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 Three  -dimensional nanoparticle arrays are likely to be 

the foundation of future optical and electronic materials. 
A promising way to assemble them is through the transient 
pairings of complementary DNA strands. 
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           Nanomaterials:    Golden Handshake     

 One   of the staple concepts of nanotechnology is that 
of  “ growing ”  useful materials or devices by coaxing a 
random mixture of microscopic parts to assemble spon-
taneously into a desired structure. Versatile self-assembly 
schemes have been demonstrated that use DNA as the pri-
mary building material … . Two research teams have built 
on the successes with DNA to aid the self-assembly of gold 
nanoparticles. Their technique should also work for other 
varieties of technologically exciting nanoparticles. 

 Progress   in achieving the directed self-assembly of 
nanoparticles had been elusive, owing to one potentially 
daunting requirement: selective adhesion. Each micro-
scopic part must be engineered so that it sticks only to the 
others it should abut in the desired final structure …  

 This   is where DNA comes into its own. Particles carrying 
complementary strands of DNA selectively adhere to each 
other when the strands  “ hybridize ”  to form the familiar DNA 
double helix.  The final architecture is thus determined not 
by chemistry or charge, but by the lengths and nucleotide 
sequences of the DNA strands.  That promises a versatile 
assembly scheme that might be used with particles of nearly 
any material to fabricate nanocomposites or  “ metamateri-
als ”  with unusual electronic and optical properties. The 
applications of such materials might include high-efficiency 
solar panels and lasers, super-resolution microscopes — and 
even coatings to render objects invisible.      
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 More   than 50 years after the discovery of the DNA 
double helix, our knowledge of the structure of 
DNA continues to pay off in ways that even Watson 
and Crick could not have dreamed of in 1953. Now, 
almost a decade into the twenty-first century, scientists 
worldwide are using the unique properties of DNA 
structure, including its ability to store information in 
the double helix, for new and amazing applications in 
science and biomedical research. DNA is being used 
to assemble individual atoms into designer molecules 
using  nanotechnology . Scientists are learning how to 
assemble molecules with some amazing properties, 
from fibers that are hundreds of times as strong as steel 
yet weigh one-sixth as much, to nanofactories that 
can assemble nearly anything, from a new iPod to the 
clothes you wear, starting with individual atoms. 
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  Nanomaterials  : Golden Handshake  describes how 
the structure of DNA is already playing a novel role in 
the development of these futuristic materials. In this 
chapter, we’ll explore how the structure of DNA was 
determined, a puzzle that was solved only by interpret-
ing and integrating data from several different scientific 
fields. This historic achievement was accomplished by 
two scientists who juggled the scientific puzzle pieces 
in their minds (and with cardboard cutouts), but who 
did not actually perform a single hands-on experiment 
with DNA. 

    LOOKING AHEAD 

 Determining   the structure of DNA was one of the 
major scientific achievements of the twentieth cen-
tury. Knowing the structure of DNA gave scientists 
insight into how heredity works and made the revolu-
tion in molecular biology and DNA technology possi-
ble. Moreover, the structure of DNA had an enormous 
impact on our understanding of gene function and 
DNA replication in cells. On completing this chapter, 
you should be able to do the following: 

      ●      Recognize the three fundamental building blocks of 
nucleotides used to assemble DNA.  

      ●      Describe how sugar and phosphate groups link 
to each other to form the  “ backbone ”  of the DNA 
molecule.  

      ●      Summarize Erwin Chargaff’s findings, and indicate 
why they were important in solving the puzzle of 
DNA structure.  

      ●      Discuss the different contributions of Franklin, 
Wilkins, Watson, and Crick in determining the 
structure of DNA.  

      ●      Explain what is meant by semiconservative DNA 
replication.  

      ●      Describe the important functional characteristics of 
the DNA polymerase enzymes involved in duplicat-
ing genome DNA.  

      ●      Use your newly acquired DNA vocabulary to read 
with understanding about DNA-related topics online 
(google  “ DNA ” ), and expand your confidence in 
learning about DNA.     

    INTRODUCTION 

 By   the 1950s, it was becoming increasingly clear to 
the scientific community that the deoxyribonucleic 
acid (DNA) molecule is the basis of genetic heredity. 
It is hard to believe these days, but at the time, very 
little was known about DNA structure. Scientists real-
ized that they needed to know the molecular structure 
of DNA because the structure of the DNA  molecule 

might shed light on the hereditary process; also, 
 understanding DNA structure might explain how the 
molecule duplicates during cell reproduction. The 
processes of genetic heredity and cellular reproduction 
are among the most fundamental and important events 
in biology, and the quest for this knowledge started 
a race to figure out what a DNA molecule actually 
looks like. 

 During   the 1940s, top scientists worldwide were 
studying the chemical characteristics of DNA, work 
that was a critical step to prepare for understanding 
the three-dimensional structures of biological mac-
romolecules like proteins and DNA. In fact, world-
famous scientist Linus Pauling, then a professor at the 
California Institute of Technology, used x-ray crystal-
lography to solve the structures of large proteins in a 
series of cutting-edge papers published in 1951. At 
that time, the race was on among scientists to deter-
mine the structure of DNA based on what was known 
about its chemical and physical characteristics. The 
race included researchers James Watson and Francis 
Crick, who determined the structure of DNA and in 
so doing not only gained international fame but also 
opened a door to the molecular investigation of hered-
ity. As this chapter will show, the work of Watson and 
Crick was the jumping-off point for the science behind 
DNA and biotechnology.  

    THE STRUCTURE OF DNA 

 Establishing   the structure of DNA was one of the major 
achievements of the twentieth century. Not only did 
it yield myriad practical benefits, but it also gave sci-
entists the philosophical pride of understanding how 
heredity works. Biology has many bedrock principles — 
for example, the cellular basis of living things, the 
germ theory of disease, and the process of evolu-
tion are three — and the chemical basis of heredity is 
another. Unlocking the secret of DNA was the key to 
understanding this principle. 

    DNA is Constructed from Nucleotide Units 

 Although   the structure of DNA was unknown in the 
1940s, the basic chemical components of DNA had 
been studied for two decades. In the 1920s, Phoebus 
A. T. Levene determined the chemistry of nucleic acids. 
Working with his colleagues at Rockefeller Institute 
in New York City, Levene studied two types of nucleic 
acid — ribonucleic acid (RNA) and deoxyribonucleic acid 
(DNA) — isolated from yeast cells and animal thymus tis-
sue. Levene’s analyses revealed three fundamental com-
ponents in both types of nucleic acids: (1) a five-carbon 
sugar, which could be either ribose (in RNA) or deoxyri-
bose (in DNA); (2) phosphate, a chemical group derived 
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from phosphoric acid molecules; and (3) four different 
compounds containing nitrogen ( Figure 2.1   ). 

 Because   of their nitrogen content and basic quali-
ties, the four nitrogenous compounds are simply 
referred to as  bases . In DNA, the four most common 
bases are  adenine (A), thymine (T), guanine (G),  and 
 cytosine (C) . RNA, the other important nucleic acid 
in cells, contains the A, G, and C bases, but a base 
called  uracil (U)  replaces  thymine (T) . The adenine 
(A) and guanine (G) bases are double-ring molecules 
called  purines , whereas the cytosine (C), thymine (T), 
and uracil (U) bases are single-ring molecules called 
 pyrimidines . 

 Levene   concluded that DNA is composed of three 
essential components that form units, which are in 
turn strung together to form a long DNA chain. In 
contemporary biochemical terms, the units are called 
 nucleotides.  In DNA, each nucleotide consists of a 
deoxyribose sugar attached to a phosphate group and to 
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 FIGURE 2.1          Research revealed the fundamental components of nucleic acids. Research in the 1940s by Phoebus Levene and colleagues 
revealed the three fundamental components of both types of nucleic acids: phosphate, that is, a chemical group derived from phosphoric 
acid molecules, a five-carbon sugar, which could be either ribose (in RNA, not shown) or deoxyribose (in DNA), and four different com-
pounds containing nitrogen and having the chemical properties of bases (A, G, C, and T).    

    Units   called nucleotides are the basic building blocks of 
DNA and RNA. A nucleotide consists of a base, a sugar, 
and a phosphate group. The identity of the base is the 
only feature that distinguishes one DNA nucleotide from 
another, or one RNA nucleotide from another.  
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a base ( Figure 2.2   ). Each of the four nucleotides differs 
from the other three only in its base component.           

