
“Without a doubt,  
this is the most important, 
most wondrous map ever 

produced by humankind.” 
—President William Jefferson Clinton,  

speaking on the initial mapping of the human genome.

       The DNA sequence that comprises the 

human genome—the genetic blueprint found in 

each of our cells—is undoubtedly the greatest 

code ever to be broken. Completed at the dawn 

of a new millennium, the feat electrified both the 

scientific community and the general public with 

its tantalizing promise of new and better treatments 

for countless diseases, including Alzheimer’s, cancer, 

diabetes, and Parkinson’s. 

       Yet what is arguably the most important 

discovery of our time has also opened a Pandora’s 

box of questions about who we are as humans 

and how the unique information stored in our 

genomes can and might be used, making it all the 

more important for everyone to understand the 

new science of genomics. In The Human Genome, 

Dr. John Quackenbush, a renowned scientist and 

professor, conducts a fascinating tour of the history 

and science behind the Human Genome Project 

and the technologies that are revolutionizing the 

practice of medicine today. 
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      With a clear and engaging narrative style, 

he demystifies the fundamental principles of 

genetics and molecular biology, including the 

astounding ways in which genes function, alone 

or together with other genes and the environment, 

to either sustain life or trigger disease.

      Dr. Quackenbush then goes beyond the fields 

of health and medicine to examine how DNA 

sequencing technology is changing how we think 

of ourselves as a species by providing new insights 

about our earliest ancestors and reconfirming our 

inextricable link to all life on earth. 

      Finally, he explores the legal and ethical 

questions surrounding such controversial topics 

as stem cell research, prenatal testing, forensics, 

and cloning, making this volume of the Curiosity 

Guides series an indispensable resource for 

navigating our brave new genomic world.  

dr. John QuaCkenbush is Professor of Biostatistics and 
Computational Biology, Professor of Cancer Biology, and 
Director of the Center for Cancer Computational Biology 
at the Dana-Farber Cancer Institute, as well as Professor of 
Computational Biology and Bioinformatics at the Harvard 
School of Public Health. Trained as a theoretical physicist, 
he transitioned to biomedical research through his work on 
the Human Genome Project. A pioneer in DNA microarray 
analysis and a world-renowned expert in bioinformatics, 
his current work involves using cutting-edge genomic 
technologies, which combine laboratory and computational 
methods, to search for gene targets that might lead to more 
effective medical treatments for cancer and other diseases.
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something we should all understand. With this one book you will 

gain the insight necessary to recognize and appreciate the dramatic 

impact that genomic science is making, and will make, on the way 

we live.

“The Human Genome will help you understand how and why genomics is 

changing the world and what the code of instructions written into every one 

of our genomes has to say about who we are as individuals and as a species.”
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Back to Basics

To fully comprehend why the sequencing of the human genome 

was viewed as such an important advance—hailed by presidents 

and prime ministers—and how it is changing biological and 

medical research, it helps to explore the history of genetics, the 

essential concepts of molecular biology, and the discoveries that 

led up to the Human Genome Project.  

When trying to understand how a body of scientific knowl-

edge comes to be, some people might liken the process to the 

construction of a tower of blocks, with each block represent-

ing a discovery laid atop the one before. But the better analogy 

would be the assembly of a jigsaw puzzle, with discoveries “fit-

ting” together at different times and the entire scientific picture 

often not appearing until many pieces are in place. Likewise, the 

story of genetics, and of genomics, focuses on critical events and 

discoveries that often came together not chronologically, but in 

hindsight, to arrive at a greater scientific understanding.  
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Mendel’s Garden: settinG the staGe

You probably remember Gregor Mendel, the “father of modern 

genetics,” from your high school biology class. An Austrian monk 

and biologist with a passion for—perhaps even an obsession 

with—breeding plants, Mendel noticed that in crossing different 

plants, the traits of parent plants were reflected in the offspring. 

Mendel’s pea plants represented the first genetic model organism, 

a nonhuman species that helped him develop his Laws of Inheritance, 
principles that also apply to human biology. We know that traits 

in humans are passed from parents to children, and that nearly 

every newborn is scrutinized for their father’s eyes or mother’s 

mouth or Uncle George’s unusual ears. But studying inheritance 

patterns in humans is difficult; a single generation spans about 20 

years and the number of offspring we have is relatively small. The 

beauty of studying plants is that one can breed a new generation 

every year or more often, and offspring from a single plant can 

number in the tens or hundreds. 

