
NUCLEOTIDES AND 

NUCLEIC ACIDS



Nucleotides are the energy currency in metabolic 
transactions, the essential chemical links in the response 
of cells to hormones and other extracellular stimuli, and 
the structural components of an array of enzyme 
cofactors and metabolic intermediates.

They are the constituents of nucleic acids: 
deoxyribonucleic acid (DNA) and ribonucleic acid 
(RNA), the molecular repositories of genetic 
information.

The ability to store and transmit genetic information from 
one generation to the next is a fundamental condition for 
life.



1. Some Basics



The amino acid equence of every protein in a cell, and the 
nucleotide sequence of every RNA, is specified by a 
nucleotide sequence in the cell’s DNA. 

A segment of a DNA molecule that contains the 
information required for the synthesis of a functional 
biological product, is referred to as a gene.

A cell typically has many thousands of genes, and DNA 
molecules, tend to be very large. 

The storage and transmission of biological information are 
the only known functions of DNA.



RNAs have a broader range of functions:

Ribosomal RNAs (rRNAs) are components of ribosomes, the 
complexes that carry out the synthesis of proteins. 

Messenger RNAs (mRNAs) are intermediaries, carrying 
genetic information from one or a few genes to a ribosome, 
where the corresponding proteins can be synthesized.

Transfer RNAs (tRNAs) are adapter molecules that faithfully 
translate the information in mRNA into a specific sequence 
of amino acids.



Nucleotides and nucleic acids have characteristic bases
and pentoses

Nucleotides have three characteristic components:
(1) a nitrogenous (nitrogen-containing) base,
(2) a pentose,
(3) a phosphate. 

Structure of nucleotides

General structure showing the num-
bering convention for the pentose 
ring. 

This is a ribonucleotide.

In deoxyribonucleotides the −OH 
group on the 2 carbon (in red) is 
replaced with –H. 



The molecule without the phosphate group is called a 
nucleoside. 

The nitrogenous bases are derivatives of two parent 
compounds, pyrimidine and purine. 

The bases and pentoses of the common nucleotides are 
heterocyclic compounds.

The parent compounds of the 
pyrimidine and purine bases of 
nucleotides and nucleic acids, 
showing the numbering 
conventions.



In the pentoses of nucleotides and nucleosides the carbon 
numbers are given a prime (‘) designation to distinguish 
them from the numbered atoms of the nitrogenous bases.

The base of a nucleotide is joined covalently (at N-1 of 
pyrimidines and N-9 of purines) in an N-β-glycosyl bond 
to the 1’ carbon of the pentose, and the phosphate is 
esterified to the 5’ carbon. 

The N-β-glycosyl bond is formed by removal of the 
elements of water (a hydroxyl group from the pentose 
and hydrogen from the base), as in O-glycosidic bond 
formation.



Both DNA and RNA contain two major purine bases, 
adenine (A) and guanine (G), and two major 
pyrimidines.

Some of the common names of theses bases reflect the circumstances of 
their discovery. 
Guanine, for example, was first isolated from guano (bird manure), and 
thymine was first isolated from thymus tissue.

Major purine bases of nucleic acids



In both DNA and RNA one of the pyrimidines is cytosine 
(C), but the second major pyrimidine is not the same in 
both: it is thymine (T) in DNA and uracil (U) in RNA.

Major pyrimidine bases of nucleic acids



Nucleic acids have two kinds of pentoses. 
The recurring deoxyribonucleotide units of DNA contain 

2’-deoxy-D-ribose, and the ribonucleotide units of RNA 
contain D-ribose. 

In nucleotides, both types of pentoses are in their β-
furanose (closed five-membered ring) form.

Conformations of ribose
In solution, the straightchain (aldehyde) 

and ring (β-furanose) forms of free 
ribose are in equilibrium.

RNA contains only the ring form, β-D-
ribofuranose. 

Deoxyribose undergoes a similar 
interconversion in solution, but in DNA
exists solely as β-2’-deoxy-D-ribo-
furanose.



Conformations of ribose
Ribofuranose rings in nucleotides can exist in four different 

puckered conformations. 
In all cases, four of the five atoms are in a single plane. 
The fifth atom (C-2’ or C-3’) is on either the same (endo) or the 

opposite (exo) side of the plane relative to the C-5’ atom.



Nucleotides bearing the major purines and pyrimidines are 
most common, both DNA and RNA also contain some 
minor bases. 

In DNA the most common of these are methylated forms 
of the major bases; certain bases may be hydroxy-
methylated or glucosylated. 

Altered or unusual bases in DNA molecules often have 
roles in regulating or protecting the genetic information. 

Minor bases of many types are also found in RNAs, 
especially in tRNAs.



Deoxyribonucleotides of nucleic acids
All nucleotides are shown in their free form at pH 7.0. 
The nucleotide units of DNA are usually symbolized as A, G, T, and C, 

sometimes as dA, dG, dT and dC.
In their free form the deoxyribonucleotides are commonly abbreviated dAMP, 

dGMP, dTMP, and dCMP.
For each nucleotide, the more common name is followed by the complete 

name in parentheses. 
The nucleoside portion of each molecule is shaded in light red.