    DNA Nomenclature Helps to Understand 
DNA Function 

 Chemists   have developed a nomenclature system to 
identify the molecular structures of many thousands 
of chemical compounds, including the components of 
DNA. The casual student of DNA can perhaps skim over 
these details, but beware that many of the modern terms 
used routinely to discuss DNA refer to a specific feature 
of the DNA molecule that is important in a practical 
sense. For example, the two ends of a DNA strand are 
not identical. In laboratory experiments, proteins that 
respond differently to each DNA end are used routinely, 
so understanding the terminology that refers to each end 
can be critical for success. Thus, students who plan to 
pursue further studies in DNA technology must become 
familiar with fundamental DNA facts and terminology. 

 Using   standard chemical nomenclature, num-
bers are assigned to the ring atoms of the base and 
sugar ( Figure 2.3   ). When specifying where a chemi-
cal group is attached to a molecule, it is customary 
to refer to the number assigned to that specific car-
bon atom ( Figure 2.3 ). The carbon atoms in deoxyri-
bose are numbered 1 ’  to 5 ’  (pronounced  “ one-prime ”  
and  “ five-prime ” ) with the numbering system start-
ing to the right of the oxygen atom and proceeding 
clockwise around the molecule. The phosphate group 
attached to the 5 ’  carbon atom of the deoxyribose 
establishes the 5 ’  end of the DNA strand. The func-
tionally important  – OH (hydroxyl group) is attached 
at the 3 ’  carbon atom of the deoxyribose molecule. 
This 3 ’   – OH group is required for the addition of 
 nucleotide units during DNA synthesis (as discussed 

later in this chapter). The 3 ’  and 5 ’  carbons, as we’ll 
see, are important markers for distinguishing the 
chemical direction (polarity) of a DNA strand ( Figure 
2.4   ). The bases are attached to the sugar through the 
1 ’  carbon. Note that the atom numbers in the bases 
do not use  “ prime ”  and thus are distinguished from 
the carbons in deoxyribose.  

    The Two Ends of a Single DNA Strand are 
Chemically Distinct 

 Because   the 3 ’  end of the DNA strand contains a 
hydroxyl group ( – OH) and the 5 ’  end of the DNA has 
a phosphate group (P), the DNA strand has  polarity  
( Figure 2.4 ). In the DNA helix, the two DNA strands 
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 FIGURE 2.2          Synthesis of the DNA building block unit: a nucleotide. A nucleotide is composed of a phosphate group, a deoxyribose mol-
ecule, and an adenine (A) molecule. The shaded  – OH and  – H groups are removed during the synthesis of the nucleotide. This nucleotide is 
called adenosine monophosphate.    

H

H

O

O

O O

OH OH

Adenine
(base)

Ribose
(base)

Phosphate
group

Adenosine-5 -monophosphate

CH2

4′ 1′

2′3′

5′
O P

H

H

N

7
8

9

5

4
1
2

6
N

N

N

N
3

 FIGURE 2.3          Numbering system in a nucleotide unit of DNA. The 
ribose molecule’s carbons are numbered starting to the right of the 
oxygen atom and the numbering proceeds clockwise. A prime ( � ) is 
placed next to each number of the sugar, whereas the base compo-
nent is numbered without primes, thereby distinguishing the atoms 
of the sugar from those of the base of a nucleotide. When construct-
ing a DNA strand, another nucleotide unit will attach at the 3 ’  end.    
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are oriented in opposite directions and are said to be 
 antiparallel . The chemical structures at the ends of DNA 
strands in both single-stranded and double-stranded 
DNA enable the DNA ends to engage in important 
processes in the cell. The chemical characteristics of 
the ends of the DNA strands are particularly important 
when the DNA is manipulated in the lab. For example, 
many enzymes can act only on the 3 ’  or 5 ’  end of the 
DNA strand.          

other; the 3 ’  carbon of one nucleotide is joined to the 
phosphate group of a second nucleotide. Note that 
because the  “ prime ”  notation follows the 3, we must 
be referring to carbon 3 on the sugar, not the base. 
As  Figure 2.4  shows, the phosphate group essentially 
forms a bridge connecting the two deoxyribose mol-
ecules. To continue building the DNA molecule, link-
ages to other nucleotides are forged in the same way, 
building up a strand of tens or thousands (or millions, 
or any number) of nucleotides linked to one another 
in the DNA molecule. By agreement among scientists, 
the sequence of the bases in a DNA molecule is read 
in the  5 ’  to 3 ’  direction , starting at the 5 ’  end of the 
DNA strand and reading toward the 3 ’  end.           
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 FIGURE 2.4          Nucleotide units are connected to form a single strand of DNA. The phosphate group forms a molecular bridge between the 
5 ’  carbon atom of one nucleotide and the 3 ’  carbon of the next nucleotide. This type of chemical bridge is called a phosphodiester chemi-
cal bond, and it links together the sugars and phosphates into the backbone of the DNA molecule. A single strand of DNA has two different 
ends: the 3 ’  end of the DNA molecule, which has an  – OH group that is available for adding more nucleotides onto the DNA strand, and the 
5 ’  end, which has a phosphate group. DNA strands grow at the 3 ’  end, but not at the 5 ’  end.    

    The   atom numbers of nucleotides allow us to easily and 
unambiguously refer to important landmarks in the DNA 
molecule. A case in point is the two ends of a DNA strand, 
referred to as 5 ’  and 3 ’ , which have different properties that 
are vital to understanding how DNA works in a cell.  

 Special   multiprotein enzymes in the nucleus of the 
cell synthesize DNA by linking nucleotides to each 

    DNA   molecules are synthesized in the 5 ’  to 3 ’  direction. 
By convention, nucleotide sequences are written and read 
from 5 ’  to 3 ’  as well.  
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    Levene and Chargaff Provided Chemical 
Clues to the Structure of DNA 

 Levene  ’s studies in the 1920s indicated that all four 
nitrogenous bases, A, G, C, and T, were present in 
virtually the same amounts in DNA. Later proven false, 
at the time this conclusion encouraged the belief that 
DNA is simply a polymer of repeating nucleotide units 
(e.g., TGACTGACTGAC; thymine-guanine-adenine-cyto-
sine-thymine-guanine-adenine-etc.). Without sequence 
variation in a repeating chain, it was difficult to see how 
DNA could provide sufficient diversity to carry any bio-
chemical or hereditary information. This was one reason 
that Avery’s identification of DNA as the transforming 
substance in bacteria did not receive immediate accept-
ance (see Chapter 1). At the time it appeared that DNA 
was nothing more than a structural component of chro-
mosomes. However, after World War II, Levene’s chem-
ical analyses of the amounts of each base in DNA were 
repeated with more sophisticated equipment and with 
very different experimental results. His tests indicated 
that the four nitrogenous bases were present in unequal 
amounts in DNA. 

 Erwin   Chargaff’s experiments, reported in 1949, 
indicated that regardless of the source of the DNA, the 
amounts of adenine (A) and thymine (T) were similar 
to each other, and the same was true for the amounts 
of cytosine (C) and guanine (G) ( Table 2.1   ). It appeared 
that for every adenine molecule there was a thymine 
molecule (and vice versa), and for every cytosine mol-
ecule there was a guanine molecule (and vice versa). 
These observations suggested that DNA is not a simple 
repeating polymer. Moreover, if the amounts of each 
base vary in an organism’s chromosomes, perhaps 
DNA might have the properties necessary to code for 
information. And if different organisms have different 
amounts of bases in their DNA, maybe the bases have 
something to do with difference in the organisms. Years 
would pass before the significance of these observations 
would be fully understood.           

    Watson and Crick Set Their Sights on Solving 
the DNA Puzzle 

 Students   of the twenty-first century are often taught 
about the structure of DNA as if it has always been 
known. They learn about DNA’s components, and they 
study its double-stranded spiral form known as the dou-
ble helix. But in reality, in the early 1950s, biochem-
ists did not know about either the number of strands 
or the helical arrangement of DNA, nor did they have 
a clear understanding of DNA functions. Many scien-
tists thought that DNA functioned only as a structural 
support for the chromosomes apparent in the visible 
microscope. Although the components of DNA and 
their relative amounts were known, the spatial arrange-
ment of the components remained a mystery. Inspired 
by the need to know, scientists began an unofficial race 
to determine the molecular structure of DNA. 