Mendel observed that not only were traits passed between 

pea plant generations, but there existed different types of traits 

depending on the genes inherited. For example, round peas dom-

inated over wrinkly peas. And if Mendel crossbred plants that 

produced yellow peas with those that produced green peas, the 

offspring were likely to produce yellow peas. More important 

is that by examining hundreds of offspring, he discovered that 

inheritance patterns could be described using precise mathemat-

ical relationships, since offspring carried two possible variants 

for any given trait, having received one variant copy from each 
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parent plant. These simple yet fundamental observations set 

the stage for modern genetics and the exploration of the role of 

inheritance in human disease.  

darwin’s natural selection 

Mendel’s Laws of Inheritance, although elegant, raise an import-

ant question: If we are the product of the traits we inherit, then 

how has such a great diversity arisen among humans and other 

species? To a large extent, British naturalist Charles Darwin 

answered this question with his theory of evolution based on 

what he called Natural Selection. Darwin believed that in a world 

populated by a diversity of individuals, some would have physi-

cal characteristics making them slightly more “fit” than others to 

survive and, what is most important, more likely to reach repro-

ductive age, attract a mate, and pass on their traits to offspring. 

Additionally, a species could be “remade” over time to accommo-

date environmental adaptation. The process he described was 

often a slow one occurring across successive generations, but it 

was not hard to imagine. 

Consider the flying squirrel—a peculiar creature with wing-

like flaps of skin stretching between its front and back legs. What 

led these animals to evolve such a strange physical attribute? 

Given the millions of years, or the thousands of generations, 

involved in evolution, the answer is fairly straightforward. Squir-

rels live in trees and falling from the top of a tree is hazardous to 

a squirrel’s health. Squirrels with extra skin between their limbs 

generate more air resistance during their leaps, gaining extra 
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“hang time” as they jump from branch to branch. If they live in 

an environment where this trait is advantageous (a place with tall, 

well-separated trees, for example), squirrels that glide are more 

likely than their non-gliding neighbors to survive and produce 

offspring. In fact, it is easy to see how squirrels possessing such 

extra skin could come to dominate the local squirrel population.

Why then are not all squirrels flying squirrels? It turns out 

that natural selection is a perfect example of how genetics is only 

one player in the evolution game. Environment plays a huge role 

in determining what drives natural selection. When environ-

ments change, they redefine what makes one individual more or 

less fit than another for survival. Gliding might be a superior trait 

for navigating one environment, but a squirrel living in another 

area populated by different trees or predators might benefit more 

from an altogether different trait. In other words, there is no 

such thing as the perfect squirrel. 

Darwin’s great revelation with regard to evolution occurred 

in 1835 when he visited the Galápagos Islands, an archipelago 

set in the Pacific Ocean and off the coast of Ecuador. There, 

he made numerous observations of island fauna, taking back 

with him many specimens of mammals and birds. But of these, 

it would be the various species of Galápagos finches that would 

become what we now consider as being the iconic representation 

of natural selection at work. 

The Galápagos are a series of volcanic islands that arose 

devoid of life. Over time, they became populated by what washed 

ashore, what was carried to them by the wind, or what early 

human visitors brought with them, in the process evolving unique 
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ecosystems comprising slightly different collections of plants, 

animals, and insects. And so, on each island, natural selection 

tilted the balance in subtly different ways to favor the finches 

best able to survive and reproduce within an island’s particular 

ecosystem. On some islands, this led to finches having short, 

strong beaks that could crack open plentiful seeds. On others, 

the evolutionary winners were finches with long beaks, efficient 

for retrieving insects burrowed in plants. 

Darwin observed that the process of natural selection was 

not limited to finches. Each island had different competing 

animal species and opportunities that, if exploited, could give 

certain ones an advantage in survival and, more important, in 

reproduction. Hence, the Galápagos Islands are an excellent 

example of how isolated ecosystems tend to evolve in their own 

way, with unusual creatures sometimes filling essential ecological 

niches. 