Ribonucleotides of nucleic acids

All nucleotides are shown in their free form at pH 7.0. 

The nucleotide units of RNA are usually symbolized as A, G, U, and C.

In their free form the ribonucleotides are commonly abbreviated AMP, GMP, 
UMP, and CMP. 

For each nucleotide, the more common name is followed by the complete name in 
parentheses.

All abbreviations assume that the phosphate group is at the 5’ position.



Cells also contain nucleotides with phosphate groups in 
positions other than on the 5 carbon. 

Ribonucleoside 2’,3’-cyclic monophosphates are isolatable 
intermediates, and ribonucleoside 3’-monophosphates 
are end products of the hydrolysis of RNA by certain 
ribonucleases. 

Other variations are adenosine 3’,5’-cyclic monophosphate
(cAMP) and guanosine 3’,5’-cyclic monophosphate
(cGMP).



Some adenosine monophosphates

Adenosine 2’-monophosphate,  3’-monophosphate, and 2’,3’-cyclic 
monophosphate are formed by enzymatic and alkaline hydrolysis of 
RNA.



Phosphodiester bonds link 
successive nucleotides in 

nucleic acids
The successive nucleotides of both 

DNA and RNA are covalently 
linked through phosphate-group 
“bridges”.

In which the 5’-phosphate group of 
one nucleotide unit is joined to 
the 3’-hydroxyl group of the next 
nucleotide, creating a phospho-
diester linkage.

Phosphodiester linkages in the  
covalent backbone of DNA and RNA

The phosphodiester bonds (one of which 
is shaded in the DNA) link successive 
nucleotide units. 

The backbone of alternating pentose and  
phosphate groups in both types of 
nucleic acid is highly polar.



The covalent backbones of nucleic acids consist of 
alternating phosphate and pentose residues, and the 
nitrogenous bases may be regarded as side groups joined 
to the backbone at regular intervals. 

The backbones of both DNA and RNA are hydrophilic. 

The hydroxyl groups of the sugar residues form hydrogen 
bonds with water. 

The phosphate groups are completely ionized and 
negatively charged at pH 7, and the negative charges are 
generally neutralized by ionic interactions with positive 
charges on proteins, metal ions, and polyamines.



By definition, the 5’ end lacks a nucleotide at the 5’ position 
and the 3’ end lacks a nucleotide at the 3’ position.

The covalent backbone of DNA and RNA is subject to slow, 
nonenzymatic hydrolysis of the phosphodiester bonds. 

RNA is hydrolyzed rapidly under alkaline conditions, but 
DNA is not; the 2’-hydroxyl groups in RNA (absent in 
DNA) are directly involved in the process. 

Cyclic 2’,3’-monophosphate nucleotides are the first 
products of the action of alkali on RNA and are rapidly 
hydrolyzed further to yield a mixture of 2’- and 3’-
nucleoside monophosphates.



Hydrolysis of RNA under alkaline conditions

The 2’ hydroxyl acts as a nucleophile in an intramolecular displacement. 
The 2’,3’-cyclic monophosphate derivative is further hydrolyzed to a 

mixture of 2’- and 3’-monophosphates. 
DNA, which lacks 2’ hydroxyls, is stable under similar conditions.



The nucleotide sequences of nucleic acids can be 
represented schematically.

By convention, the structure of a single strand of nucleic 
acid is always written with the 5’ end at the left and the 
3’ end at the right − that is, in the 5’ → 3’ direction.

Some simpler representations of this pentadeoxy-
ribonucleotide are pA-C-G-T-AOH, pApCpGpTpA, and 
pACGTA.

A short nucleic acid is referred to as an oligonucleotide.
The definition of “short”: polymers containing 50 or fewer 

nucleotides are generally called oligonucleotides. 
A longer nucleic acid is called a polynucleotide.



The properties of nucleotide bases affect the three-
dimensional structure of nucleic acids

Free pyrimidines and purines are weakly basic compounds 
called bases.

The purines and pyrimidines common in DNA and RNA are 
highly conjugated molecules.

Resonance among atoms in the ring gives most of the bonds 
partial double-bond character.

Pyrimidines are planar molecules; purines are very nearly 
planar, with a slight pucker. 

Free pyrimidine and purine bases may exist in two or more 
tautomeric forms depending on the pH.

As a result of resonance, all nucleotide bases absorb UV light, 
and nucleic acids are characterized by a strong absorption at 
wavelengths near 260 nm.



The purine and pyrimidine bases are hydrophobic and 
relatively insoluble in water at the near-neutral pH of the 
cell. 

At acidic or alkaline pH the bases become charged and 
their solubility in water increases. 

Hydrophobic stacking interactions in which two or more 
bases are positioned with the planes of their rings parallel 
are one of two important modes of interaction between 
bases in nucleic acids.

Base stacking helps to minimize contact of the bases with 
water, and base-stacking interactions are very important 
in stabilizing the three-dimensional structure of nucleic 
acids. 