 In   early 1950, against this historical backdrop 
and in this political environment, a young American 
graduate student named James D. Watson arrived at 
Cambridge University in London to work with promi-
nent biochemist Francis H. C. Crick. In pursuit of their 
goal to solve the three-dimensional structure of the 
DNA molecule, Watson and Crick would do no labo-
ratory bench work — surprisingly, their greatest contri-
bution to science was the result of the amazing ability 
to imagine DNA structures in three dimensions. In 
addition to scrutinizing the research results of many 
other scientists, Watson and Crick tested homemade, 
two-dimensional puzzle pieces (paper cutouts of sug-
ars, bases, phosphates) in various combinations to fig-
ure out which pieces fit together. Eventually they were 

 TABLE 2.1          The base compositions of DNA from various species, as determined by 
Erwin Chargaff  

   Species  A  T  G  C 

    Homo sapiens   31.0  31.5  19.1  18.4 

    Drosophila melanogaster   27.3  27.6  22.5  22.5 

    Zea mays   25.6  25.3  24.5  24.6 

    Neurospora crassa   23.0  23.3  27.1  26.6 

    Escherichia coli   24.6  24.3  25.5  25.6 

    Bacillus subtilis   28.4  29.0  21.0  21.6 

  Note that the percents of adenine and thymine are consistently similar, as are the percents of cytosine and 
guanine.  

    The   differing amounts of the bases in various organisms, 
coupled with the fact that of A and T were always present 
in equivalent amounts, as were G and C, were important 
clues to the function and structure of DNA.  
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able to propose a three-dimensional model represent-
ing the DNA structure. 

 In   the early 1950s, scientists used a technique 
called  x-ray diffraction  ( Figure 2.5   ) to determine the 
molecular structures of various compounds including 
proteins. In this process, crystallized molecules are 
rotated and bombarded with x-rays. The atoms in the 
crystal deflect (or  “ diffract ” ) the x-ray beams, which 
hit a photographic plate and make a pattern. The dif-
fraction pattern gives a large number of clues to the 
three-dimensional position of the atoms in the crys-
tal. It requires sophisticated mathematics to interpret 
the diffraction pattern and arrive at a molecular struc-
ture. At the simplest level, the diffracted x-rays can be 

compared to ripples in a lake created by tossing a rock 
into the water. (The ripples give an idea of the size and 
shape of the rock.) It is important to remember that 
even today solving the three-dimensional molecu-
lar structure of biomolecules by x-ray diffraction is a 
complex task that requires computers and specialized 
software. Imagine how difficult it was to use this tech-
nology over 50 years ago.          

    Franklin’s X-ray Diffraction  “ Images ”  
Played a Crucial Role in Visualizing DNA 
Structure 

 By   now, students routinely explore 3D models of pro-
teins and DNA rendered with amazing accuracy and in 
a user-friendly format by computers. But in their time, 
Watson and Crick were engaged in a much different 
type of model building to figure out the structure of 
DNA ( Figure 2.7   ). They had gathered as much informa-
tion as they could from available experimental results 
and proceeded to try to integrate the information into 
an accurate theoretical model of DNA structure. They 
worked with molecular components represented by 
cardboard cutouts, sticks, and wire, cut to size accord-
ing to experimentally derived dimensions. Watson and 
Crick tried to fit everything together, just like solving a 
three-dimensional jigsaw puzzle. 
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 FIGURE 2.5          How crystallography and x-ray diffraction reveal 
structure. In x-ray diffraction, the x-ray beam is focused on a crystal 
painstakingly made from a pure solution of the molecule(s) of inter-
est. The uniform structures inside the crystal diffract the x-rays onto 
photographic film, creating patterns of spots that are characteristic of 
certain molecular structures.    

          X  -ray diffraction studies are key experiments in construct-
ing models of large molecules such as proteins and DNA.    

 Linus   Pauling was already a world-renowned scientist at the 
California Institute of Technology when he entered the race to 
solve the structure of DNA. Pauling was expert at protein crys-
tallography and x-ray diffraction, and he solved the structures 
of several large proteins in a series of cutting-edge papers 
published in 1951. He brilliantly characterized the now well-
known alpha helical protein structure ( Figure 2.6A ). Pauling 
was also experienced with DNA and had proposed a DNA 
replication mechanism (with Max Delbruck). He was familiar 
with Oswald Avery’s extraordinary work in 1944 (Chapter 1), 
indicating that nucleic acids could transmit genetic informa-
tion, and again ahead of his time, Pauling proposed in 1948 
that genes consist of mutually complementary molecules. 
However, like many scientists, Pauling still believed that the 
key to inheritance would be found in the amazing variety of 
protein structures and not in the apparently repetitive DNA 
polymer. Pauling actually spoke in person with Erwin Chargaff 
in 1947. Chargaff told him about his observations on DNA 

bases, but for some reason Pauling, who found Chargaff’s 
personality disagreeable, did not heed this important clue to 
DNA structure. Pauling and his colleagues continued to build 
DNA models with three DNA strands wrapped around the 
axis of the DNA helix, with the bases exposed on the outside 
of the structure ( Figure 2.6B ). 

 How   did a double Nobel Laureate scientist like Linus 
Pauling make such an error? Pauling was at a deficit because 
he did not have access to the beautiful x-ray diffraction pat-
terns of DNA generated by Rosalind Franklin and Maurice 
Wilkins at King’s College in London. Pauling wrote to Wilkins 
and asked to see Franklin’s x-ray pictures of DNA. When 
Pauling was denied, he wrote to Wilkins ’  superior and was 
again denied. After the end of World War II, Pauling was active 
in a group of concerned scholars that warned the public about 
nuclear war, a touchy subject at the time. Pauling was awarded 
the Presidential Medal for Merit by President Truman and 
given a certificate of appreciation from the War Department. 

   Box 2.1          Linus Pauling, Expert Protein Scientist, Enters the DNA Race      
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 At   the time Watson arrived in England, Rosalind 
Franklin ( Figure 2.8   ) and Maurice Wilkins ( Figure 2.9   ) 
were also working on the problem of DNA structure 
at King’s College in London. Franklin was an expert at 
x-ray diffraction, but she was new to working with 
DNA. Wilkins was new at x-ray diffraction, but he had 
extensive experience with DNA. Unfortunately, Wilkins 
and Franklin became scientific adversaries. Rosalind 
Franklin used her extensive knowledge and experimen-
tal skills to capture the best diffraction patterns of DNA 
ever made. The infamous pattern called  “ Photograph 
51 ”  ( Figure 2.8B ) clearly revealed (to those experienced 
in interpretation of diffraction patterns) not only that 
the DNA molecule was a double helix containing two 
DNA strands but also the previously unknown dimen-
sions of the DNA molecule: the diameter, the dis-
tance per turn of the helix, and the interval between 
repeating units of the helix ( Figure 2.10   ). In his book 
 The Double Helix  (W.W. Norton  &  Co., 1980, p. 98) 

written many years later, Watson described his view of 
the photograph as follows: 

 The instant I saw the picture my mouth fell open and my 
pulse began to race … . the black cross of reflections which 
dominated the picture could arise only from a helical struc-
ture …  mere inspection of the X-ray picture gave several of 
the vital helical parameters.   

 These   important dimensions turned out to be essen-
tial for building the correct DNA model structure. 
Franklin’s data were scheduled to be published in 
1953. In 1952, Watson met with Wilkins and during 
discussions was shown some of Franklin’s data, includ-
ing Photograph 51, without her knowledge. When 
Watson and Crick returned to model building, they 
eventually went on to construct their final (and correct) 
DNA model ( Figure 2.7 ). 

 Photograph   51 contained critical data, includ-
ing that the diameter of the DNA molecule was 2.0 

But many viewed his opposition to atomic bombs and atmos-
pheric nuclear testing as unpatriotic and even subversive. In 
1952, Pauling’s application for a passport to travel to England 
was denied because it  “ would not be in the best interests of 
the United States. ”  Linus Pauling stayed home and missed a 
symposium held in honor of his achievements solving protein 
structures. He also missed a chance to see Franklin’s x-ray dif-
fraction pictures of DNA. Eventually Pauling’s passport applica-
tion was approved, much too late for the symposium, but he 

finally visited England in the summer of 1952. For some rea-
son, Pauling did not visit King’s College or ask to see Franklin’s 
DNA data. 