But evolution is not necessarily confined to isolated environ-

ments. Bacteria can evolve to survive antibiotics, new strains of 

influenza appear each year, and plants, animals, and even humans 

can change along with their environments. A classic example 

of environmental influence involves England’s peppered moth, 

which evolved from being light gray in color to dark gray as pol-

lution from the Industrial Revolution increasingly darkened the 

landscape, making lighter-colored moths easier prey for birds. 

By the end of the nineteenth century, thanks to passionate 

scientists like Darwin and Mendel, a strong foundation for the 

study of genetics had been laid. Mendel had elucidated the math-

ematics of how traits were passed among generations, and Dar-
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win had explained how certain traits could become common in 

populations and how environments could influence the process. 

But questions remained as to where traits resided in the cell and 

why diversity existed at all. In time, DNA would provide part of 

the answer. We will explore this shortly, but first, it is important 

to learn a few things about the structural and functional units 

that make up most living things.

cells: a hidden universe

We tend to think of scientific discovery as being driven by careful 

experiments, detailed observations, and the keen insight of sci-

entists. But something equally important is involved: technology. 

The Human Genome Project was driven by the development 

of DNA sequencing machines, robotic systems for processing 

biological samples, and large-scale computer software for stitch-

ing together the sequence of the human genome. Technological 

advance has always paved the way for discovery throughout the 

history of biology, and one of the most well-known examples is 

undoubtedly the invention of the microscope.

Although the magnification properties of glass had been 

known since ancient times, it was not until around 1590 that a 

father-son pair of Dutch eyeglass makers, Hans and Zacharias 

Janssen, invented the forerunner to the compound microscope 

and telescope. While Galileo further developed the telescope 

in the early 1600s, using it to reveal planetary wonders, others 

improved the magnification and resolving power of the micro-

scope to reveal the wonders of another, hidden, universe.  
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In 1665, physicist Robert Hooke published Micrographia, in 

which he chronicled his use of a microscope. Perhaps his most 

important observation was of cork that he described as an array 

of honeycomb-like compartments he called cells (from the Latin 

cella, for “small room”). It is not clear if Hooke realized the signif-

icance of this observation or its applicability to living things (cork 

is dead plant material), but the word “cell” would come to denote 

the basic unit of life. 

Antonie van Leeuwenhoek, a Dutch shopkeeper considered 

to be the “father of microscopy,” used his finely crafted micro-

scopes to study yeast, blood, insects, and other small objects. 

In 1674, while examining pond water, he found it teeming with 

life. The “animalcules” that he observed, now referred to as 

microorganisms, were a diverse collection of tiny creatures, some 

single-celled (or unicellular) and others comprised of many cells 

(or multicellular). In Leeuwenhoek’s time, the discovery of a world 

populated by creatures smaller than the eye could see came as a 

shocking revelation.  

As microscopes and techniques for preparing cells for observa-

tion were refined, scientists learned that nearly all living things were 

composed of cells and that many cells contained other important 

structures.1 

In 1831, Scottish botanist Robert Brown noticed that the 

opaque spots he observed in plant cells, now known as nuclei (the 

plural of nucleus), were common to many cell types. Soon after, 

scientists discovered many more subunits within cells. These 

organelles, which included mitochondria, vacuoles, and chloroplasts, had 

membranes separating them from the rest of the cell (think of 
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them as discrete cellular “organs”), while other cellular compo-

nents, such as the ribosomes, did not. 

Different forms of life also had different types of organelles 

by which their cells could be classified. The simplest organisms 

are called prokaryotes. They are single-celled, lack a nucleus to 

house their DNA, and possess a single membrane (their outer cell 

wall). Prokaryotes include all bacteria and the recently discovered 

archaea.2 Other single-celled organisms and multicellular organ-

isms, known as eukaryotes, possess nuclei and other organelles and 

can be further classified based on their cellular structures. For 

example, only plants contain chloroplasts, the organelles that 

process sunlight energy into sugars. 

These and other revelations arising from centuries of 

research led to the development of cell theory, a key principle of 

biology set forth in 1839 by physiologist Theodor Schwann and 

botanist Matthias Schleiden, and later revised by pathologist 

Rudolf Virchow. Among other tenets, cell theory states that cells 

are the fundamental structural and functional units of life, that 

all known living things are made up of one or more cells, and that 

new cells are formed from other existing cells. 