The most important functional groups of pyrimidines and 
purines are ring nitrogens, carbonyl groups, and 
exocyclic amino groups. 

Hydrogen bonds involving the amino and carbonyl groups 
are the second important mode of interaction between 
bases in nucleic acid molecules. 

Hydrogen bonds between bases permit a complementary 
association of two strands of nucleic acid. 

The most important hydrogen-bonding patterns are those, 
in which A bonds specifically to T (or U) and G bonds to 
C.

These two types of base pairs predominate in double-
stranded DNA.



Hydrogen-bonding patterns in the base pairs defined by Watson and Crick

Here as elsewhere, hydrogen bonds are represented by three blue lines.



Summary for „ Some Basics”
• A nucleotide consists of a nitrogenous base (purine or 

pyrimidine), a pentose sugar, and one or more 
phosphate groups. Nucleic acids are polymers of 
nucleotides, joined together by phosphodiester linkages 
between the 5’-hydroxyl group of one pentose and the 
3’-hydroxyl group of the next.

• There are two types of nucleic acid: RNA and DNA. The 
nucleotides in RNA contain ribose, and the common 
pyrimidine bases are uracil and cytosine. In DNA, the 
nucleotides contain 2’-deoxyribose, and the common 
pyrimidine bases are thymine and cytosine. The 
primary purines are adenine and guanine in both RNA 
and DNA.



2. Nucleic Acid Structure



The primary structure of a nucleic acid is its covalent 
structure and nucleotide sequence.

Any regular, stable structure taken up by some or all of the 
nucleotides in a nucleic acid can be referred to as 
secondary structure.

The complex folding of large chromosomes within 
eukaryotic chromatin and bacterial nucleoids is generally 
considered tertiary structure.



DNA is a double helix

In 1953 Watson and Crick postulated a three-dimensional 
model of DNA structure that accounted for all the 
available data. 

It consists of two helical DNA chains wound around the 
same axis to form a right-handed double helix.

The hydrophilic backbones of alternating deoxyribose and 
phosphate groups are on the outside of the double helix, 
facing the surrounding water.

The purine and pyrimidine bases of both strands are 
stacked inside the double helix, with their hydrophobic 
and nearly planar ring structures very close together and 
perpendicular to the long axis.



Watson-Crick model for the structure of DNA

The original model proposed by Watson and Crick had 10 base pairs, or 34 Å
(3.4 nm), per turn of the helix; subsequent measurements revealed 10.5 base pairs, 
or 36 Å (3.6 nm), per turn. 

(a) Schematic representation, showing dimensions of the helix. 
(b) Stick representation showing the backbone and stacking of the bases.
(c) Space-filling model.

(a) (b) (c)



Each nucleotide base of one strand is paired in the same 
plane with a base of the other strand. 

Watson and Crick found that the hydrogen-bonded base 
pairs, G with C and A with T, are those that fit best within 
the structure.

It is important to note that three hydrogen bonds can form 
between G and C, symbolized G≡C, but only two can form 
between A and T, symbolized A=T.

Other pairings of bases tend to destabilize the double-helical 
structure.

Watson and Crick had to decide at the outset whether the 
strands of DNA should be parallel or antiparallel.

An antiparallel orientation produced the most convincing 
model.



The two antiparallel polynucleotide chains of 
double-helical DNA are not identical in either 
base sequence or composition. 

Instead they are complementary to each other. 
Wherever adenine occurs in one chain, thymine is 

found in the other; similarly, wherever guanine 
occurs in one chain, cytosine is found in the 
other.

Complementarity of strands in the DNA double helix
The complementary antiparallel strands of DNA follow the 

pairing rules proposed by Watson and Crick. 
The base-paired antiparallel strands differ in base 

composition: the left strand has the composition A3 T2 G1
C3; the right, A2 T3 G3 C1. 

They also differ in sequence when each chain is read in the 
5’→3’ direction. 

Note the base equivalences: A=T and G=C in the duplex.



The DNA double helix, or duplex, is held together by two 
forces, hydrogen bonding between complementary base 
pairs and base-stacking interactions.

The essential feature of the model is the complementarity
of the two DNA strands.

This structure could logically be replicated by
(1) separating the two strands and 

(2) synthesizing a complementary strand for each. 

Because nucleotides in each new strand are joined in a 
sequence specified by the base-pairing rules, each 
preexisting strand functions as a template to guide the 
synthesis of one complementary strand.



The preexisting or “parent” strands 
become separated, and each is the 
template for biosynthesis of a 
complementary “daughter” strand 
(in red).

Replication of DNA as suggested by Watson and Crick



DNA can occur in different three-dimensional forms

DNA is a remarkably flexible molecule. 

Considerable rotation is possible around a number of bonds 
in the sugar–phosphate backbone.

These structural variations generally do not affect the key 
properties of DNA strand complementarity, antiparallel
strands, and the requirement for A=T and G≡C base 
pairs.



The Watson-Crick structure is also referred to as B-form
DNA, or B-DNA. 
The B form is the most stable structure for a random-

sequence DNA molecule under physiological conditions 
and is therefore the standard point of reference in any 
study of the properties of DNA.

