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10 NUCLEOTIDES AND NUCLEIC ACIDS

Executive Summary

Nucleotides and their polymers, nucleic acids, are the cornerstones of life, serving a dual
role as both the primary currency of cellular energy and the master molecules of biological
information. At their core, these molecules are built from a simple three-part structure: a
nitrogenous base, a five-carbon sugar, and one or more phosphate groups. While nucleotides
like ATP power countless metabolic reactions, their most profound role is as the building
blocks for deoxyribonucleic acid (DNA) and ribonucleic acid (RNA). The fundamental
difference between these two information carriers lies in their sugar component—
deoxyribose in DNA and ribose in RNA—a subtle chemical distinction that gives DNA its
remarkable stability for long-term information storage and RNA its versatility and reactivity
for more dynamic roles. The information itself is encoded in the sequence of the four bases
within the polymer chain. The genius of this system lies in the principle of complementary
base pairing, where Adenine (A) specifically pairs with Thymine (T) in DNA or Uracil (U) in
RNA, and Guanine (G) always pairs with Cytosine (C). This precise, predictable pairing via
hydrogen bonds is the molecular mechanism that allows genetic information to be copied
with incredible fidelity, ensuring that the blueprint for life is passed accurately from one
generation to the next.

1.0 The Core Principles of Biological Information

Nucleic acids are central to biology, acting as the molecular basis of heredity. Before delving
into the specific chemical details of their structure, it is helpful to understand a few core
principles. These principles provide a robust framework for appreciating how life stores,
transmits, and utilizes its genetic blueprint, governing everything from the inheritance of
traits to the daily functioning of a cell.

1. Information Repository and Expression Nucleic acids serve as both the storage vaults
and the active expressions of biological information. DNA acts as the master
blueprint, containing the complete set of instructions for an organism, which is passed
from one generation to the next. RNA can be a functional expression of this
information, either by directing the synthesis of proteins or by acting directly as a
signal or catalytic molecule.

2. Molecular Complementarity The transmission of biological information is entirely
dependent on the principle of molecular complementarity. This principle allows two
strands of nucleic acid to maintain a complementary and uniform structure over vast
molecular distances, such as the length of a chromosome. This ability to combine
variable sequences with predictable pairing over great lengths is a property unique to
nucleic acids and is essential for high-fidelity information storage and replication.

3. Information Is Dynamic The genetic information stored in DNA is not static; it is
subject to constant damage and occasional change. These changes, or mutations, are
the raw material for evolution. The balance between maintaining the integrity of the
genetic blueprint and allowing for variation has driven the diversity of life.

4. Information Is Accessible Modern laboratory techniques have made biological
information more accessible than ever before. Scientists can now read (sequence),
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write (synthesize), and alter nucleic acids with increasing precision. These advancing
technologies are fundamental to the fields of biochemistry and molecular biology.

5. Metabolic Centrality Beyond their informational role, nucleoside triphosphates like
ATP are at the heart of cellular metabolism. They serve as the universal energy
currency, capturing energy from the breakdown of nutrients and providing it to power
the synthesis of new molecules and other cellular work.

Understanding these foundational principles sets the stage for examining the fundamental
chemical structures that make them possible.

2.0 Deconstructing the Building Blocks: Nucleotide Structure

To understand the immense polymers that are nucleic acids, we must first analyze their
constituent monomers: the nucleotides. Every nucleotide, regardless of its specific role, is
composed of three distinct chemical components. This section will break down each of these
parts to build a complete picture of a nucleotide.

2.1 The Nitrogenous Bases

The nitrogenous bases are aromatic, nitrogen-containing ring structures derived from one of
two parent compounds: Purines and Pyrimidines. Purines have a double-ring structure, while
the smaller pyrimidines consist of a single ring.

The five major bases found in nucleic acids are categorized as follows:

¢ Purines (found in both DNA and RNA): Adenine (A), Guanine (G)
o Pyrimidines: Cytosine (C, found in both), Thymine (T, found only in DNA), Uracil (U,
found only in RNA).

It is chemically significant that Thymine differs from Uracil only by the presence of a single
methyl group. This modification is a key reason for the greater chemical stability of DNA,
making thymine better suited for long-term information storage than uracil.

2.2 The Pentose Sugar

The identity of a nucleic acid is defined by the five-carbon (pentose) sugar it contains. There
are two types:

e D-ribose is found in RNA.
o 2'-deoxy-D-ribose is found in DNA.

The only chemical difference between them is the presence (in ribose) or absence (in
deoxyribose) of a hydroxyl (-OH) group at the 2' carbon of the sugar ring. This single atomic
difference is the defining feature that distinguishes RNA from DNA and has profound
consequences for their chemical stability and biological function.

2.3 The Phosphate Group
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A nucleotide is formed when one or more phosphate groups are attached, typically to the 5'
carbon of the pentose sugar. In contrast, the term nucleoside refers to the molecule
containing only the nitrogenous base and the pentose sugar, without any phosphate groups.

With a clear understanding of these three individual components, we can now explore how
they are assembled into the long chains that form nucleic acids.

