a bit differently than he treated her sisters.

Doudna’s father was a huge reader who would check out a stack of books from the local library each Saturday and finish them by the following weekend. Often he would bring home a book for Doudna to read. And that is how a paperback copy of James D. Watson’s The Double Helix ended up on her bed one day when she was in sixth grade, and was waiting for her when she got home from school.

Doudna picked up the book, looked at it, and put it aside, thinking it was just some silly story she’d breeze through and soon forget. When she finally got around to it on a rainy Saturday afternoon, though, she was hooked. In The Double Helix, Watson writes how as a twenty-three-year-old biology student from the American Midwest he ended up at Cambridge University in England and bonded with the biochemist Francis Crick. In 1953, he and Crick won the race to discover the double helix, the two strands that wind around each other and make up the structure of DNA. Doudna loved how the book reveals fascinating, groundbreaking science at the same time it tells a gossipy account of the adventures of famous professors doing lab experiments, then playing tennis and drinking afternoon tea.

In addition to his own personal story, Watson related the fascinating tale of Rosalind Franklin, a structural biologist and crystallographer, which is a scientist who studies the arrangement of atoms in solids. Watson sometimes wasn’t very kind to Franklin in the book, referring to her as “Rosy,” a name she never used, and poking fun at her serious appearance and chilly personality. Yet he was respectful of her mastery of the complex science and beautiful art of using X-rays to discover the structure of molecules.

Doudna sped through the pages, enthralled with what was an intensely personal detective drama, filled with vividly portrayed characters. The Double Helix taught her about ambition, competition in the pursuit of nature’s inner truths, and the importance of solid research. She also noticed how badly Rosalind Franklin was treated, in a condescending way that a lot of women endured during the 1950s. But what struck her more was that a woman could be a great scientist.

“It may sound a bit crazy,” Doudna said later, “but reading the book was the first time I really thought about it, and it was an eye-opener. Women could be scientists.”3

The book also led Doudna to realize something awe-inspiring about nature. There were biological mechanisms that governed living things, including the wondrous phenomena that caught her eye when she hiked through the Hawaiian rain forest. As she hunted for mushrooms and palms and spiders with no eyes, the ideas from the book made her grasp the fact that you could also discover the reasons behind why nature works the way it does.

Doudna’s career would be shaped by the insight that is at the core of The Double Helix: the shape and structure of a chemical molecule determine what biological role it can play in the world. This is an amazing discovery for those who are interested in uncovering the fundamental secrets of life. In a larger sense, her career would also be molded by the realization that she was right when she first saw The Double Helix on her bed and thought that it was a detective mystery.

“I have always loved mystery stories,” she noted years later. “Maybe that explains my fascination with science, which is humanity’s attempt to understand the longest-running mystery we know: the origin and function of the natural world and our place in it.”4

Even though Doudna’s school didn’t encourage girls to become scientists, she decided that was what she wanted to do. Driven by curiosity, a passion to understand how nature works, and a competitive desire to turn discoveries into inventions, Doudna would help make what James Watson would call the most important biological advance since the discovery of the double helix.






CHAPTER TWO Genes and DNA [image: ]


The paths that led Watson and Crick to the discovery of DNA’s double helix structure were pioneered a century earlier, in the 1850s, when the English naturalist Charles Darwin published his book On the Origin of Species and Gregor Mendel, a priest in Brno (now part of the Czech Republic), began breeding peas in the garden of his abbey. Together their discoveries gave birth to the idea of the gene, an entity that makes up part of a strand of an organism’s DNA and that carries the traits the organism passes on to future generations.1

Charles Darwin had originally planned to follow the career path of his father and grandfather, who were well-respected doctors. But he found himself horrified by the sight of blood, and he quit medical school. Ever since he was eight years old, when he began collecting specimens of living things from the countryside near his home, his true passion had been to be a naturalist. He got his opportunity in 1831 when, at age twenty-two, he was offered the chance to take a round-the-world voyage on a ship called the HMS Beagle.2

In 1835, four years into the ship’s five-year journey, the Beagle explored the Galápagos Islands, off the Pacific coast of South America. There Darwin collected the skeletons of birds including finches, blackbirds, grosbeaks, mockingbirds, and wrens. Two years later, after he’d returned to England, he was informed by an ornithologist (a biologist who studies birds) that the birds were, in fact, different species of finches. Darwin began to formulate the theory that these very different birds had all evolved from a common ancestor.