Two structural variants the A and Z forms.
The A form is favoured in many solutions that are 

relatively devoid of water.
The DNA is still arranged in a right-handed double helix, 

but the helix is wider and the number of base pairs per 
helical turn is 11, rather than 10.5 as in B-DNA.



Comparison of A, B, and Z forms of DNA

Each structure shown here has 36 base pairs. 
The bases are shown in gray, the phosphate atoms in yellow, and the riboses

and phosphate oxygens in blue. 
The table summarizes some properties of the three forms of DNA.



Messenger RNAs code for polypeptide chains
RNA, the second major form of nucleic acid in cells, has 

many functions. 
In gene expression, RNA acts as an intermediary by using 

the information encoded in DNA to specify the amino 
acid sequence of a functional protein.

DNA of eukaryotes is largely confined to the nucleus 
whereas protein synthesis occurs on ribosomes in the 
cytoplasm.

Some molecule other than DNA must carry the genetic 
message from the nucleus to the cytoplasm.

RNA carries genetic information from DNA to the protein 
biosynthetic machinery of the ribosome.



The process of forming mRNA on a DNA template is 
known as transcription.

In prokaryotes, a single mRNA molecule may code for one 
or several polypeptide chains. 

– If it carries the code for only one polypeptide, the mRNA is 
monocistronic.

– If it codes for two or more different polypeptides, the 
mRNA is polycistronic.

In eukaryotes, most mRNAs are monocistronic.



The minimum length of an mRNA is set by the length of 
the polypeptide chain for which it codes.

A polypeptide chain of 100 amino acid residues requires an 
RNA coding sequence of at least 300 nucleotides, 
because each amino acid is coded by a nucleotide triplet.

The mRNAs transcribed from DNA are always somewhat 
longer than the length needed simply to code for a 
polypeptide sequence.

Prokaryotic mRNA 
Schematic diagrams show (a) mono-

cistronic and (b) polycistronic
mRNAs of prokaryotes. 

Red segments represent RNA coding 
for a gene product; gray segments 
represent noncoding RNA.



Many RNAs have more complex three-dimensional 
structures

Messenger RNA is only one of several classes of cellular 
RNA. 

Transfer RNAs serve as adapter molecules in protein 
synthesis.

Covalently linked to an amino acid at one end, they pair with 
the mRNA in such a way that amino acids are joined to a 
growing polypeptide in the correct sequence.

Ribosomal RNAs are components of ribosomes. 
There is also a wide variety of special-function RNAs, 

including some that have enzymatic activity.
The product of transcription of DNA is always single-

stranded RNA.



The single strand tends to assume a right-handed 
helical conformation dominated by base-stacking 
interactions, which are stronger between two 
purines than between a purine and pyrimidine or 
between two pyrimidines.

The three-dimensional structures of many RNAs, 
like those of proteins, are complex and unique.

Weak interactions, especially base-stacking 
interactions, play a major role in stabilizing RNA 
structures, just as they do in DNA.

Typical right-handed stacking pattern of singlestranded RNA 

The bases are shown in gray, the phosphate atoms in yellow, and 
the riboses and phosphate oxygens in green.



Summary for „ Nucleic Acid Structure” I.

• Many lines of evidence show that DNA bears genetic 
information.

• Putting together much published data, Watson and Crick 
postulated that native DNA consists of two antiparallel
chains in a right-handed double-helical arrangement. 
Complementary base pairs, A=T and G≡C, are formed 
by hydrogen bonding within the helix. The base pairs 
are stacked perpendicular to the long axis of the double 
helix, 3.4 Å apart, with 10.5 base pairs per turn.



• DNA can exist in several structural forms. Two 
variations of the Watson-Crick form, or B-DNA, are 
A- and Z-DNA. Some sequence-dependent structural 
variations cause bends in the DNA molecule.

• Messenger RNA transfers genetic information from 
DNA to ribosomes for protein synthesis. Transfer RNA 
and ribosomal RNA are also involved in protein 
synthesis. RNA can be structurally complex.

Summary for „ Nucleic Acid Structure” II.



3. Nucleic Acid Chemistry



Double-helical DNA and RNA can be denatured
Solutions of carefully isolated, native DNA are highly 

viscous at pH 7.0 and room temperature. 
When such a solution is subjected to extremes of pH or to 

temperatures above 80 °C, its viscosity decreases sharply, 
indicating that the DNA has undergone a physical 
change. 

Heat and extremes of pH cause denaturation, or melting, of 
double-helical DNA. 

Disruption of the hydrogen bonds between paired bases 
causes unwinding of the double helix to form two single 
strands, completely separate from each other along the 
entire length or part of the length of the molecule. 

No covalent bonds in the DNA are broken.



Renaturation of a DNA molecule 
is a rapid one-step process, as 
long as a double-helical segment 
of a dozen or more residues still 
unites the two strands. 

When the temperature or pH is 
returned to the range in which 
most organisms live, the 
unwound segments of the two 
strands spontaneously rewind, or 
anneal, to yield the intact 
duplex.