Taking it further, a cell can be thought of as a little “machine” 

(made up mostly of proteins) that carries all the information nec-

essary to make the specific proteins it requires to function. This 

information is passed from one generation to the next when the 

cell reproduces by dividing to create two daughter cells that, 

for all practical purposes, are identical to it. But how is this rep-

lication possible, and where is the information to accomplish it 

stored? 
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chroMosoMes and Genetic traits

In 1875, improvements in microscopy allowed German biologist 

Walther Flemming to discover that the nucleus itself contained 

still smaller structures. Because they could be stained with dyes, 

Flemming named them chromatin (from the Greek chroma, mean-

ing “color”). He noticed that when eukaryotic cells divided, the 

chromatin organized itself into stringy bodies that were later 

called chromosomes (see Figure 1).3 

In 1902, American biologist Walter Sutton observed that 

during cell division, chromosomes grouped into similar-looking 

pairs that duplicated themselves before pulling apart as the cell 

divided into two daughter cells, each of which ended up with a 

full set of chromosomes. He also noticed that when sperm and egg 

cells formed, these sex cells, or gametes, carried only half the full set 

of chromosomes. It was not until a sperm fertilized an egg that the 

full set of chromosome pairs was re-created. This led Sutton to 

speculate that chromosomes somehow carried genetic traits.  

It was geneticist and embryologist Thomas Hunt Morgan 

who, through his work with fruit flies, would finally validate 

Sutton’s hypothesis. By then, scientists had known that in a spe-

cific chromosome pair in male humans and many other male ani-

mals, including fruit flies, one chromosome looked smaller and 

different from its partner. In females, the chromosomes of this 

same pair looked nearly identical. The unusual chromosome was 

dubbed “Y,” while its partner was called “X.” The discovery that 

females carry two X chromosomes and males carry one X and 

one Y would greatly aid Morgan in his study of how traits are 

inherited. 
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FIGURE 1: A HUMAN CHROMOSOME AND ITS STRUCTURE
A chromosome contains a single molecule of DNA, tightly coiled around proteins 
called histones and packaged into a compact, stringlike fiber called chromatin, to make 
up a structure called the chromatid. The centromere is what divides the chromosome 
into two sections, or arms, while telomeres are sections of highly repeated DNA 
sequences that protect both ends of the chromosome. Seen here is a representation 
of a chromosome during mitosis, when it is at its most highly condensed form. 
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The fruit fly (of the genus Drosophila) is a superb model 

organism to study, given its short life span and ability to create 

hundreds of offspring every generation. Although most fruit flies 

have red eyes, Morgan and his colleagues came across a male 

fly with white eyes and decided to use it to investigate how a 

trait could be passed from one generation to the next. When 

Morgan bred the white-eyed male with a red-eyed female, all 

the offspring were red-eyed, suggesting that, in fruit flies, red 

eyes are dominant over white eyes. When Morgan then crossed 

the flies of this first generation with one another, white eyes did 

appear, but only in the males. After careful data analysis, Morgan 

concluded that white eyes resided on the X chromosome. His dis-

covery, corroborated by numerous other experiments in flies and 

other species, confirmed that genetic traits were carried exclu-

sively on chromosomes. Morgan had uncovered the mechanistic 

basis of heredity.

huMan chroMosoMes

Every animal species carries a unique set of chromosomes, the 

numbers of which can vary. A laboratory mouse has 40 chro-

mosomes, an elephant has 56, while a kingfisher bird, surpris-

ingly, possesses 132 chromosomes.4 Humans fall somewhere in 

the middle, with 46 chromosomes in 23 pairs. Twenty-two of 

these pairs are called autosomes and generally look alike under a 

microscope. Human chromosome pairs are numbered, based on 

overall size, from 1 to 22, with chromosome 1 being the larg-

est and chromosome 21 being the smallest.5 The remaining two 

chromosomes are the sex-determining chromosomes X and Y. 
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Today, we understand that changes in chromosomes and 

the number of them carried in each cell can lead to genetic dis-

orders. For example, when human cells carry three copies of 

chromosome 21, a condition known as trisomy 21, or Down syn-

drome, occurs. Down syndrome is often associated with mild to 

moderate impairment of cognitive ability and physical growth, 

as well as a set of common facial characteristics. Other genetic 

abnormalities manifest themselves based on cells having too 

many or two few chromosomes, or only parts of chromosomes. 