3.0 From Monomers to Polymers: Assembling Nucleic Acids

Individual nucleotides are covalently linked together to form long, unbranched polymers
called polynucleotides, which we know as DNA and RNA. This polymerization process
creates a macromolecule with a distinct sugar-phosphate backbone, an inherent
directionality, and a specific set of chemical properties that are crucial for its function.

3.1 The Phosphodiester Linkage

The backbone of a nucleic acid is formed by phosphodiester linkages. This is the strong
covalent bond that connects successive nucleotides. Specifically, the 5'-phosphate group of
one nucleotide forms a bond with the 3'-hydroxyl group of the next nucleotide in the chain.
This process creates a repeating sugar-phosphate backbone that is hydrophilic and, at
physiological pH, negatively charged due to the ionized phosphate groups.

3.2 Inherent Directionality (5' to 3")

The formation of the phosphodiester backbone gives every nucleic acid strand a polarity, or
directionality. One end of the chain, the 5' end, has a free phosphate group attached to the
5' carbon of its terminal sugar. The other end, the 3' end, has a free hydroxyl group on the 3'
carbon of its terminal sugar. By universal convention, nucleic acid sequences are always
written in the 5' — 3" direction, reflecting the order in which they are synthesized in the cell.

3.3 DNA Stability vs. RNA Reactivity

The structural difference between the sugars in DNA and RNA leads to a dramatic difference
in their chemical stability. Under alkaline conditions, RNA is rapidly hydrolyzed and broken
down, while DNA remains stable. This difference is directly attributable to the presence of
the 2'-hydroxyl group in RNA's ribose sugar. This -OH group can act as an intramolecular
nucleophile, attacking the adjacent phosphodiester bond and causing the RNA backbone to
break. Because DNA lacks this 2'-hydroxyl group, it is resistant to this form of degradation,
making it the ideal molecule for the long-term storage of genetic information.

Having established the covalent structure of a single nucleic acid strand, we can now shift
our focus to the biological functions that arise from these remarkable polymers.

4.0 The Functional Significance of Nucleic Acids
The specific chemical structures of DNA and RNA give rise to their critical biological

functions. These functions range from DNA's role as the cell's master blueprint to the diverse
and dynamic activities of various RNA molecules.
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4.1 DNA: The Repository of Genetic Information

DNA has two primary functions: the stable storage of biological information and the faithful
transmission of that information to the next generation. The information itself is encoded in
the sequence of its bases. A gene is a specific segment of a DNA molecule that contains the
instructions required to synthesize a functional biological product, which can be either a
protein or an RNA molecule.

The key to DNA's ability to be copied lies in the principle of complementary base pairing,
which occurs via hydrogen bonds between the bases of two separate strands. The pairing
rules are strict and specific:

o Adenine (A) forms two hydrogen bonds with Thymine (T).
e Guanine (G) forms three hydrogen bonds with Cytosine (C).

This specific pairing is the molecular mechanism that permits the faithful duplication of
genetic information, as the sequence of one strand dictates the sequence of its partner.

4.2 RNA: A Molecule of Many Talents

In contrast to DNA's specialized role, RNA is a molecule of remarkable functional diversity.
The major classes of RNA perform a wide array of tasks within the cell:

o Messenger RNA (mRNA): Serves as a temporary intermediary, carrying genetic
information from a gene in the DNA to a ribosome, where the information is used to
synthesize a protein.

« Ribosomal RNA (rRNA): Acts as a core structural and catalytic component of
ribosomes, the molecular machines responsible for protein synthesis.

« Transfer RNA (tRNA): Functions as an adapter molecule that translates the genetic
information encoded in mRNA into the specific sequence of amino acids that make
up a protein.

« Noncoding RNA (ncRNA): Represents a broad and expanding class of RNAs that do
not code for protein but have a wide variety of special functions, including the
regulation of gene expression.

4.3 Key Physicochemical Properties

The three-dimensional structure and function of nucleic acids are heavily influenced by the
physicochemical properties of their constituent nucleotide bases.

» Aromaticity and Planarity: The nitrogenous bases are aromatic molecules. This
property makes the single-ring pyrimidines planar, while the double-ring purines are
very nearly planar but have a slight pucker. This geometry allows the bases to stack
neatly on top of one another within a nucleic acid polymer.

« Hydrophobicity and Base Stacking: The bases are also hydrophobic, meaning they
are relatively insoluble in water. To minimize their contact with the surrounding
aqueous environment, the planar bases stack on top of each other. These stacking
interactions, driven by van der Waals forces and dipole-dipole interactions, are a
major stabilizing force in the three-dimensional structure of nucleic acids.
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o UV Light Absorption: Because they are aromatic, the nucleotide bases strongly absorb
ultraviolet (UV) light, with a maximum absorption peak near a wavelength of 260 nm.
This property is exceptionally useful in the laboratory, as it allows for the accurate
quantification of nucleic acid concentration in a solution.

From the simple three-part structure of a single nucleotide to the complex, information-rich
polymers of DNA and RNA, these molecules provide the chemical foundation for the
storage, transmission, and expression of genetic information, underpinning the entire field of

molecular biology.