 In   1953 Linus Pauling and his collaborator, Robert Corey, 
published a paper called  “ A Proposed Structure for the 
Nucleic Acids ”  in  The Proceedings of the National Academy 
of Sciences , which argued for a triple-helix DNA structure. This 
paper would turn out to be one of the most famous incorrect 
theories in twentieth-century science.   

   Box 2.1          (Continued)    

(A)(A) (B)

 FIGURE 2.6          Linus Pauling with proposed models of protein and DNA. (A) Linus Pauling used x-ray crystallography to determine the 
structures of many large proteins in a series of groundbreaking papers published in 1951, describing the structure of the alpha helix 
protein motif (OSU Special Connections: Linus Pauling). (B) Pauling and Corey’s incorrect, triple-helical DNA structure, one of the most 
famous mistakes in twentieth-century science.    
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Noting that 3.4 is exactly ten times 0.34, the model 
was built with ten nucleotides per turn of the helix 
( Figure 2.10 ). The data suggested that a DNA molecule 
is  composed of two nucleotide chains wound like a 
spiral staircase around a hypothetical central axis. The 
deoxyribose-phosphate combinations form the back-
bones of both chains, and the nitrogenous bases point 
inward. Watson and Crick’s DNA model was getting 
closer, but it was not yet right. How were the bases ori-
ented in the center so they would fit together perfectly?  

(A) (B)

 FIGURE 2.7          Watson and Crick with their model of the DNA double-helix in 1953 and 50 years later. (A) Watson (left) and Crick (right) fig-
ured out the structure of DNA by putting together all the pieces of a three dimensional puzzle. (B) The discoverers of DNA structure pose for 
a recreation of the original picture, this time with a DNA model in 2003.    

(A) (B)

 FIGURE 2.8          Rosalind Franklin and her most famous x-ray diffraction image of DNA. (A) Franklin’s work was essential to Watson and Crick 
in their discovery of the structure of DNA. (B) This x-ray diffraction pattern of DNA, made by Rosalind Franklin and called  “ Photograph 51 ” , 
was the source of some essential information about the structure of DNA.    

          Rosalind   Franklin’s x-ray diffraction studies revealed critical 
details about DNA structure that Watson and Crick were 
able to put together in constructing their model of DNA.    

nanometers (nm, a billionth of a meter). At this time, 
many models, including the early Watson and Crick 
models and the triple helix published by Linus Pauling 
(see  Box 2.1    and  Figure 2.6B ), had the backbone of the 
molecule located in the center, with the bases  radiating 
outward. Franklin strongly disagreed with this on the 
basis of her x-ray diffraction data, insisting that the 
backbone must be on the outside of the molecule. At 
this point, Watson and Crick realized that if the bases 
were arranged to point inward (as Franklin had main-
tained), the width of DNA would start to approach the 
2.0-nm diameter observed in Photograph 51.  

 Franklin  ’s diffraction measurements also showed 
a 0.34-nm distance between successive nucleotides 
on the strand, with 3.4       nm per turn of the DNA helix. 
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    Watson and Crick Integrate Available Data 
into a DNA Model 

 Watson   tested his cardboard cutouts to try to approxi-
mate the 2.0-nm diameter of DNA with different com-
binations of base pairs. He finally had a model with 
each base lined up to pair with itself, A-A, C-C, and so 
on. Jerry Donohue, a former student of Linus Pauling, 
pointed out to Watson that his model had the bases in 
their  enol  forms, as suggested by the textbooks at the 
time. But Donohue knew of unpublished research sug-
gesting that the DNA bases exist in the  keto  form in 
cells. Once Watson changed the structures of the bases 
in the model to their keto forms, he immediately real-
ized that with these changes the adenine and thymine 
bases formed an A-T base pair that fit the 2-nm diam-
eter of DNA. The guanine and cytosine (G-C) base pair 
did the same. Watson and Crick knew that the proposed 
A-T base pair would satisfy Chargaff’s requirement that 
in any DNA molecule, the amounts of adenine and 
thymine are identical. Watson and Crick could envi-
sion that for every adenine base on one DNA strand 
there must be a thymine base on the other DNA strand. 
Similarly, because DNA has equal amounts of guanine 
and cytosine, there must be a guanine base in the DNA 
for every cytosine base. As a result, Watson and Crick’s 
final DNA model contains pairs of bases, A-T and G-
C, which each fit perfectly into the internal diameter of 
the DNA helix. When the DNA model was complete, 
Watson and Crick had solved the universal structure of 
the DNA molecule: a double-stranded DNA helix con-
taining intertwined DNA strands ( Figure 2.11   ).          

 The   two strands of DNA form a helix with two une-
qually sized grooves, a narrow one called the  minor 
groove  and a wide one called the  major groove . The 
two grooves wind continuously around the entire 
length of the DNA double helix ( Figure 2.12   ). Many 
different proteins in the cell bind to the major groove 
in the DNA helix; which proteins bind to which 
DNA helix often depends on the specific DNA base 
sequence in the major groove. This type of DNA-pro-
tein binding regulates when and how genes are turned 
on and off (expressed) in the cell. 

 Given   the base sequence — that is, the order of the 
bases — along one DNA strand, the base sequence 
along the complementary strand is automatically 

    Watson   and Crick certainly won the race to solve the mys-
tery of DNA structure, but their accomplishment incorpo-
rated data from Franklin, Wilkins, Pauling, and many other 
scientists. This story emphasizes how interactions among 
scientists and the free exchange of information play criti-
cally important roles in promoting scientific breakthroughs.  

 FIGURE 2.9          Maurice Wilkins. Wilkins shared the Nobel Prize with 
Watson and Crick for solving the structure of DNA.    

DNA helix
has ten
base pairs
per turn.

1.0 nm

0.34 nm

3.4 nm

2 nm

 FIGURE 2.10          DNA helix dimensions derived from x-ray diffrac-
tion. Franklin’s x-ray diffraction data revealed a 0.34-nm distance 
between successive nucleotides on the helix (between adjacent base 
pairs), 3.4       nm per turn of the helix, and a 2.0-nm diameter.    
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determined using simple base pairing rules; adenine 
base pairs with thymine (A-T) and cytosine base pairs 
with guanine (C-G). The DNA helix structure has an 
intrinsic duplication mechanism: the base sequence 
in one strand, the template, guides the synthesis of the 
bases in a second, complementary strand. We will see 
how this important process works in cells later in the 
chapter. 

 Watson   and Crick’s paper announcing the structure 
of DNA opened with the lines  “ We wish to suggest a 
structure for the salt of deoxyribose nucleic acid …  ”  
( Figure 2.13   ) and was greeted enthusiastically by the 
scientific community; the proposed DNA model was 
elegant in its simplicity as illustrated by the DNA helix 
sketch drawn by Crick’s wife Odile and included in 
the famous paper ( Figure 2.14   ). The proposed structure 
of DNA made it easy to see how DNA could provide 
hereditary information. Biochemists saw that the nitrog-
enous bases, occurring in highly variable sequences, 
could provide a code of heredity. The sequence was 
not boring and repeated (TGAC … TGAC … TGAC) as 
Levene’s work had suggested. Rather, the DNA base 
sequence was variable (TGGACTTGCCTAAGCGATA … ), 
with the ability to encode a specific sequence of amino 
acids in a protein chain.           

5’ 3’

3’
5’

Carbon
Hydrogen
Oxygen
Nitrogen
Phosphorus

 FIGURE 2.11          Double-stranded DNA. The atoms of this space-
filled model of double-stranded DNA are colored by element. The 
two DNA strands of a double helix are always antiparallel; they are 
arranged in opposite directions. Both ends of each strand are labeled 
to indicate the directionality of the strands.    
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Groove
(narrow)
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 FIGURE 2.12          Three representations of a double-stranded DNA 
helix. (A)  “ Stick ”  models of DNA show the bonds that underlie the 
structure of DNA. (B) Spacefill DNA models show each atom and 
the approximate space it occupies. (C) A surface representation 
shows off the dimensions of the grooves along the DNA. The DNA 
strands coil around each other in a manner that creates two differ-
ent-sized grooves along the molecule: a wide major groove, and a 
narrow minor groove, as shown.    

    The   model proposed by Watson and Crick included the 
basic elements needed for the hereditary material: variation 
in base sequence and base pairing that suggested a mecha-
nism for duplication, and hence inheritance, of DNA.  