They include trisomy 18 (Edwards syndrome), trisomy 13 (Patau 

syndrome), and monosomy X (Turner syndrome, where only one 

X and no other X or Y is present). These chromosomal disorders 

are rare, however, since fetuses that carry too many or too few 

chromosome copies generally do not survive to birth. 

What these syndromes support in scientific terms is the idea 

that traits are carried on chromosomes and that the development 

of viable, so-called normal individuals requires a precise balance 

in the number of chromosomes in their cells. Yet because chro-

mosomes are complex structures composed of nucleic acids and 

proteins, a question arises over what specifically within chromo-

somes carries traits.

dna: the Molecule of heredity

In the 1860s, about the time that Mendel was experimenting 

with plants, Swiss chemist Johannes Friedrich Miescher discov-

ered that when cell nuclei were treated with a weak alkaline solu-

tion that was then neutralized with acids, a strange milky-white, 
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stringy substance could be extracted that differed from the pro-

teins known to exist in cells. This substance, which he called 

nuclein, was what we now know as deoxyribonucleic acid, or DNA. 

DNA is not a simple molecule with a precise structure and 

fixed molecular weight like other molecules we learned about in 

high school chemistry. It is a polymer, a long molecule consisting 

of a string, or sequence, of nearly identical subunits organized like 

beads on a necklace. These subunits, interchangeably referred to 

as nucleotides, nucleic acids, or bases, are adenine, cytosine, guanine, 

and thymine, represented by the letters A, C, G, and T, respec-

tively. Although each base differs slightly in structure, all four 

share a deoxyribose sugar “backbone” that binds them together 

in specific pairings, creating chains hundreds of millions of bases 

long. A specific DNA molecule is therefore often represented by 

a string, or sequence, of As, Cs, Gs, and Ts. 

Although scientists in Miescher’s time knew that cells 

seemed to carry a lot of DNA and that chromosomes appeared 

to be made of both DNA and proteins, they doubted that DNA 

was involved in heredity. An immunologist’s experiments with 

bacteria would later change this view. 

During the 1930s and 1940s, at New York’s Rockefeller 

University, Oswald Avery was studying a process called bac-

terial transformation, whereby bacteria take up DNA from the 

environment through their cell walls. Avery had been building on 

previous experiments involving the bacterium Streptococcus pneu-
moniae that demonstrated how a nonvirulent form called “rough” 

could be transformed into a virulent form called “smooth.” When 

he isolated and purified different compounds (proteins, lipids, 



34

Curiosity Guides                                                                                         

DNA) made from dead versions of the smooth type and grew 

them together with live versions of the rough, he discovered that 

only DNA transformed the bacteria. Despite initial doubts by 

scientists, Avery’s results were later confirmed and the impor-

tance of DNA was acknowledged. 

Scientists then wondered how such a simple molecule as 

DNA could carry complex genetic information. A number of 

groups tried to figure this out, but it was American James Watson 

and Englishman Francis Crick working at Cambridge University 

in the United Kingdom who ultimately prevailed on April 25, 

1953, when they published a scientific paper in the British jour-

nal Nature, in which they described the structure of DNA.6 Five 

weeks later, they followed up with another paper that explained 

how the structure allowed self-replication—essential if DNA 

were to be considered the molecule of heredity.

Watson and Crick’s deduction was remarkably elegant. 

DNA was in the form of a double helix consisting of two nucleic 

acid strands running in opposite directions, with complementary 

bases paired together. 

The double helix can be imagined as a spiral staircase with 

deoxyribose sugars forming the rails and pairs of bases joining 

together in the center to form the steps. In this model, which 

draws on countless other scientific observations about DNA, the 

base cytosine on one strand always pairs with guanine on the 

other (C with G). Similarly, adenine always pairs with thymine 

(A with T). 