He knew that horses and cows near his childhood home in rural England were occasionally born with slight variations, and over the years breeders would carefully select cows that could produce calves with the most desirable traits. Perhaps, he thought, other creatures in nature evolved in the same way. He decided to call this process “natural selection.”

In certain isolated places, such as the islands of the Galápagos, he wondered if a few mutations (changes in the species’ biology) would occur in each generation that would strengthen that species as a whole. For example, suppose a species of finch had a beak suited for eating fruit, but then a drought destroyed the fruit trees. Birds with beaks better suited for cracking nuts would live and pass on their traits, while the fruit-eating birds would die out. The mechanism of natural selection would lead to bird species well adapted to their environments. If a species could eat, it could survive and reproduce. Darwin wrote, “The results of this would be the formation of a new species.”

The realization that species evolve through mutations and natural selection left a big question to be answered: On a microscopic level, how did this happen? How could a beneficial variation in the beak of a finch or the neck of a giraffe occur, and then how could it get passed along to future generations? Darwin thought that organisms might hold tiny particles that contained hereditary information, and he speculated that the information from a male and female blended when they bred.

Unfortunately, his logic ran into a problem. If these tiny bits of hereditary information combined, wouldn’t new, beneficial qualities be blended with less-beneficial qualities, which would ultimately dilute all the positive traits? If good traits were constantly compromised over time because they mixed with bad ones, how did strong traits pass on? How did species survive and thrive?

Darwin had in his personal library a copy of a little-known scientific journal that contained an article, written in 1866, with the answer. But he never got around to reading it, nor did almost any other scientist at the time.

The author was Gregor Mendel, a monk born in 1822 to farmers in Moravia, in what is now the eastern part of the Czech Republic. Mendel had a garden and had developed an obsessive interest in breeding peas. His plants had seven traits that came in two variations: yellow or green seeds, white or violet flowers, smooth or wrinkled seeds, and so on. By careful selection, he produced purebred vines that had, for example, only violet flowers or only wrinkled seeds.

The following year he experimented with something new: breeding plants with differing traits, such as those that had white flowers with those that had violet ones. It was a difficult task that involved cutting each plant with small tools and using a tiny brush to transfer pollen. The work paid off, though, and what his experiments showed was momentous. There was no blending of traits. Tall plants crossbred with short ones did not result in medium-sized offspring, nor did purple-flowered plants crossbred with white-flowered ones produce pale lavender plants. Instead, all the offspring of a cross between a tall plant and a short plant were tall. The offspring from plants with purple flowers that had been crossbred with white-flowered plants grew only purple flowers. Mendel called these surviving aspects the dominant traits; the ones that did not prevail he called recessive.

An even bigger discovery came the following summer when he produced offspring from his hybrids. Although the first generation of plants had displayed only the dominant traits (such as all purple flowers or tall stems), the recessive trait reappeared in the next generation. And his records revealed a pattern: in this second generation, the dominant trait was exhibited in three out of four cases, with the recessive trait appearing once. When a plant inherited two dominant versions of the gene or a dominant and a recessive version, it would show the dominant trait. But if it happened to get two recessive versions of the gene, it would display that less common trait.

Mendel wrote up his findings and presented his paper in 1865 to forty farmers and plant-breeders in a science society, and they published it in the society’s annual journal. The article was hardly noticed until 1900, at which point it was rediscovered by scientists performing similar experiments.3 The findings of Mendel and these later scientists led to the concept of a unit of heredity, which a Danish botanist in 1909 called a “gene.”

Over many decades, scientists studied living cells to try to determine where genes were located. Scientists initially assumed that genes were carried by proteins. After all, proteins do most of the important tasks in organisms, including making up an organism’s structure, regulating its functions, and facilitating its growth. Researchers eventually figured out, however, that it is another common substance in living cells—nucleic acids—that are the workhorses of heredity. These molecules are composed of building blocks called nucleotides, and nucleotides are made up of a sugar group, a phosphate (a basic elemental substance) group, and one of four substances called bases. When the nucleotides are strung together in chains, they form a strand of nucleic acid. These nucleic acid molecules come in two varieties: ribonucleic acid (RNA) and a similar molecule whose sugar lacks one oxygen atom. Thus that molecule is called deoxyribonucleic acid, which is our old friend DNA.