If the two strands are completely 
separated, renaturation occurs 
in two steps.

Reversible denaturation and 
annealing (renaturation) of 

DNA



In the first, relatively slow step, the two strands “find”
each other by random collisions and form a short 
segment of complementary double helix. 

The second step is much faster: the remaining unpaired 
bases successively come into register as base pairs, and 
the two strands “zipper” themselves together to form the 
double helix.

DNA molecules in solution denature when they are heated 
slowly.



Heat denaturation of DNA

The denaturation, or melting, curves of two 
DNA specimens. 

The temperature at the midpoint of the 
transition (tm) is the melting point; it 
depends on pH and ionic strength and on 
the size and base composition of the DNA.

Relationship between tm and the 
G≡C content of a DNA.



Each species of DNA has a characteristic denaturation
temperature, or melting point (tm): the higher its content of 
G≡C base pairs, the higher the melting point of the DNA. 

This is because G≡C base pairs, with three hydrogen bonds, 
require more heat energy to dissociate than A=T base pairs.

Strand separation of DNA must occur in vivo during 
processes such as DNA replication and transcription.

The DNA sites where these processes are initiated are often 
rich in A=T base pairs.

Duplexes of two RNA strands or of one RNA strand and one 
DNA strand (RNA-DNA hybrids) can also be denatured.



Nucleic acids from different species can form hybrids

The ability of two complementary DNA strands to pair 
with one another can be used to detect similar DNA 
sequences in two different species or within the genome 
of a single species. 

If duplex DNAs isolated from human cells and from mouse 
cells are completely denatured by heating, then mixed 
and kept at 65 °C for many hours, much of the DNA will 
anneal. 

Most of the mouse DNA strands anneal with 
complementary mouse DNA strands to form mouse 
duplex DNA; similarly, most human DNA strands anneal 
with complementary human DNA strands.



Some strands of the mouse DNA will associate with 
human DNA strands to yield hybrid duplexes, in which 
segments of a mouse DNA strand form base-paired 
regions with segments of a human DNA strand.

This reflects a common evolutionary heritage.

The closer the evolutionary relationship between two 
species, the more extensively their DNAs will hybridize.

The complementary DNA can be from a different species 
or from the same species, or it can be synthesized 
chemically in the laboratory.



DNA hybridization
Two DNA samples to be compared are 

completely denatured by heating. 
When the two solutions are mixed and 

slowly cooled, DNA strands of each 
sample associate with their normal 
complementary partner and anneal to 
form duplexes. 

If the two DNAs have significant 
sequence similarity, they also tend to 
form partial duplexes or hybrids with 
each other: the greater the sequence 
similarity between the two DNAs, the 
greater the number of hybrids formed. 

Hybrid formation can be measured in 
several ways.

One of the DNAs is usually labelled 
with a radioactive isotope to simplify 
the measurements.



Nucleotides and nucleic acids undergo nonenzymatic
transformations

Purines and pyrimidines undergo a number of spontaneous 
alterations in their covalent structure. 

The rate of these reactions is generally very slow, but 
physiologically significant because of the cell’s very low 
tolerance for alterations in its genetic information. 

Alterations in DNA structure that produce permanent 
changes in the genetic information are called mutations.

Several nucleotide bases undergo spontaneous loss of their 
exocyclic amino groups.

Under typical cellular conditions, deamination of cytosine 
(in DNA) to uracil occurs in about one of every 107

cytidine residues in 24 hours.



Some well-characterized non-
enzymatic reactions of nucleotides

Deamination reactions. 
Only the base is shown.

Several nucleotide bases undergo 
spontaneous loss of their exocyclic
amino groups.

Under typical cellular conditions, 
deamination of cytosine (in DNA) to 
uracil occurs in about one of every 
107 cytidine residues in 24 hours.

The product of cytosine deamination
(uracil) is readily recognized as 
foreign in DNA and is removed by a 
repair system.

If DNA normally contained uracil, 
recognition of uracils resulting from 
cytosine deamination would be more 
difficult, and unrepaired uracils
would lead to permanent sequence 
changes.



Depurination, in which a purine is 
lost by hydrolysis of the N-β-

glycosyl bond.

Another important reaction in 
deoxyribonucleotides is the 
hydrolysis of the N-β-
glycosyl bond between the 
base and the pentose.

This occurs at a higher rate 
for purines than for pyrimi-
dines.

Depurination of ribonucle-
otides and RNA is much 
slower and generally is not 
considered physiologically 
significant.



Other reactions are promoted by radiation. 

UV light induces the condensation of two ethylene groups 
to form a cyclobutane ring.

In the cell, the same reaction between adjacent pyrimidine
bases in nucleic acids forms cyclobutane pyrimidine
dimers.

A second type of pyrimidine dimer, called a 6-4 
photoproduct, is also formed during UV irradiation. 

Ionizing radiation (x rays and gamma rays) can cause ring 
opening and fragmentation of bases as well as breaks in 
the covalent backbone of nucleic acids.



Formation of pyrimidine
dimers induced by UV 

light

One type of reaction (on the left) results in the 
formation of a cyclobutyl ring involving C-5 and 
C-6 of adjacent pyrimidine residues. 