Remarkably, the helical structure also explains how DNA repli-

cates itself to carry information during cell division (see Figure 2). As 



35

FIGURE 2: DNA REPLICATION
The process of DNA replication is quite complex, involving numerous enzymes. 
Helicases unwind the parent helix, single-strand binding proteins stabilize the sepa-
rated strands whose hydrogen bonds have been broken, and DNA polymerase binds 
to the single template strands and synthesizes a complementary DNA strand. As 
copying is completed, hydrogen bonds re-form between the new base pairs, result-
ing in two identical copies of the original DNA molecule.  
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a cell prepares to divide, the DNA double helix unzips, separat-

ing into two strands of nucleotides. Following base-pairing rules, 

an enzyme called DNA polymerase reads the individual strands, 

using them as templates to both capture nucleotides made by the 

cell and to synthesize two new DNA strands that are identical to 

the original partner strands and complementary to the template 

strands. In this way, the DNA copies itself so that each daughter 

cell receives one complete DNA copy. In one fell swoop, Watson 

and Crick had the answer for a question dating back to Mendel 

and his peas: DNA carries the blueprint of heredity that is passed 

from one generation to the next.

the central doGMa of Molecular BioloGy

Although scientists were incredibly excited over Watson and 

Crick’s discovery, they still had questions about the nature and 

function of DNA, including how it could encode our traits—

from eye color and blood type to the chance of developing can-

cer or even one’s propensity to take risks. 

A seemingly complex yet elegant answer would eventually 

emerge: the Central Dogma of Molecular Biology. This principle is 

often summarized as “DNA to RNA to protein” and refers to the 

flow of genetic information that occurs in a biological system. To 

understand how important this principle is to biology and to the 

HGP, it helps to review it.  

We know that the proteins a cell manufactures ultimately define 

cellular traits, whether those of a neuron, a skin cell, a white blood 

cell, or other cell type. To serve as the molecule of heredity, DNA 
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must carry a code that lets a cell make proteins. The problem is, 

compared to the final product—the proteins themselves—DNA 

seems to have less of a capacity to carry information, given its 

composition of only four bases. Proteins, however, are polypep-
tides, long-chain polymers of variable lengths that are composed 

of a combination of 20 different peptide, or amino acid, subunits. 

Common sense dictates that more combinations can be 

derived from working with 20 units of something versus only 

four units. For example, if you tried to write a book using an 

alphabet of only four letters, it would be extraordinarily difficult 

to create all the words you would need. An alphabet of 20 letters 

would make the task significantly easier. 

So how are proteins, composed of 20 amino acids, encoded 

using instructions that are “written” using only four DNA bases? 

Rather than rely on single DNA bases (“letters”) A, C, G, and T, 

cells use three-letter base combinations called codons as instruc-

tions for building a protein. 

Why three-letter combinations? Using single DNA bases 

allows only four possible choices, too few for protein manufac-

ture. Two-letter combinations yield four options for the first base 

and four for the second base, a total of 16 base combinations—

still too few. But three-letter combinations offer four times four 

times four letters, or 64 possible letter combinations, represent-

ing more than enough codons to string together to encode 20 

amino acids (see Figure 3). 

You might wonder if the many “extra” codons that can be 

created out of the DNA alphabet are ever used. This embarrass-

ment of riches is actually put to good use. First, there is some 
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FIGURE 3: THE UNIVERSAL GENETIC CODE
There are 64 triplets of bases, or codons, in the genetic code, each of which encodes 
for one of 20 amino acids. The codon AUG both signals the start of translation and 
encodes for the amino acid methionine. Shown here is an RNA representation of 
the code.

Alanine (Ala/A) GCU, GCC, GCA, GCG Leucine (Leu/L) UUA, UUG, CUU, CUC, 

CUA, CUG 

Arginine (Arg/R) CGU, CGC, CGA, 

CGG, AGA, AGG 

Lysine (Lys/K) AAA, AAG 

Asparagine 

(Asn/N) 

AAU, AAC Methionine 

(Met/M) 

AUG 

Aspartic acid 

(Asp/Dv) 

GAU, GAC Phenylalanine 

(Phe/F) 

UUU, UUC 

Cysteine (Cys/C) UGU, UGC Proline (Pro/P)  CCU, CCC, CCA, CCG 

Glutamine (Gln/Q) CAA, CAG Serine (Ser/S) UCU, UCC, UCA, UCG, 

AGU, AGC 

Glutamic Acid 

(Glu/E) 

GAA, GAG Threonine (Thr/T) ACU, ACC, ACA, ACG 

Glycine (Gly/G) GGU, GGC, GGA, GGG Tryptophan 

(Trp/W) 