    Data from Many Laboratories Contributed to 
Solving the DNA Structure Puzzle 

 Watson   and Crick were not experts in any of the sci-
entific areas they used in constructing their DNA 
model. Franklin on the other hand was a superb crys-
tallographer, Chargaff understood base relationships 
thoroughly, and numerous other scientists provided 
information on the chemistry of DNA. Watson and 
Crick achieved their goal because they were able to 
see the big picture and took risks in building models 
that they could not yet establish as correct but that fit 
all the available data. They took what they needed from 
several disciplines and used it to compose something 
greater than its parts. In effect, they saw the proverbial 
 “ forest for the trees. ”  

 More   than 50 years later, controversy continues 
to swirl around the relationships between Watson, 
Crick, Franklin, and Wilkins. It is clear that Franklin 
and Wilkins disliked each other and that Franklin was 
excluded from some scientific exchanges with Wilkins. 
Questions remain about who influenced whom, how 
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Franklin’s data came to be shared with Watson, and 
whether adequate credit was given to her. Although the 
questions will probably never be resolved, the contro-
versy gives us a glimpse of how these famous scientists 

went about uncovering the truths waiting to be discov-
ered in nature. Readers who wish to learn more about 
the process and controversy can consult the resources 
listed at the end of this chapter. 

 FIGURE 2.13          The publication of the DNA double-helix structure. This classic, one-page  Nature  article written by Watson and Crick accu-
rately described the three-dimensional molecular structure of DNA for the first time. The paper included a single figure, an original sketch of 
a novel DNA double-helix structure, rendered by artist Mrs. Francis Crick.    
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 The   contributions to science made by Watson, 
Crick, Franklin, and Wilkins were original and carried 
the impact sufficient to merit a place in the annals of 
scientific fame; the DNA double helix became the char-
ter molecule of molecular biology. In 1962, Watson, 
Crick, and Wilkins were awarded the Nobel Prize in 
physiology or medicine. Unfortunately, Franklin died 
of cancer in 1958 and because the Nobel committee 
does not cite individuals posthumously, Franklin did 
not share in the award. However, Franklin’s contribu-
tions were mentioned in the  Nature  paper and are now 
universally acknowledged. Recently the Royal Society 
(a distinguished academy of the sciences in the United 
Kingdom) established an annual award in Franklin’s 
name, and the University of Health Sciences in the 
United States changed its name to Rosalind Franklin 
University in 2004.          

 After   the  Nature  article was published in 1953, 
evidence favoring the double-helix structure of DNA 
proposed by Watson and Crick accumulated rapidly. 
Few biologists doubted the accuracy of the molecular 
model, and most were intrigued with the implications of 

the double helix for coding genetic information within 
the DNA structure. Scientists also recognized that the 
double-helix architecture of paired bases on two strands 
would accommodate the biochemical requirements for 
DNA replication. Still no one yet understood how the 
DNA double helix in a chromosome could pass genetic 
information on to the next generation. It was quite 
apparent that solving the molecular structure of DNA 
had not answered all the important questions about 
DNA, but in fact solving this scientific puzzle was the 
amazing beginning of the science of molecular biology. 
With time, this information gave rise to the fruits we 
know of as DNA science and biotechnology.   

    DNA REPLICATION 

    The Structure of DNA Leaves an Open 
Question 

 The   paired bases (A-T and G-C) in the DNA double 
helix accommodate the biochemical requirements 
for reproducing or duplicating the DNA structure and 
information. Indeed this critically important point was 
not lost on Watson and Crick, who wrote one of the 
greatest understatements of all time in their DNA helix 
paper: 

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

 This   is one of the most appealing features of the 
Watson–Crick DNA model; the structure of the DNA 
double helix provides insight into how the DNA mol-
ecule duplicates. In cells, this process is called DNA 
replication. The copying and distribution of DNA is 
a key process in cells with major implications for the 
mechanisms that operate to transmit genetic informa-
tion from one generation to the next. From the DNA 
structure it is easy to see that one strand of the dou-
ble helix has a base sequence that unambiguously 
determines the base sequence of the opposite com-
plementary strand ( Figure 2.15   ). Any sequence of A, 
G, C, or T bases can reside on one DNA strand, but 
the second strand must contain the complementary 
base sequence. For example, if the base sequence in 
one strand is G-T-A-C-C-A-T … , the base sequence of 
the partner strand must be C-A-T-G-G-T-A … . For the 
DNA replication process to occur, the DNA double 
helix must unwind and the DNA strands must  “ unzip ”  
and separate. This allows both single strands of DNA 
to become accessible to the enzymes that use each 
strand as a template to create a new, complementary 
DNA strand ( Figure 2.15 ).  

This figure is purely
diagrammatic. The two
ribbons symbolize the
two phosphate—sugar
chains, and the hori-
zontal rods the pairs of
bases holding the chains
together. The vertical
line marks the fibre axis

 FIGURE 2.14          Dr. Francis H. C. Crick and wife Odile. In 2003, 
Odile and Dr. Francis H. C. Crick attended a dinner in La Jolla, 
California, honoring the 50th anniversary of the discovery of the 
structure of DNA by Dr. Crick and James D. Watson. Mrs. Crick’s 
original sketch of a DNA double-helix structure appeared in the 
famous paper in the journal  Nature  in 1953 ( right ).    

    In   1953, a single-page paper in  Nature  proposed a sim-
ple, elegant double-helix model to explain the molecular 
structure of DNA. Nine years later, the Nobel Prize was 
awarded to Watson, Crick, and Wilkins.  
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    Meselson and Stahl Answer the Question 

 The   DNA double-helix model left another important ques-
tion unanswered, because the structure of DNA by itself 
did not automatically predict a specific mechanism used 
by the cell to copy (replicate) the DNA helix. Scientists 
suggested three possible ways that DNA might be repli-
cated in the cell, called the dispersive, conservative, and 
semiconservative modes of DNA replication ( Figure 2.16   ).          

 The   definitive experiment to address this ques-
tion was published in 1957 by Matthew Meselson 
and Franklin W. Stahl of the California Institute of 
Technology, who figured out a way to experimentally 
distinguish among the three possible modes of DNA 
replication. The Meselson and Stahl DNA replication 
experiment is one of the best demonstrations of how a 
key scientific theory or hypothesis can be conclusively 
resolved by a simple, well-designed, and definitive 
experiment ( Figure 2.17   ). 

 To   start this experiment, Meselson and Stahl grew 
bacteria in liquid medium containing a  “ heavy iso-
tope ”  of nitrogen called  15 N. At each round of bacte-
rial cell division, as the DNA was replicated, the heavy 
 15 N isotope became incorporated into the bacterial 
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 FIGURE 2.15          Overview of DNA replication. (A) The two DNA strands ( red backbones ) in the parent DNA double helix are both used as 
templates by DNA polymerase and are copied into new DNA strands ( gold backbones ). (B) Any sequence of A, G, C, or T bases can reside on 
the DNA template strand ( red ), but after replication, the new DNA strand ( blue ) must have the complementary base sequence.    

Three postulated methods of DNA replication

Semiconservative

(1)

(2)

(3)

Conservative*

Newly, synthesized strand

*not found to be
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 FIGURE 2.16          Originally proposed mechanisms of DNA replication. The proposed DNA double-helix structure did not immediately explain the 
complete mechanism for how the DNA helix replicates to produce two DNA helix molecules. Three possible mechanisms of DNA replication were 
proposed: (1) each parent strand combines with the complementary new strand to reform a new double helix (semiconservative), (2) the parent 
strands reunite with each other, leaving the newly synthesized strands to form the second double helix (conservative), or (3) the products of DNA 
replication contain alternating regions of conservative replication (dispersive). Meselson and Stahl designed an elegant experiment to determine the 
correct answer.    

    The   structure of DNA suggested base pairing as a gen-
eral mechanism for DNA replication. However, the proc-
ess by which each strand of the double helix was copied 
remained to be discovered.  
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chromosome DNA, instead of the normal isotope,  14 N. 
As a result, the DNA in this population of bacteria 
was heavier than normal DNA because the heavy  15 N 
atoms have replaced the lighter  14 N atoms normally 
found in the nitrogenous bases. These two types of 
DNA,  “ heavy ”  (H) and  “ light ”  (L), have different densi-
ties and can be physically separated by density gradient 
centrifugation methods ( Figure 2.17   ). 