An alternative reaction (on the right) results in a 6-4 
photoproduct, with a linkage between C-6 of one 
pyrimidine and C-4 of its neighbour.

Formation of a cyclobutane
pyrimidine dimer introduces 
a bend or kink into the DNA.



DNA also may be damaged by reactive chemicals introduced 
into the environment as products of industrial activity.

Two prominent classes of such agents are (1) deaminating
agents, particularly nitrous acid (HNO2) or compounds that 
can be metabolized to nitrous acid or nitrites, and (2) 
alkylating agents.

Nitrous acid, formed from organic precursors such as 
nitrosamines and from nitrite and nitrate salts, is a potent 
accelerator of the deamination of bases. 

Bisulfite has similar effects. 

Both agents are used as preservatives in processed foods to 
prevent the growth of toxic bacteria.



Chemical agents that cause 
DNA damage

Precursors of nitrous acid, which promotes 
deamination reactions.

Alkylating agents.



Alkylating agents can alter certain bases of DNA.

The highly reactive chemical dimethylsulfate can methylate
a guanine to yield O6-methylguanine, which cannot base-
pair with cytosine.

The most important source of mutagenic alterations in DNA 
is oxidative damage. 

Excited-oxygen species such as hydrogen peroxide, 
hydroxyl radicals, and superoxide radicals arise during 
irradiation or as a byproduct of aerobic metabolism. 

The hydroxyl radicals are responsible for most oxidative 
DNA damage.



Some bases of DNA are methylated

Certain nucleotide bases in DNA molecules are 
enzymatically methylated. 

Adenine and cytosine are methylated more often than 
guanine and thymine. 

Methylation is generally confined to certain sequences or 
regions of a DNA molecule. 

In some cases the function of methylation is well 
understood; in others the function remains unclear. 

All known DNA methylases use S-adenosylmethionine as a 
methyl group donor.



The sequences of long DNA strands can be determined

The techniques depend on an improved understanding of 
nucleotide chemistry and DNA metabolism, and on 
electrophoretic methods for separating DNA strands 
differing in size by only one nucleotide.

Polyacrylamide is often used as the gel matrix in work with 
short DNA molecules (up to a few hundred nucleotides); 
agarose is generally used for longer pieces of DNA.



DNA sequencing is readily automated.

This technology allows DNA sequences containing 
thousands of nucleotides to be determined in a few hours.

Entire genomes of many organisms have now been 
sequenced and many very large DNA-sequencing projects 
are in progress.

Human Genome Project researchers have sequenced all 3.2 
billion base pairs of the DNA in a human cell.



The chemical synthesis of DNA has been automated

Refinement and automation of the methods have made 
possible the rapid and accurate synthesis of DNA strands. 

The synthesis is carried out with the growing strand attached 
to a solid support, using principles similar to those used by 
Merrifield in peptide synthesis.

The efficiency of each addition step is very high, allowing 
the routine laboratory synthesis of polymers containing 70 
or 80 nucleotides.



Chemical synthesis of DNA
Automated DNA synthesis is concep-

tually similar to the synthesis of 
polypeptides on a solid support. 

The oligonucleotide is built up on the 
solid support  (silica), one nucleotide at 
a time, in a repeated series of chemical 
reactions with suitably protected 
nucleotide precursors. 

(1) The first nucleoside (which will be 
the 3’ end) is attached to the silica 
support at the 3’ hydroxyl and is 
protected at the 5’ hydroxyl with an 
acid-labile dimethoxytrityl group 
(DMT). 

The reactive groups on all bases are also 
chemically protected.

(2) The protecting DMT group is removed by washing the column with acid (the 
DMT group is coloured, so this reaction can be followed spectro-
photometrically).



(4)
Oxidation to 
form triester

(3) The next nucleotide is activated with a diisopropylamino group and reacted with 
the bound nucleotide to form a 5’,3’ linkage, which in step (4) is oxidized with 
iodine to roduce a phosphotriester linkage.

One of the phosphate oxygens carries a cyanoethyl protecting group.



Reactions (2) through (4) are repeated until all nucleotides are added. 

At each step, excess nucleotide is removed before addition of the next nucleotide. 

In steps (5) and (6) the remaining protecting groups on the bases and the phosphates 
are removed, and in (7) the oligonucleotide is separated from the solid support and 
purified.

(5) Remove protecting groups from bases

(6) Remove cyanoethyl groups from phosphates

(7) Cleave chain from silica support

Repeat steps (2) to (4) until all 
residues are added



Summary for „ Nucleic Acid Chemistry” I.

• Native DNA undergoes reversible unwinding and 
separation of strands (melting) on heating or at 
extremes of pH. DNAs rich in G≡C pairs have higher 
melting points than DNAs rich in A=T pairs.

• Denatured single-stranded DNAs from two species can 
form a hybrid duplex, the degree of hybridization 
depending on the extent of sequence similarity. 
Hybridization is the basis for important techniques 
used to study and isolate specific genes and RNAs.