UGG 

Histidine (His/H) CAU, CAC Tyrosine (Tyr/Y) UAU, UAC 

Isoleucine (Ile/I) AUU, AUC, AUA Valine (Val/V) GUU, GUC, GUA, GUG 

START  AUG STOP UAG, UGA, UAA 
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redundancy built into the genetic code. Multiple codons can be 

used for the same amino acid as a kind of genetic insurance that 

allows some small changes in the DNA sequence to occur with-

out affecting the final protein made. Second, extra codons let the 

cell create additional instructions, including a “start” command 

(represented by a codon that also doubles as the code for the 

amino acid methionine) and three “stop” codons.

dna to rna to protein 
The conversion of DNA code into proteins involves processes 

called transcription and translation that reflect discrete cell func-

tions: information storage and protein construction. In eukary-

otic cells, DNA is densely packaged in chromosomes and stored 

in the nucleus, while protein manufacture happens at the ribo-

somes located in the cytoplasm, which is the bulk of the cellular 

material found outside the nucleus. In contrast, the DNA and 

ribosomes in prokaryotic cells coexist in the cell’s cytoplasm, 

since prokaryotes do not have nuclei.

Transcription occurs while the DNA molecule is unzipped. 

Regions of DNA that contain blueprints for proteins, most often 

referred to as genes, are copied, or transcribed, into a polymer 

related to DNA called ribonucleic acid, or RNA.7 This is done 

through RNA polymerase, an enzyme that binds to unzipped DNA 

and slides along it, making an RNA polymer that is complemen-

tary to the DNA. Unlike its cousin DNA, RNA is naturally sin-

gle-stranded. It has a similar sugar-phosphate backbone, except 

that the sugar is ribose instead of deoxyribose. 

RNA also has four bases like DNA, although the thymine 
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(T) occurring in DNA is replaced in RNA by uracil (U). Fol-

lowing transcription, any portions of RNA that do not code for 

proteins are removed, and the RNA is further altered to improve 

its stability. The resulting molecule is known as messenger RNA 
(mRNA). 

The mRNA is transported out of the nucleus to the ribo-

somes, which “translate” the code into proteins by binding to the 

mRNA, reading its sequence one codon at a time and stringing 

together the corresponding amino acids. The resulting proteins, 

which began in the cell as long, single-peptide chains, subse-

quently fold up into three-dimensional structures that make up 

the machinery of the cell and dictate its function. Some pro-

teins build the structure of the cell. Others are the enzymes that 

carry out the biological reactions that keep the cell alive, such as 

breaking down sugars to provide the cell with energy or manag-

ing cell division. Still others function to regulate (start or stop 

the transcription and translation of) other genes. 

This process of using the information encoded in the DNA 

to create the machinery of the cell is really at the heart of this 

chapter and summarizes much of what we know about the 

genetic code in a way that one could explain in a five-minute 

elevator ride. It also illustrates why the HGP was so revolution-

ary. By creating a catalog of (nearly) all human genes, it allowed 

us to look at the entire set of building blocks needed to make 

a human cell—and to better explore how the process can go 

awry. 

For example, we have all heard the term gene mutation, which 

describes a change in the DNA code that can result from, among 
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many things, the swapping of a single base with another or the 

addition or deletion of one or more bases during DNA repli-

cation, or from environmental assaults and other causes. Many 

changes are benign and do not affect the protein encoded. But 

some mutations do change the code so that a different protein—

one too short, too long, or altered in its amino acids—is made. 

This can significantly affect the three-dimensional structure of 

the protein. Altering the shape of the protein can change its 

function, and a change in function can ultimately lead to disease.

It is important to note that the translation process by which 

a DNA message is turned into protein is nearly universal. Organ-

isms from bacteria to humans and nearly everything else on the 

planet use the same code. This commonality suggests that nature 

tends to be conservative and does not reinvent something that 

already works. It also means we can study human diseases using 

organisms that, at first pass, seem rather unlikely subjects. We 

can even take advantage of the universality of protein synthesis 

to create protein-based drugs by inserting a human gene—say 

the gene for insulin or human growth hormone—into a bacte-

rium and letting the bacterium’s cellular machinery do the man-

ufacturing work.

Gene MappinG and sequencinG Before the hGp 

As the scientific community explored the genetics landscape 

throughout the twentieth century, it looked beyond studying 

model organisms like plants and fruit flies to focus increasingly 

on human diseases, and it did so by relying on a simple concept: 
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Just as traits such as red hair or blue eyes run in families, so do 

certain diseases. 