 First  , Meselson and Stahl grew the bacteria in 
medium containing the heavy isotope long enough that 
virtually all DNA helices in the bacteria would contain 
heavy isotopes in both DNA strands (H/H). This was the 
starting point of the experiment ( Figure 2.18A and B ). 
After removing aliquots (samples) at this stage of the 
experiment, the bacteria growing in  15 N medium were 
then transferred to fresh growth medium containing 
only the light  14 N isotope and were allowed to undergo 
a single round of bacterial cell division (during which 
the DNA in the cells replicates once and only once). 
Aliquots of the growing bacteria were removed for 
analysis. Then, following more rounds of cell divi-
sion, additional aliquots were removed. The DNA was 
isolated from cells in the aliquots for density gradient 
analysis. 

 When   they analyzed the aliquots ( Figure 2.18B ), 
Meselson and Stahl confirmed that the DNA first 
synthesized by the growing bacteria was heavy (H/
H) because it contained only the heavy isotope  15 N. 
The second set of samples, from when the bacte-
ria reproduced once taken in the light isotope ( 14 N 
growth medium) a different form of DNA was found 

with a lighter density. Most interesting, the scientists 
noted that the newly made DNA was not as light as the 
DNA containing only  14 N (L/L). Rather, the new DNA 
species had an intermediate density falling in between 
the all-heavy DNA (H/H) (containing only  15 N) and the 
all-light DNA (L/L) (Figure 2.18). This eliminated the 
possibility that the new DNA strands form an entirely 
new DNA molecule (L/L) and the parent DNA strands 
forming a second molecule (H/H). 

 After   another round of bacterial reproduction takes 
place, in addition to some intermediate-density (L/H) 
DNA, the density analysis revealed that the bacteria 
now formed light-density DNA (L/L) containing only 
 14 N ( Figure 2.18B ). The light-density (L/L) DNA rep-
resented the molecule formed from the  14 N (L) par-
ent strand of the L/H DNA and a newly synthesized 
DNA strand using the  14 N in the culture medium. This 
result indicated decisively that a replicated double 
helix contains a parent DNA strand and a new DNA 
strand. Neither the conservative nor the dispersive 
mechanism ( Figure 2.16 ) could explain these results, 
whereas the semiconservative mechanism fit the data 
perfectly. 

 The   DNA replication mechanism suggested by the 
Watson – Crick DNA helix model and confirmed by 
Meselson and Stahl was termed  semiconservative  rep-
lication because within each new DNA double helix, 
one of the two DNA strands ( “ semi ” ) is from the origi-
nal double helix ( “ conserved ” ). Semiconservative DNA 
replication occurs in all cells just before they undergo 
cell division (mitosis). Each  “ parent ”  strand of DNA acts 
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 FIGURE 2.17          Overview of the Meselson and Stahl experiment. (A) Bacteria are grown in  15 N-containing medium until virtually all of the 
nitrogen in DNA is  15 N. Then they are grown in  14 N-containing medium. Samples of DNA are isolated at each stage. (B) The DNA samples 
are centrifuged in a salt density gradient. During centrifugation, the DNA will move through the salt gradient until the density of the DNA 
and salt solution are equal. The more  15 N is in the DNA, the denser it is, and the further it will move down the gradient.    
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as a template for the synthesis of a new DNA strand. 
In effect, the parent strand dictates that a nucleotide 
containing adenine (A) must be placed opposite one 
containing thymine (T) (and vice versa); it dictates that 

a nucleotide containing guanine (G) will be positioned 
opposite one containing cytosine (C) (and vice versa). 
These  “ base-pairing rules ”  are the key to the secret of 
how the DNA helix passes on genetic information.           
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 FIGURE 2.18          Interpreting the results of the Meselson and Stahl experiment. (A) Initial comparison in density gradient centrifugation of DNA 
from normal and experimental growth conditions. Bacteria were grown in medium with the normal  “ light ”  isotope of nitrogen ( 14 N), which 
was incorporated into the bacterial chromosome DNA as the cells divided and the DNA replicated. Their DNA was compared with that of 
bacteria grown in  “ heavy, ”   15 N-containing medium. Density gradient centrifugation was used to physically separate and identify the different 
DNA species made in the cells.  15 N DNA (H/H) is denser than normal DNA because the heavy  15 N atoms replace the lighter  14 N atoms in 
both strands of DNA. As a result, it migrates farther during centrifugation. (Lighter indicates lower density, heavier indicates higher density.) 
(B) The H/H bacteria were grown for one generation at a time with  14 N, the light isotope of nitrogen. DNA was extracted from sample aliq-
uots after each generation and centrifuged for comparison of density. With each generation, the density of the DNA decreased with succes-
sive generations. The percentage beneath each generation indicates the relative amount of DNA in each band.    
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  DNA Polymerases Copy Complementary 
DNA Strands from DNA Templates 

 When   DNA replication occurs, a  DNA polymerase  
enzyme reads the template DNA base sequence and 
adds the complementary nucleotide bases to the new, 
growing DNA strand one by one. In the 1950s, Arthur 
Kornberg ( Figure 2.19   ) discovered a DNA polymer-
ase enzyme in  E. coli  bacteria and showed that DNA 

polymerase could synthesize DNA outside a cell 
using building block components provided in a test 
tube. This was an awesome accomplishment. In the 
presence of Roger, his then 12-year-old son, Arthur 
Kornberg received the 1959 Nobel Prize in physiology 
or medicine for his groundbreaking work on DNA syn-
thesis. Kornberg’s research characterized replication, 
the process of DNA copied into duplicate DNA strands 
when cells divide. This universal process in all cells is 
essential to understanding how genetic information is 
transferred from parent cells to progeny cells. Arthur 
returned to Stockholm again in 2006, but this time the 
Nobel Prize in chemistry went to his son, for Roger’s 
cutting-edge work showing how the genetic informa-
tion in DNA is copied into a messenger RNA (mRNA) 
strand using the process of  transcription  (see Chapter 
3). The cell absolutely requires transcription for life. 
If transcription stops, the organism dies quickly. This 
is the cause of death from eating certain mushrooms, 
which contain a lethal toxin that quickly blocks tran-
scription in the cells. 

 As   it turned out, Arthur Kornberg’s DNA polymer-
ase is not the principal enzyme used to replicate the 
genome DNA in the cell. We now know Kornberg’s 
enzyme as   E. coli    DNA polymerase I , one of three 
DNA polymerases that replicate chromosome DNA 
in  E. coli  cells ( Table 2.2   ). All organisms contain DNA 
polymerases, which range from small  monomer  pro-
teins to enormous  multiprotein  complexes. Smaller 
DNA polymerase enzymes are often involved in repair-
ing damaged DNA (see Chapter 9), whereas larger 
multiprotein polymerase complexes participate in the 
replication of genome DNA. Although some aspects of 
DNA replication vary among prokaryotic and eukaryo-
tic cells and viruses, the chemical mechanism and the 
protein machinery involved in DNA replication are 
highly conserved.  

 FIGURE 2.19          Father and son Nobel laureates. Arthur Kornberg  (left)  
with his son Roger  (right)  in 2006. Jamie Kripke Photography.    

 TABLE 2.2          Summary of properties of three of the five DNA polymerase enzymes in  E. coli   

      E. coli  DNA polymerases 

     I  II  III 

    E. coli  gene for the polymerase subunit    polA      polB      polC   

   Number of subunits  1   � 4   � 10 

   Proofreading (3 �   to  5 � ) exonuclease activity  yes  yes  yes 

   5 �   to  3 �  exonuclease activity  yes  no  no 

   Polymerization rate (nucleotides added per second)  16 – 20  5 – 10  250 – 1000 

   Processivity (nucleotdes added before dissociation)  low (3 – 200)  high (10,000)  very high (500,000) 

  Source of table:  http://www.mun.ca/biochem/courses/3107/Topics/DNA_polymerases.html.   