The primary discovery that DNA housed all genes was made in 1944 by the bacteriologist Oswald Avery and his colleagues at the Rockefeller Institute Hospital, in New York City, which is now known as the Rockefeller University. They took DNA from a strain of bacteria, mixed it with another strain, and showed that the DNA passed down certain traits to the next generation. The next step in solving the mystery of life was figuring out how DNA did this. That required determining the exact structure of DNA, including how all its atoms fit together and what shape resulted.

This discovery was made in 1953 by two Cambridge University scientists named James D. Watson and Francis H. C. Crick.4

Or was it?

Watson and Crick met in the fall of 1951 in Cambridge University’s Cavendish Lab. Despite a twelve-year age difference and the fact that Watson was American and Crick was British, they immediately clicked. Both shared the belief that discovering the structure of DNA would provide the key to the mysteries of heredity. Almost immediately they were lunching together at a pub near the lab called the Eagle, where they talked to each other so loudly that they were given their own room so that they wouldn’t bother the other customers.

Around the same time Watson and Crick were experimenting and lunching, a brilliant thirty-one-year-old English biochemist named Rosalind Franklin came to work at King’s College London. Born to a wealthy, educated family in London, she became a chemist and crystallographer. Her clothes weren’t fancy or fashionable, which caused men to comment negatively on her appearance. But she was also a focused scientist who had an important skill: she had learned how to use X-rays to study chemical structures.

Franklin claimed she had taken pictures of DNA, but she refused to share them with anyone. In November 1951, though, she scheduled a lecture to summarize her latest findings. James Watson took the train down to London from Cambridge to watch.

“She spoke to an audience of about fifteen in a quick, nervous style,” he recalled. “There was not a trace of warmth or frivolity in her words. And yet I could not regard her as totally uninteresting. Momentarily I wondered how she would look if she took off her glasses and did something novel with her hair.”

It was the 1950s, after all, and women were valued for their looks, not their scientific genius.

Watson told Crick about the presentation the next morning. As he listened, Crick started scribbling diagrams, declaring that Franklin’s data indicated a structure of two, three, or four strands twisted in a helix, a shape that looks like a spiral staircase. He thought that, by playing with different models based on what he’d sketched, they might soon discover the configuration of DNA. Within a week they had built a model that they thought provided a solution: three strands swirled in the middle, with their four bases jutting outward from the center.

Unfortunately, the model seemed to have some flaws, namely that some of the atoms they’d laid out were crushed together a little too closely.

Watson and Crick invited Maurice Wilkins to come up to Cambridge and take a look at their models and drawings, and Rosalind Franklin decided to come along as well. They arrived the next morning and, without saying much in the way of hellos, Crick began to display the triple-helix structure. Franklin immediately saw that it had errors. She told Crick his team was wrong and insisted that her pictures of DNA did not show that the molecule was the shape of a helix. Though her photos of DNA may not have shown this, on that point she would turn out to be incorrect. DNA is helical. But her other two objections were correct: the twisting strands that Watson and Crick had placed in the center had to be on the outside, not the inside, and their model did not contain enough water.

Watson and Crick realized they were in error, and they were embarrassed. Then the director of the Cavendish Lab found out about their mistake, and they were ordered to stop working on DNA. Their model-building components were packed up and sent to Rosalind Franklin and another scientist in London.

Watson and Crick turned to other projects, but they couldn’t stop thinking about the fact that other people were hard at work searching for the structure of DNA while they weren’t. They decided to monitor the work of other scientists, particularly one named Linus Pauling whose son Peter was a young student in their Cambridge lab.

One day in December 1952, Peter Pauling wandered into the lab, put his feet up on a desk, and dropped the news that Watson had been dreading. In his hand was a letter from his father in which Linus Pauling mentioned that he had come up with a structure for DNA and was about to publish it.

Pauling’s paper arrived in Cambridge in early February. Peter got a copy first and walked into the lab to tell Watson and Crick that his father’s solution was similar to the one they had tried: a three-chain helix with a backbone in the center. Watson grabbed the paper from Peter’s coat pocket and began to read.

“At once I felt something was not right,” Watson recalled. “I could not pinpoint the mistake, however, until I looked at the illustrations for several minutes.”