To that end, scientists developed more and more tools to 

map traits, including diseases, to specific regions of DNA within 

the human genome. The most useful of these regions were the 

small segments of DNA that varied naturally among humans, but 

which were heritable in families. A number of techniques were 

created to identify the presence of these variant sequences and 

to determine their order along the chromosomes, which in turn 

made them valuable because their unique positions could serve 

as biological landmarks within the genome. 

By tracking these genetic markers and their variants in peo-

ple and determining how they were inherited, scientists could 

narrow down where in the human genome a particular gene 

associated with a disease might be located. 

A good analogy for this strategy would be to picture yourself 

sitting in a television studio in front of camera monitors set on 

Golden Gate Park in San Francisco, Lincoln Park in Chicago, and 

Central Park in New York City. You have been asked to report 

on how often you see actor and director Woody Allen walking 

through one of the parks. Even if he is unlikely to walk in these 

parks very often, you are much more likely to see him in Central 

Park than in any of the others. And if you saw him there enough 

times, you might conclude that he probably lives in the neighbor-

hood—although you would almost certainly not know his street 

address. If you wanted to map his location more precisely, you 

could set up additional cameras at various New York City land-

marks to narrow down the neighborhood in which he resided. If 
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you repeated the process enough times, with increasingly focused 

observations, you might eventually figure out his home address.

Over time, geneticists were able to track down the “neigh-

borhoods” of many genes associated with diseases and, in some 

cases, even create diagnostic tests that could reveal a person’s 

risk of carrying them or passing them on. But while the abil-

ity to map the general location of genes partially answered the 

“where” of human disease, it did not answer the “how” or “why.” 

This required finding the genes themselves, determining their 

DNA sequence, and seeing whether that sequence found in peo-

ple with a particular disease differed from the sequence found in 

people without the disease. Scientists struggled for many years 

to find a good way to do this and, although they had limited suc-

cess, their methods were painstakingly slow and often imprecise, 

even for DNA segments only 100 bases long (much smaller than 

a typical gene).

In 1977, biochemist Frederick Sanger of the Medical 

Research Council in the United Kingdom arrived at a revolu-

tionary method for determining the sequence of As, Cs, Gs, and 

Ts within a particular segment of DNA. The process, now known 

simply as DNA sequencing, transformed the way scientists could 

investigate human disease and its causes and greatly accelerated 

biological research and discovery. If a good candidate gene was 

found using disease-mapping techniques, Sanger’s method could 

then be used to accurately determine its DNA sequence; and by 

comparing the sequence of a gene present in people with a dis-

ease to those without it, causative mutations could be identified 

(see Figure 4).
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FIGURE 4: THE SANGER SEQUENCING METHOD
In the Sanger method, a single “target” DNA strand is selected as a template for 
 analysis and “primed” by a short stretch of complementary, double-stranded DNA 
lying “upstream” of the target region. The four nucleic acid bases being deter-
mined (C, T, G, A) require four separately prepared reactions. Each reaction con-
tains: a DNA polymerase (to produce a DNA strand complementary to the target 
sequence), a mixture of all four bases, and millions of copies of the primed DNA 
target sequence. Each reaction also receives a terminator—a modified DNA base 
that stops the addition of bases to a growing DNA strand. In the C reaction, for 
example, millions of DNA strands are synthesized, but all are partial and eventually 
stop at “C.” The T, G, and A reactions are similar with their own respective termina-
tors. After the reactions are run, the synthesized DNA is removed and each reaction 
is analyzed using gel electrophoresis, a process that separates DNA molecules based 
on size. The DNA segments produced in each reaction form different bands on the 
gel. The bands are used along with reaction labels to read off the DNA base sequence.

C

T

A

G C A G C A T C G T C G

A A T

C

Strand of “target”DNA

Separate products 
using gel electophoresis

Primer sequence        

G AT

T T TGA T C G AA G C AA G C

Four prepared reaction 
mixtures 

“C” reaction creates 
replication products

Read sequence as 
complement of bands 

containing labeled strands    

C

Combine
primed DNA 

four nucleic acid bases  

DNA polymerase
+

a terminator   
+

+
A T GC

C

C C C CG G G G

A
T

A

TA

A

A A AT
T

AT T T

GT T A T C

T T TGA T C G AA G C