    Meselson   and Stahl designed and executed a clever and 
efficient experiment to discriminate between three possi-
ble means of DNA replication. Their results indicated that 
each strand of the parent DNA helix remains intact and 
becomes paired with an entirely new strand, in a process 
called semiconservative replication.  
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    The Replication Fork Allows Both DNA 
Strands to be Synthesized in the 5 ’  to 3 ’  
Direction 

 The   relatively simple idea of replicating the DNA helix 
by separating the DNA strands and copying the tem-
plate to make complementary DNA strands is only a 
starting point for understanding the process of DNA 
replication. Along with matching the incoming nucleo-
tides to the template strand, the polymerase forges a 
bond between the existing strand and the new nucle-
otide. The energy for this reaction comes from the 
removal of two phosphates from the incoming nucle-
otide ( Figure 2.20   ). In fact, DNA polymerases can only 
add nucleotides to the 3 ’  end of a DNA strand. 

   Some details of the replication process are key in 
making extremely high-fidelity (almost error-free) DNA 
copies. The overall rate of errors in eukaryotic DNA rep-
lication is only about one in a billion bases. Part of the 
reason for this is that DNA polymerases are good at cor-
recting their own errors using proofreading and repair 
activities. DNA polymerases can add onto an existing 
RNA  primer , a short strand of RNA that is base paired 
to the template DNA strand at the point on the helix 
where DNA replication is to start. The primer has a 

hydroxyl group ( – OH) group at its 3 ’  end providing a 
site for the DNA polymerase to add the next nucleotide 
( Figure 2.20B ). The RNA primer is removed later by an 
additional enzyme, and replaced with DNA bases. 

 As   a consequence of the requirement for a primer 
with a 3 ’   – OH group, DNA polymerase enzymes can 
copy a DNA template in only one direction, adding 
new nucleotide units on to the 3 ’  end, and synthesizing 
new DNA strands in the 5 ’  to 3 ’  direction only. If the 
polymerase worked on the 5 ’  end of the DNA instead, 
the high-energy bond would be on the growing strand, 
and not on the incoming nucleotide. That would not 
allow for correction of mistakes, because if an incorrect 
nucleotide were removed, there would no longer be 
a high-energy bond available for adding a nucleotide 
(the triphosphate moiety is at the opposite end of the 
incoming nucleotide). Thus, the directionality of DNA 
strand synthesis contributes to fidelity of replication.          
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 FIGURE 2.20          Incoming nucleotides are added to the 3 ’  OH during replication. (A) To start to copy DNA, the DNA polymerase enzyme 
needs a primer with an available 3 ’  OH. Thus the DNA strand grows in the 5 ’  to 3 ’  direction only. The two phosphates on the end of the 
incoming nucleotide are removed as pyrophosphate providing energy for the formation of a bond between the two nucleotides. (B). The 
chemical structure of the DNA backbone is shown as a C nucleotide is added onto the 3 ’  end of the DNA, base-pairing with a G nucleotide. 
The 3 ’  OH plays a role in breaking the bond between the phosphates of the incoming deoxyribonucleotide triphosphase (dNTP).    

    The   initiation of DNA replication requires an RNA primer 
as a starting point to provide a 3 ’   – OH for DNA polymer-
ase to extend with additional nucleotides into a new DNA 
strand. Replication proceeds only in the 5 ’  to 3 ’  direction.  
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 During   DNA replication, many enzymes and pro-
teins work together at the site of replication, called the 
 replication fork , as it works its way along the length 
of the DNA molecule. A very simplified view of the 
replication fork ( Figure 2.21A   ) highlights a problem 
posed by the fact that DNA polymerases synthesize 
DNA strands in the 5 ’  to 3 ’  direction — since the two 
strands of a DNA double-helix molecule are antiparal-
lel to each other, only one strand can be synthesized, it 
would seem, as the fork advances. The cell solves this 
problem using two DNA polymerase enzymes, one 
enzyme working continuously in the 3 ’  to 5 ’  direction 
synthesizing the  leading strand,  and the other enzyme 
performing DNA synthesis in a fragmentary fashion 
along the  lagging strand .        

 A   more complex model ( Figure 2.21B ) shows 
that the replication fork is the site of a complicated 
choreography. A multi-protein polymerase com-
plex includes both polymerases, clamp proteins that 
help keep the polymerases on the DNA, and a  heli-
case  enzyme that separates the two parent strands of 
DNA as the replication fork moves forward. On the 
leading strand template, the DNA polymerase com-
plex performs  continuous replication  moving toward 
the advancing replication fork. However, the parent 

template for the lagging strand forms a large loop 
that feeds into the polymerase complex. On the lag-
ging strand, a polymerase performs  discontinuous 
replication  and a  primase  enzyme repeatedly lays 
down short RNA primers to provide a 3 ’   – OH for 
adding nucleotides (on the leading strand, a primer 
is needed only where replication starts). The prim-
ers are subsequently removed, and DNA polymerase 
fills in the resulting gaps. The resulting DNA strands, 
called  Okazaki fragments , are joined to each other 
by a DNA ligase enzyme to complete lagging strand 
synthesis. The large loop made for the lagging DNA 
strand allows for coordination of the activities of the 
DNA polymerases at the constantly moving replica-
tion fork, placing the two actively replicating regions 
of DNA adjacent to each other.                         
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 FIGURE 2.21          DNA replication occurs at the replication fork. (A) A simplified schematic diagram shows the two parent strands of DNA 
opened for replication, forming the replication fork. A DNA polymerase operates on each strand, synthesizing a new DNA strand moving in 
the 5 ’  to 3 ’  direction. One polymerase creates one continuous new strand, the leading strand. On the opposite strand, a discontinuous series of 
Okazaki fragments is created on the lagging strand. The resulting Okazaki fragments are sealed into a continuous DNA strand by a DNA ligase 
enzyme. (B) A more detailed diagram of the replication fork shows the loop that forms enabling a polymerase dimer to copy both strands as 
a unit. Also shown are sliding clamp proteins that help the polymerases to stay on the DNA, a helicase enzyme that separates the two parent 
strands, and a primase enzyme that lays down the RNA primers to initiate synthesis of the Okazaki fragments on the lagging strand.    

    The   replication fork is the site of DNA synthesis on both 
strands of a DNA double helix. DNA polymerase enzymes 
at the fork add nucleotides to each growing strand of DNA 
in the 5 ’  to 3 ’  direction. One strand therefore is synthesized 
continuously; the other is synthesized as small fragments 
that are subsequently joined together.  
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 The   accuracy of DNA synthesis is very important for correctly 
transmitting genetic information over many generations and 
for avoiding mutations that can initiate and promote diseases 
such as cancer. Studies on  E. coli  chromosome replication 
show that the error rate of the bacterial replication machinery 
in vivo  (in the cell) is very low, making only 1 error in every 
10 million to 100 million bases copied into DNA. It is impres-
sive that in a growing bacterium, the DNA replication enzyme 
complex moves like a locomotive along the DNA helix at the 
astonishing rate of 500 nucleotides (bases) per second, simul-
taneously reading the DNA template and incorporating the 
complementary nucleotides into the growing strand. DNA 
replication in eukaryotic cells is even more accurate, in part 
because of safeguards that operate before and after DNA rep-
lication in the cell cycle (see Chapter 9 on cell fate). Believe 
it or not, DNA polymerases not only  proofread  their work to 
find errors, but they also have the ability to actually  correct 
the replication mistakes  made in the genome DNA before the 
enzyme moves farther down the DNA template. 

 The   DNA polymerase proofreading activity can detect 
and repair replication mistakes quickly. The DNA polymerase 
enzyme contains a 5 �  to 3 �  exonuclease activity and a 3 �  to 
5 �  exonuclease activity, which are both involved in maintain-
ing DNA accuracy and integrity.  E. coli’s  DNA polymerase I 
can be cleaved by certain enzymes into two smaller proteins. 
The larger of these two, called the Klenow fragment ( Figure 
2.22 ), has been studied closely and retains both the ability 
to synthesize DNA and the 3 ’  to 5 ’  exonuclease activity. The 
three-dimensional structure of the Klenow fragment is shaped 
approximately like a right hand, which helps people to better 
visualize how a polymerase functions ( Figure 2.23 ).   
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 FIGURE 2.22          DNA polymerase has a 3 ’  to 5 ’  proofreading activity that corrects mistakes. When DNA polymerase adds an incorrect base 
to the the 3 ’  end of the growing DNA strand, the 3 ’  to 5 ’  exonuclease activity removes the incorrect base and the DNA polymerase then 
continues synthesis by adding the correct base.    