Watson realized that some of the atomic connections in Pauling’s proposed model would not be stable. As he discussed it with Crick and others in the lab, they became convinced that Pauling had made a big mistake—the same mistake Rosalind Franklin had pointed out to them. They got so excited that they quit work early that afternoon to dash off to the Eagle to celebrate.

After that, Watson and Crick decided they had no time to waste. Nor could they continue to let Franklin and other scientists do all the work. So Watson took the train down to London one afternoon, carrying his early copy of Pauling’s paper. He walked into Rosalind Franklin’s lab as she was bending over a light box measuring a crystal-clear X-ray image of DNA. She gave him an angry look, but he launched into a summary of Pauling’s paper.

For a few moments they argued about whether DNA was likely to be a helix, with Franklin still doubtful. Watson interrupted her, and Franklin got even angrier. Just then another scientist named Maurice Wilkins walked by the lab, sensed a fight about to start, and pulled James Watson aside to have some tea and calm down. While they were speaking, he confided that Franklin had taken some pictures of a wet form of DNA that provided new evidence of its structure. He then went into another room and retrieved a print of what became known as “Photo 51.”

Wilkins had gotten hold of the picture in a valid way: he was the PhD advisor of the student who had worked with Franklin to take it. What was less appropriate was showing it to Watson without Franklin’s permission. Watson recorded some of the key data from the photograph and took those notes back to Cambridge to share with Crick. The photograph indicated that Franklin had been correct in arguing that the backbone strands of the structure were on the outside rather than on the inside of the molecule. But she was still wrong in resisting the possibility that DNA formed a helix.5

Watson and Crick soon received more of Franklin’s data. She had submitted a report on her work to Britain’s Medical Research Council, and a member of the council shared it with them. Although Watson and Crick had not exactly stolen Franklin’s findings, they had once again used her work without her permission.

By then Watson and Crick had a pretty good idea of DNA’s structure. It had two sugar-phosphate strands that twisted and spiraled to form a double-stranded helix. Extending in from these strands were the four bases in DNA: adenine, thymine, guanine, and cytosine, now commonly known by the letters A, T, G, and C. A sugar-phosphate strand with its base of A, T, G, or C is called a nucleotide, and the order of these nucleotides is called a DNA sequence.
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Watson and Crick were also lucky to work in a lab of scientists with different specialties; one of them, a quantum chemist, confirmed that adenine (A) would pair with thymine (T), and guanine (G) would pair with cytosine (C). The exciting result of this structure was that when the two strands split apart, they could perfectly duplicate themselves. In other words, the structure Watson and Crick were proposing would permit the molecule to pass along the information encoded in itself.

Just like that, they knew how heredity worked. The structure of DNA allowed it to carry a genetic code that it could pass on when it split.

Watson encouraged the technicians in the machine shop at the Cavendish Lab to work faster on the DNA model. By this point everyone was on top of the world, and in a couple of hours the workers had finished making the shiny metal plates that were part of the model. With all the parts now on hand, it took Watson only an hour to arrange them so that the atoms matched with Franklin’s X-ray data and the laws of chemical bonds. As Watson wrote in The Double Helix, “Francis winged into the Eagle to tell everyone within hearing distance that we had found the secret of life.”

Watson and Crick finished their paper on the last weekend of March 1953. It was only 975 words, typed by Watson’s sister.

Because of their groundbreaking discovery of the structure of DNA—and because they were the first scientists to publish correct findings—the Nobel Prize in Physiology or Medicine was awarded in 1962 to James Watson, Francis Crick, and Maurice Wilkins. Rosalind Franklin was not eligible because she had died in 1958, at age thirty-seven, of ovarian cancer. She may have developed cancer because of her repeated exposure to the radiation produced by all the X-rays she’d used in her research. If she had survived, the Nobel committee would have faced an awkward situation because each prize can be awarded to only three winners.

Even though Franklin had died in 1958, after Jennifer Doudna read The Double Helix, the scientist never left Doudna’s mind. Here was a female scientist whose contributions to one of the greatest discoveries in scientific history had been used without her permission. She had been made fun of for her looks and dismissed for her passion, and then she had died before she could win the recognition she deserved. Rosalind Franklin had been an outsider just like Jennifer Doudna was. Franklin had been a part of the race to discover the truths of life, fighting against others who’d wanted to push her aside and win acclaim by announcing their findings first. As Doudna headed into high school, she wondered if she would fade into the background like Rosalind Franklin had—or if the time had come for a female scientist to shine.