• DNA is a relatively stable polymer. Spontaneous  
reactions such as deamination of certain bases, 
hydrolysis of base-sugar N-glycosyl bonds, radiation-
induced formation of pyrimidine dimers, and oxidative 
damage occur at very low rates, yet are important 
because of cells’ very low tolerance for changes in 
genetic material.

• DNA sequences can be determined and DNA polymers 
synthesized with simple, automated protocols 
involving chemical and enzymatic methods.

Summary for „ Nucleic Acid Chemistry” II.



4. Other Functions of 
Nucleotides



In addition to their roles as the subunits of nucleic acids, 

nucleotides have a variety of other functions in every 

cell: as energy carriers, components of enzyme cofactors, 

and chemical messengers.



Nucleotides carry chemical energy in cells
The phosphate group covalently linked at the 5’ hydroxyl of a 

ribonucleotide may have one or two additional phosphates 
attached. 

The resulting molecules are referred to as nucleoside mono-, di-, 
and triphosphates.

Starting from the ribose, the three phosphates are generally 
labeled α, β, and γ. 

Hydrolysis of nucleoside triphosphates provides the chemical 
energy to drive a wide variety of cellular reactions.

Adenosine 5’-triphosphate, ATP, is by far the most widely used 
for this purpose, but UTP, GTP, and CTP are also used in some 
reactions. 

Nucleoside triphosphates also serve as the activated precursors of 
DNA and RNA synthesis.



Nucleoside phosphates. 

General structure of the nucleoside 5’-mono-, 
di-, and triphosphates (NMPs, NDPs, and 
NTPs) and their standard abbreviations. 

In the deoxyribonucleoside phosphates 
(dNMPs, dNDPs, and dNTPs), the pentose 
is 2’-deoxy-D-ribose.



The bond between the ribose and the α phosphate is an 
ester linkage. 

The α,β and β,γ linkages are phosphoanhydrides.

Hydrolysis of the ester linkage yields about 14 kJ/mol 
under standard conditions, whereas hydrolysis of each 
anhydride bond yields about 30 kJ/mol.

When coupled to a reaction with a positive free-energy 
change, ATP hydrolysis shifts the equilibrium of the 
overall process to favour product formation.



The phosphate ester and phosphoanhydride bonds of ATP
Hydrolysis of an anhydride bond yields more energy than hydrolysis 

of the ester. 
A carboxylic acid anhydride and carboxylic acid ester are shown for

comparison.



Adenine nucleotides are components of many enzyme 
cofactors

A variety of enzyme cofactors serving a wide range of 
chemical functions include adenosine as part of their 
structure.

In none of these cofactors does the adenosine portion 
participate directly in the primary function, but removal 
of adenosine generally results in a drastic reduction of 
cofactor activities.



Some coenzymes containing adenosine. The adenosine portion is 
shaded in light red.

Coenzyme A (CoA) functions in acyl group transfer reactions; the 
acyl group (such as the acetyl or acetoacetyl group) is attached to 
the CoA through a thioester linkage to the β-mercaptoethylamine
moiety.



NAD+ functions in hydride transfers, and FAD, the active form of vitamin 
B2 (riboflavin), in electron transfers. 

Another coenzyme incorporating adenosine is 5’-deoxyadenosylcobalamin, 
the active form of vitamin B12, which participates in intramolecular
group transfers between adjacent carbons.



Why is adenosine, rather than some other large molecule, 
used in these structures?

The importance of adenosine lies in the evolutionary 
advantage of using one compound for multiple roles. 

Once ATP became the universal source of chemical energy, 
systems developed to synthesize ATP in greater abundance 
than the other nucleotides, because it is abundant, it 
becomes the logical choice for incorporation into a wide 
variety of structures.

The economy extends to protein structure. 
A single protein domain that binds adenosine can be used in 

a wide variety of enzymes. 
Such a domain, called a nucleotide-binding fold, is found in 

many enzymes that bind ATP and nucleotide cofactors.



• ATP is the central carrier of chemical energy in cells. 
The presence of an adenosine moiety in a variety of 
enzyme cofactors may be related to binding-energy 
requirements.

Summary for „Other Functions of Nucleotides”



DNA-BASED INFORMATION 
TECHNOLOGIES

Techniques for DNA cloning paved the way to the modern 
fields of genomics and proteomics, the study of genes and 
proteins on the scale of whole cells and organisms.

DNA Cloning: The Basics



A clone is an identical copy. 

This term originally applied to cells of a single type, isolated
and allowed to reproduce to create a population of identical 
cells. 

DNA cloning involves separating a specific gene or DNA 
segment from a larger chromosome.

Attaching it to a small molecule of carrier DNA, and then 
replicating this modified DNA thousands or millions of 
times through both an increase in cell number and the 
creation of multiple copies of the cloned DNA in each cell. 

The result is selective amplification of a particular gene or 
DNA segment. 



Cloning of DNA from any organism entails five general 
procedures:

1. Cutting DNA at precise locations. 
Sequence-specific endonucleases (restriction endonuc-

leases) provide the necessary molecular scissors.

