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Chapter 3 Nucleotides and Nucleic acids

As we’ve seen, nucleic acids allowed organisms to carry out the critical function of

replication.  The function of DNA, in this sense, is to store and transmit genetic information. 

The monomeric units from which polymeric nucleic acids are constructed, nucleotides and

nucleotide derivatives, carry out many useful and familiar functions as well.

We’ll look at the structures of these molecules, and concentrate on their functions related

to information, including recombinant DNA technology.

Nucleotides

These are the monomers from which the polymers, ribonucleic acid (RNA) and

deoxyribonucleic acid (DNA) are constructed.  Each nucleotide consists of a nitrogenous base, a

sugar (either ribose or 2'-deoxyribose) and a phosphate.  The nitrogenous bases are derivatives of

either purine or pyrimidine

The most common purines are adenine (A) and guanine (G).  The most common

pyrimidines are cytosine (C), uracil (U) and thymine (T) (see Table 3 1).  By convention, the

atoms in the bases are designated with unprimed numbers, while atoms in the sugar are

designated with primed numbers (i.e., 2').  A base + sugar is a nucleoside, and a nucleotide is a

nucleoside phosphate, or base + sugar + phosphate.  A nucleotide is shown below. 



Ribonucleotides polymerize to form RNA; deoxyribonucleotides polymerize to form

DNA.  Adenine, guanine and cytosine are found in both DNA and RNA.  Uracil is found

primarily in RNA, and thymine in DNA.  Free nucleotides are associated with Mg++ in cells to

counteract the negatively charged phosphate groups. 

Nucleotides themselves, and nucleotide derivatives, play many useful, familiar roles in

cells.  Chemical energy is stored as adenosine triphosphate (ATP) in all cells.
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The chemical energy in ATP is released upon hydrolysis of the unstable anhydride bonds

linking phosphate groups to one another. Typical cellular concentrations of ATP are about 5

mM.

Strictly speaking, ATP is rarely, if ever, hydrolyzed to form ADP and free phosphate (Pi). 

The terminal phosphate is typically transferred to another substrate.  All metabolic processes

involving energy extraction, including not only metabolism of organic fuels in mammalian cells,

but also photosynthesis, in which energy is extracted from the sun, etc., eventually store the

extracted energy as nucleotide derivatives.  

Nucleotides are useful in transferring groups other than phosphate in many metabolic

processes, including sugars such as glucose.  The glucose donator shown below is ADP-glucose:

(See Figure 3-2)

For example, a family of detoxifying enzymes use UDP, in which U replaces A, to transfer

negatively charged glucose derivatives to nonpolar substances, including drugs, to increase their



solubility so they can be more readily cleared by the kidneys.  

A number of coenzymes, including nicotinamide adenine dinucleotide (NAD+/NADH),

flavine adenine dinucleotide (FAD/FADH2) and coenzyme A (CoA) are nucleotide derivatives. 

The structures of NADH and CoA are shown below.

Notice that both NADH and CoA are derived from B vitamins, NADH from niacin and CoA



from pantothenic acid.  

Nucleic Acid Structure

Nucleotides polymerize to form polynucleotides, including DNA and RNA (figure 3-3).

 

Nucleotide units (residues) are linked by phosphodiester bonds between ribose OH groups

located at the 3' and 5' positions.  Internal residues have both 3' and 5' OH groups involved in

phosphodiester linkages.   The terminal residue with a free 5' OH group (top) is designated as the

5' end, whereas the other terminal residue is the 3' end (free 3' OH group).

This figure depicts the covalent structure, or nucleotide sequence, of a nucleic acid,

RNA.  Notice that DNA would have the OH replace by H at each 2' ribose carbon.  

There are a tremendous many shapes, or conformations, or structures, that DNA and

RNA can assume in a cell.  This is because there is free rotation about the many single bonds.  A

polynucleotide such as DNA will adopt the conformation which minimizes the potential energy
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of interaction due to the types of noncovalent interactions we discussed in chapter 2, such as

hydrogen bonds, electrostatic interactions, etc.  For example, notice the negatively charged

phosphate groups on each residue.  These must avoid each other as much as possible.  Hydrogen

bonding between donors and acceptors must be maximized.  

An important clue to the structure of DNA was provided in the 1940's by Chargaff

(Chargaff’s rules), who noticed that DNA has equal numbers of A and T and also equal numbers

of G and C.  Watson and Crick, who eventually discovered the structure of DNA, also relied on

the X-ray data of Rosalind Franklin that indicated a helical structure.  They also deduced that the

most stable tautomeric forms of the predominant bases in DNA explain that H-bonding is

optimized by having A form H-bonds with T, and G with C

Note that this rationalizes Chargaff’s rules.  These clues were instrumental in Watson and

Crick’s proposing their well-known model (Figure 3-6):





In this structure, a double helix is formed by two separate polynucleotide strands winding around

a common axis in an antiparallel fashion.  Two grooves, major and minor, characterize the

double helix.  The A’s in one strand H-bond with the T’s in the other strand, and the G’s H-bond

to C’s (complementary base pairing) The planes of the purine and pyrimidine bases are

approximately perpendicular to the helix axis.  This optimizes hydrophobic interactions between

the bases. 

The structure of DNA clearly suggests the mechanism by which it stores and transmits

genetic information.  Each strand serves as a template for the synthesis of its complementary

strand.  