CHAPTER THREE The Education of a Biochemist [image: ]


Jennifer Doudna would later meet James Watson, work with him on occasion, and be exposed to how difficult and complicated he could be. But her reactions when she first read his book as a sixth grader were simple. His work made her realize that it was possible to peel back the layers of nature’s beauty and discover, as she says, “how and why things worked at the most fundamental and inner level.” Everything in life was made up of molecules. The chemical components and structure of these molecules governed what they did.

The book also confirmed her hunch that science could be fun. All the previous science books she’d read had “pictures of emotionless men wearing lab coats and glasses.” The tale of Watson and Crick and Franklin was one of competition and collaboration, of letting data dance with big ideas, and of being in a race with rival labs. All of that made sense to her, and it would continue to do so throughout her career.1

In high school Doudna got a chance to do a few biology experiments about DNA, including one that involved breaking apart salmon sperm cells and stirring their gooey contents with a glass rod. In tenth grade she was inspired by an energetic chemistry teacher who made the experiments seem like great adventures, and later she was inspired by a woman she heard lecture on the biochemical reasons why cells become cancerous.

But most of all, Doudna never forgot the long hikes in the rain forest—the environment that wove together her childhood curiosity about the eyeless spiders in the lava tubes, the sleeping grass that curled when you touched it, and the human cells that became cancerous. These things were all connected to the detective story of the double helix.

She decided that she wanted to study chemistry at college. Like many female scientists of the time, though, she met resistance. When she explained her college goals to her school’s guidance counselor, he shook his head.

She paused and stared at him.

“Girls don’t do science,” he asserted. He then discouraged her from even taking the College Board chemistry test. “Do you really know what that is, what that test is for?” he asked.

“It hurt me,” Doudna recalled, but it also made her determined. Yes, I will do it, she told herself. I will show you. If I want to do science, I am going to do it.

She applied to Pomona College in Claremont, California, just east of Los Angeles. Pomona had a good program in chemistry and biochemistry. She was admitted and enrolled in the fall of 1981. At first, she was unhappy there. Having skipped a grade in school, she was now only seventeen.

“I was suddenly a small fish in a very big pond,” she recalled, “and I doubted I had what it took.”

She was also homesick for Hawaii and, once again, felt out of place. Many of her classmates came from wealthy Southern California families and had their own cars, while she was on a scholarship and worked part-time to pay her living expenses. In those days, it was expensive to call home long distance. Her parents didn’t have a lot of money, so they told her to call collect (meaning they’d pay for it) but only once a month.

Doudna had been eager to major in chemistry, but soon began to doubt she could handle it. Perhaps her high school counselor had been right. Her general chemistry class had two hundred students, most of whom had gotten a five on the Advanced Placement chemistry test. It made her question whether she’d set her sights on something that was just not achievable. And because she was so competitive, college chemistry didn’t appeal to her if she was just going to be a so-so student. She didn’t want to become a chemist if she couldn’t reach the top.

Doudna thought about changing her major to French, but when she went to talk to her French teacher about it, the teacher asked her what her current major was. When Doudna replied that it was chemistry, the teacher told her to stick with it.

“She was really insistent,” Doudna said. “She said ‘If you major in chemistry, you’ll be able to do all sorts of things. If you major in French, you will be able to be a French teacher.’ ”2

Doudna’s attitude improved the summer after her freshman year when she got a job working in the lab of her family friend Don Hemmes, the University of Hawaii biology professor who had taken her on nature walks when she was a child. He was using high-powered microscopes to investigate the movement of chemicals inside cells. Hemmes was also studying the evolution of tiny shells. An active scuba diver, he would scoop up samples of the smallest shells, almost microscopic in size, and his students would help him put them in sticky resin and slice thin sections to analyze them under a microscope. Doudna was so fascinated during her time with Hemmes that she started keeping a lab notebook for the first time.3

In Pomona College’s chemistry classes, most of the experiments were conducted by following what was basically a recipe. There was a procedure you had to stick to, and there was only one right answer or result. The work in Don’s lab wasn’t like that. In fact, it was like an amazing adventure where you didn’t know the answer you were meant to get. It gave Doudna a taste of the thrill of curiosity and discovery. It also helped her see what it would be like to be part of a community of scientists, making advances and piecing them together to decipher the ways that nature worked.