2. Selecting a small molecule of DNA capable of self-
replication. 

These DNAs are called cloning vectors. They are typically 
plasmids or viral DNAs.



3. Joining two DNA fragments covalently. 
The enzyme DNA ligase links the cloning vector and DNA to 

be cloned. Composite DNA molecules comprising 
covalently linked segments from two or more sources are 
called recombinant DNAs.

4. Moving recombinant DNA from the test tube to a host 
cell.

That will provide the enzymatic machinery for DNA 
replication.

5. Selecting or identifying host cells that contain 
recombinant DNA.

The methods are collectively referred to as recombinant 
DNA technology or, more informally, genetic 
engineering.



Restriction endonucleases and DNA ligase yield 
recombinant DNA

Restriction endonucleases (restriction enzymes) recognize 
and cleave DNA at specific DNA sequences to generate a 
set of smaller fragments.

The DNA fragment to be cloned can be joined to a suitable 
cloning vector by using DNA ligases to link the DNA 
molecules together. 

The recombinant vector is then introduced into a host cell, 
which amplifies the fragment in the course of many 
generations of cell division.



Schematic illustration of DNA cloning
A cloning vector and eukaryotic chromosomes are separately cleaved with the 

same restriction endonuclease. 
The fragments to be cloned are then ligated to the cloning vector. 
The resulting recombinant DNA (only one recombinant vector is shown here) 

is introduced into a host cell where it can be propagated (cloned).





Restriction endonucleases: their biological function is to 
recognize and cleave foreign DNA, such DNA is said to 
be restricted. 

In the host cell’s DNA, the sequence that would be 
recognized by its own restriction endonuclease is 
protected from digestion by methylation of the DNA, 
catalyzed by a specific DNA methylase. 

The restriction endonuclease and the corresponding 
methylase are sometimes referred to as a restriction-
modification system.



There are three types of restriction endonucleases, designated I, 
II, and III. 

Types I and III are generally large, multisubunit complexes 
containing both the endonuclease and methylase activities. 

Type I restriction endonucleases cleave DNA at random sites 
that can be more than 1,000 base pairs (bp) from the 
recognition sequence.

Type III restriction endonucleases cleave the DNA about 25 bp
from the recognition sequence. 

Both types move along the DNA in a reaction that requires the 
energy of ATP. 

Type II restriction endonucleases, are simpler, require no 
ATP, and cleave the DNA within the recognition sequence 
itself.



Some restriction endonucleases make staggered cuts on the 
two DNA strands, leaving two to four nucleotides of one 
strand unpaired at each resulting end.

These unpaired strands are referred to as sticky ends, they 
can base-pair with each other or with complementary 
sticky ends of other DNA fragments.

Other restriction endonucleases cleave both strands of DNA 
at the opposing phosphodiester bonds, leaving no unpaired 
bases on the ends, often called blunt ends.



Cleavage of DNA molecules by restriction endonucleases



Restriction endonucleases recognize and cleave only specific 
sequences, leaving either (a) sticky ends (with protruding 
single strands) or (b) blunt ends.

Fragments can be ligated to other DNAs, such as the cleaved 
cloning vector (a plasmid) shown here.

This reaction is facilitated by the annealing of complementary 
sticky ends. 

Ligation is less efficient for DNA fragments with blunt ends 
than for those with complementary sticky ends, and DNA 
fragments with different (noncomplementary) sticky ends 
generally are not ligated.



Once a DNA molecule has been cleaved into fragments, a 
particular fragment of known size can be enriched by 
agarose or acrylamide gel electrophoresis or by HPLC.

After the target DNA fragment is isolated, DNA ligase can 
be used to join it to a similarly digested cloning vector −
that is, a vector digested by the same restriction 
endonuclease.

DNA ligase catalyzes the formation of new phosphodiester
bonds in a reaction that uses ATP or a similar cofactor. 



The base-pairing of complementary sticky ends greatly 
facilitates the ligation reaction. 

Blunt ends can also be ligated, albeit less efficiently. 

Researchers can create new DNA sequences by inserting 
synthetic DNA fragments (called linkers).

Inserted DNA fragments with multiple recognition 
sequences for restriction endonucleases are called 
polylinkers.



Cleavage of DNA molecules by restriction endonucleases



A synthetic DNA fragment with recognition sequences for 
several restriction endonucleases can be inserted into a 
plasmid that has  been cleaved by a restriction endonuclease.

The insert is called a linker; an insert with multiple restriction 
sites is called a polylinker.



Summary for „DNA Cloning: The Basic”

• DNA cloning and genetic engineering involve the 
cleavage of DNA and assembly of DNA segments in 
new combinations − recombinant DNA.

• Cloning entails cutting DNA into fragments with 
enzymes; selecting and possibly modifying a fragment 
of interest; inserting the DNA fragment into a suitable 
cloning vector; transferring the vector with the DNA 
insert into a host cell for replication; and identifying 
and selecting cells that contain the DNA fragment.

• Key enzymes in gene cloning include restriction 
endonucleases (especially the type II enzymes) and 
DNA ligase.