   Box 2.2          DNA Replication Is a High-Fidelity Process That Makes Nearly Error-Free DNA Copies      

FIGURE 2.23          DNA polymerase has a  “ hand ”  in DNA replication 
and proofreading. The Klenow fragment DNA polymerase can 
be visualized as a partially open hand with thumb ,  fingers ,  and 
palm domains. The DNA helix is cradled in the hand of the pro-
tein, with the palm domain making a plate at the bottom of the 
cleft formed by the thumb and fingers. The polymerase activity 
takes place in the cleft at the base of the fingers and the thumb. 
The 3 ’  to 5 ’  exonuclease site is adjacent to the palm domain, 
and contains an incorrectly added base at the 3 ’  end of the DNA 
strand being synthesized (purple). This is the site that removes 
an incorrectly paired nucleotide. The template DNA strand 
(beige) was truncated in order to crystallize the complex for x-ray 
diffraction.    
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    Replication Origins in DNA Control the 
Start of DNA Synthesis 

 It   is essential that DNA synthesis be closely regulated to 
ensure that the cell does not replicate the genome DNA 
more than once per cell cycle. Creating additional cop-
ies of the genome could have disastrous effects on gene 
expression resulting in the death of the organism. An 
important step in controlling DNA replication (Chapter 
9) occurs when the cell  “ decides ”  to initiate DNA syn-
thesis. Replication of the bacterial chromosome ( Figure 
2.24   ) begins at a specific region of DNA called the  ori-
gin of replication (ori) . A collection of proteins controls 
the use of the ori DNA. To initiate replication of a DNA 
helix, proteins separate the DNA strands in the ori region, 
which contains a high percentage of A-T base pairs. 

(A-T base pairs form only two hydrogen bonds, com-
pared to G-C pairs which form three, so it is easier to 
separate  “ A-T rich ”  DNA strands.) Once DNA replication 
has been initiated, two replication forks proceed in oppo-
site directions away from the point of origin in the DNA. 

 In   humans, DNA replication is particularly impres-
sive because of the massive size of the genome com-
pared to bacteria. Every time a human cell divides, 
the billions of DNA bases distributed over 46 chromo-
somes must be quickly and accurately replicated to 
produce enough chromosomes for correct cell division. 
Eukaryotic chromosomes have multiple replication ori-
gins distributed along each DNA genome ( Figure 2.25   ). 
The cells must control the rate at which DNA replica-
tion initiates at each origin on each chromosome. The 
goal is to restrict duplication of the cell genome to only 
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 FIGURE 2.25          Eukaryotic genomes have multiple DNA replication origins. (A) In eukaryotes DNA replication initiates at many sites along the 
very long chromosome DNA molecule, making many small replication bubbles (1); bidirectional DNA replication increases sizes of bubbles (2), 
and eventually the bubbles resolve into two DNA helices (two daughter DNA molecules) (3). (B) Electron micrograph shows three replication 
bubbles along chromosome DNA in Chinese hamster cells. (Red arrows show the direction of movement of the replication forks in each bubble.)    

 FIGURE 2.24           E. coli  chromosome replication. (A) Replication of the circular bacterial chromosome starts at a specific site (ori, the origin of 
replication). Two replication forks are formed by separating the strands of the double helix, and they proceed in opposite directions around the circular 
molecule. (B) The electron micrograph on the left shows the circular  E. coli  chromosome during the process of replication, diagrammed at the right.    
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once per cell cycle. The timing and temporal order of 
initiation at the hundreds of DNA replication origins 
in the genome are regulated by specialized replication 
control proteins (see the discussion in Chapter 9 on cell 
fate [includes cell cycle] and S phase [DNA synthesis]).                 

 Frequently   during our exploration of cell func-
tion it is important to touch base and recognize how 
each specialized process, such as DNA replication, fits 
into the big picture of what is going on inside the cell 
(Figure 2.26). Accurate chromosome duplication and 
transmission are key processes that must be completed 
correctly and at the correct time during the cell’s 
growth cycle, or the cell will not survive.   

    SUMMARY 

 Scientists   wanted to solve the structure of DNA because 
they knew that the DNA molecule would provide 
important clues to the function of DNA and reveal 
information about how DNA replicates every time the 
cell divides. In the 1920s, Phoebus Levene and his col-
leagues identified the three basic components of DNA: 
a five-carbon sugar named deoxyribose (ribose in RNA); 
phosphate groups; and the four nitrogenous bases, 

adenine (A), thymine (T), guanine (G), and cytosine 
(C). These components make up the nucleotides, the 
building blocks of a DNA strand. Studies by Chargaff 
indicated that the amounts of the DNA bases vary in 
different organisms, suggesting that organisms may be 
different because their DNAs are different. Regardless 
of the source of the DNA, however, Chargaff found that 
the amount of adenine (A) always equals the amount 
of thymine (T) and the amount of guanine (G) always 
equals the amount of cytosine (C). These and other 
experimental data made essential contributions to solv-
ing the puzzle of DNA structure, which was published 
by Watson and Crick in 1953. Using the x-ray diffraction 
photographs of DNA obtained by Franklin and Wilkins 
and incorporating chemical data on DNA, Watson and 
Crick proposed that DNA is a double-stranded helical 
molecule, the DNA double helix, with each adenine (A) 
paired to a thymine (T) and each guanine (G) paired to 
a cytosine (C). 

 The   arrangement of bases paired between the two 
DNA strands of the double helix suggested a possi-
ble replication mechanism in which each DNA strand 
carries a base sequence that intrinsically encodes 
its complementary strand. In 1957, Meselson and 
Stahl showed that DNA replication proceeds using a 
semiconservative mechanism where one of the paren-
tal DNA strands is conserved in each of the newly 
formed DNA double helices. In each case, the paren-
tal DNA strand serves as a template for the synthe-
sis of a brand-new, complementary strand of DNA, 
while also becoming paired with the new strand. 
DNA polymerase is the type of enzyme that copies 
DNA into DNA when the cell divides. During DNA 
replication, the DNA polymerase enzyme reads the 
template base sequence and adds the correct comple-
mentary nucleotide base to the growing DNA strand. 
As a consequence of the replication mechanism, DNA 
polymerase copies the DNA template in only one 
direction; each new DNA strand is synthesized in the 
5 ’  to 3 ’  direction, with nucleotide units added on to 
the 3 ’  end. In the cell, DNA replication starts at spe-
cific sites on the chromosome DNA called origins of 
replication. Specialized proteins associated with the 
origin DNA play critically important roles in initiating 
DNA replication and in restricting the occurrence of 
DNA replication to once per cell cycle.  

    REVIEW 

 This   chapter describes the development of thought 
and experiments that led up to the historic discovery 
of the double-helix structure of DNA and beyond it to 
an understanding of the process of DNA replication. 

    The   cell must regulate the timing of genome replication 
during each cell cycle. Proteins bind to the replication 
origin(s) in the genome DNA to control the initiation of DNA 
synthesis.  
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 FIGURE 2.26          Keeping perspective: How is DNA replication related 
to gene expression? Replication insures the perpetuation of genetic 
information in an organism as it grows and develops, and between 
generations of the organism. In contrast, gene expression involves 
making use of the stored genetic information, via the processes of 
transcription and translation.    
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To assess your comprehension of these topic areas, 
answer the following review questions: 

       1.     According to Levene’s research, what are the three 
basic components of the nucleotide units in DNA?  

       2.     Describe the method by which nucleotide units 
are linked to one another in DNA.  

       3.     What two significant observations were made by 
Erwin Chargaff’s group, and how were they impor-
tant to establishing the structure of DNA?  

       4.     Explain how Rosalind Franklin’s x-ray diffraction 
studies helped to determine the structure of DNA.  

       5.     Given the base sequence of one strand in a DNA 
helix, explain how you can deduce the base 
sequence of the opposite DNA strand.  

       6.     In the race to solve the structure of the DNA helix, 
what were the key features of the DNA model pro-
posed by the famous scientist Linus Pauling?  

       7.     Describe the structure of DNA referred to as a 
 “ replication fork, ”  and explain how it is related to 
the process of DNA replication.  

       8.     Determine what the results of the Meselson and 
Stahl experiments would have been if the mecha-
nism of replication were actually (a) conservative 
and (b) dispersive (see  Figure 2.16 ) instead of 
semiconservative.  

       9.     Describe the activities of some of the proteins 
required for DNA replication in addition to DNA 
polymerase.  

    10.     Explain the role of replication origins in bacterial 
and eukaryotic cells.      
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