When Doudna returned to Pomona in the fall for her sophomore year, she was more mature and confident, and she made friends, fit in better, and became more assured of her ability to do chemistry. As part of her work-study program, Doudna had a series of jobs in the college chemistry labs. Most did not interest her because they did not explore how chemistry intersected with biology. But that changed after her junior year, when she got a summer position in the lab of her advisor, Sharon Panasenko, a biochemistry professor.

Panasenko was studying a topic that matched Doudna’s interest in the mechanisms of living cells: how some bacteria found in soil can send out chemical signals that allow them to communicate with each other and join forces when they are starved for nutrients. Panasenko asked Doudna to help figure out how those chemical signals worked.

“I have to warn you,” Panasenko told her, “that a technician in my lab has been working on growing these bacteria for six months, and he hasn’t been able to make it work.”

Doudna was not intimidated, and she began trying to grow the bacteria in large baking pans rather than the usual petri dishes. One night she put her preparations into the incubator. She came in the next day, and when she peeled back the foil on the particular baking dish that lacked nutrients, she was stunned to see these beautiful structures that looked like little footballs. She had succeeded where the other technician had failed.

“It was an incredible moment,” she said, “and it made me think I could do science.”

When it came time to apply to graduate school, Doudna did not initially think about Harvard, despite being the top student in her physical chemistry class. She didn’t believe she could get in. But her father pushed her to apply.

“You certainly won’t get in if you don’t try,” he said.

She did get in, and Harvard even offered her a lot of money to help with her living expenses.

Before she moved across the country to Cambridge, Massachusetts, she spent part of the summer traveling in Europe using the money she had saved from her work-study program at Pomona College. When Doudna got back in July 1985, she went right to Harvard so that she could begin working before classes started. Like other universities, Harvard required graduate chemistry students to work each semester in the lab of a different professor. The goal of these rotations was to allow students to learn different techniques and then select a lab for their dissertation research, which is the final, lengthy project required for someone to earn a PhD.

Doudna called Roberto Kolter, who was head of the graduate studies program, to ask if she could begin her rotations in his lab. A young Spanish specialist in bacteria, he had a big smile, wireless glasses, and a joyful way of speaking to people. His lab was international, with many of the researchers from Spain or Latin America, and Doudna was struck by how young and politically active they were. Maybe she was inspired because of her recent trip abroad, but she thought the diversity reflected the global nature of modern science. It became the way her labs would look for the rest of her career.

Kolter assigned Doudna to study how bacteria make molecules that are toxic to other bacteria. She was responsible for cloning (making an exact DNA copy of) genes from the bacteria and testing their functions. She thought of a new way to set up the process, but Kolter told her it wouldn’t work. Doudna was stubborn, though, and she went ahead with her idea. It worked, and she got the clone. Kolter was surprised but supportive, and Doudna was delighted. This bold move was a step in overcoming the insecurity that she still had inside her.

Doudna began to work in the lab of Jack Szostak, a young Harvard molecular biologist who was studying DNA in yeast. Doudna got to watch him perform experiments, hear his thought process, and admire the way he took risks. The key aspect of his intellect, she realized, was his ability to make unexpected connections between different fields. Most of all, her experiments with him gave her a glimpse of how the science that happens in a lab can be used in the outside world.

Doudna’s first experiment plunged her into the growing field of genetic engineering. Yeast cells can easily take up pieces of DNA and incorporate them into their genetic makeup. Knowing this, Doudna engineered strands of DNA that contained a sequence (the chain-like order of the nucleotides in DNA) that matched a sequence in the yeast. With a little electric shock, she opened up tiny passageways in the cell wall of the yeast, allowing the DNA that she’d made to wriggle inside. It then combined with the yeast’s DNA.

She had created a tool that could edit the genes of yeast!






CHAPTER FOUR RNA [image: ]


When Jennifer Doudna’s lab rotation ended in the spring of 1986, she asked Jack Szostak if she could stay on and do her PhD research under him. Szostak agreed—but he made one thing clear. He was about to undertake a big move and was no longer going to focus on DNA in yeast. While other biochemists were getting excited about sequencing DNA for the Human Genome Project—an international, publicly funded effort to map all the genes in human DNA—he had decided to shift his lab’s attention to ribonucleic acid, also known as “RNA.” He suspected that RNA might reveal secrets about the biggest of all biological mysteries—the origins of life.
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