The entire DNA content of an organism is known as its genome, and in humans is

contained in 46 chromosomes per cell, or 23 equivalent pairs (diploid).

RNA, because of steric hindrance originating from the OH at the 3' position (replaced by

H in DNA), does not typically form double-stranded structures, but is single-stranded.  Base

pairing does occur intramolecularly in the form of stem and loop structure.  Evidence suggests

that the earliest catalysts may have been RNA molecules.

Nucleic Acid Function

DNA

In the early 20th century, scientists believed proteins were the carriers of genetic

information.  In the ‘40's it was demonstrated that DNA from a pathogenic strain of bacteria has

the ability to transform nonpathogenic bacteria into the pathogenic type, thus providing

convincing evidence that DNA is the carrier of genetic information.  Watson and Crick’s

elucidation of DNA structure over a decade later elucidated the mechanism of replication (Figure

3-11):



The central
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dogma of molecular biology (Crick, 1958) describes the flow of genetic information:

RNA

RNA may have been the first biological molecules that exhibited enzymatic activity.  AS

an example, the formation of covalent bonds linking amino acids on the ribosome may be

catalyzed by RNA, a catalytic activity that may have been present for billions of years.

RNA molecules in the lab have also been shown to carry out reactions involved in

replication, transcription and translation.

Recombinant DNA Technology (molecular cloning, genetic engineering)

In the mid ‘70's techniques were developed in several laboratories for locating, isolating

and preparing small amounts of DNA.  Amounts of desired DNA are typically so small that

classical separation techniques are impossible.  These new techniques have transformed the

fields of medicine, basic research, forensics and agriculture, for example.  The technique

involves:

1.  Generating an appropriate fragment of DNA

2.  Incorporating the fragment into a vector (also DNA) which will then facilitate

replication,.

3.  The vector containing the DNA of interest is introduced into cells where it is

replicated.

4.  Cells containing the desired DNA are identified, or selected.

1.  DNA preparation is facilitated by the use of bacterial enzymes known as restriction

endonucleases, or restriction enzymes.  These enzymes, which play a protective role by

destroying foreign DNA, recognize very specific, typically palindromic sequences.  



Notice that in a)

staggered, or sticky ends, are formed, whereas in b) blunt end are formed.  

Note also that two restriction sites must exist flanking the desired fragment of DNA.  

2.  Examples of cloning  vectors are plasmids  small, circular DNA molecules (1 200 kb) found

in bacteria or yeas cells that replicate autonomously.  Plasmids typically contain genes that

confer resistance to various antibiotics.  Plasmids used for cloning are typically present in

hundreds of copies per cell.  They also contain restriction sites that enable the insertion of the

desired DNA.

The final recombinant DNA (chimera) can be introduced into host cells for cloning. 

Bacteriophages (viruses that attack bacteria) can also be used as vectors, as can linear DNA from

yeast known as yeast artificial chromosomes (YAC’s).  

Plasmids can be introduced into host bacteria by mixing, a process which is only about

0.1% efficient in transforming the host. Fortunately, there are methods for selecting infected, or
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host, cells.  For example, if the plasmid vector contains a gene that confers resistance to

tetracycline, this antibiotic can be used to eliminate all but infected cells.  

Note: Identifying a particular piece of desired DNA out of the entire genome of the organism

can be like finding a needle in a haystack, or worse.  Typically, it is easier in practice to fragment

the entire genomic DNA by partial restriction digestion (to yield entire genes rather than gene

fragments), or bv shearing, then clone fragments to produce a genomic library.  Note that one

still does not know which fragment contains the desired segment of DNA, but the laws of

probability can be used to determine the necessary number of fragments to select randomly for

cloning to ensure with high probability that the desired fragment will be contained somewhere in

the fragments chosen for cloning (shotgun cloning)

The genomic library can be screened for the desired gene by transferring the cloned

colonies (yeast or bacteria, for example) to a nitrocellulose filter.  NaOH is added to lyse the

cells and separate the DNA into single strands.  The filter is dried to fix the DNA in place, then

incubated with a probe a short, single-stranded piece of DNA or RNA whose sequence is

complementary only to a portion of the DNA of interest.  Unbound probe is then washed away

and remaining probe, bound to the desired DNA, is visualized by exposure to an X-ray film for a

radioactive probe (autoradiography).

Application Strokes and heart attacks can be caused by blood clots blocking blood vessels. 

Blood clots are composed of fibrin, a protein which can be digested by the enzyme plasmin. 

This enzyme must be synthesized in an inactive form, plasminogen, which is then activated

when required to digest the clot.  Plasminogen activator, an enzyme, acts on plasminogen to

activate it to plasmin, the active form:

Since our blood already

contains plasminogen, the inactive precursor of plasmin, stroke and heart attack patients can be

treated by injecting plasminogen activator.  The pharmaceutical industry is interested in



generating large amounts of plasminogen activator using techniques we’ve just discussed.  

A genomic library is produced by inserting an appropriate number of gene fragments into

vectors (plasmids) which are then inserted into host bacteria, etc.  The clone containing the

desired gene is selected by an appropriate probe (either a piece of DNA constructed from the

known protein sequence or an approprieate antibody to the protein)

Problems: 2, 3, 4, 9 (see Figure 3-27)


