
 

 

 

Module 4: Biomolecules - The Universal Building 
Blocks of Life 
Purpose: This module is meticulously designed to convey the profound principle that 
all forms of life, despite their astonishing external diversity, are fundamentally 
constructed from the same core chemical building blocks. We will delve into the 
molecular architecture of life, examining the four major classes of biomolecules – 
carbohydrates, proteins, nucleic acids, and lipids. Our focus will be on understanding 
their fundamental monomeric units, the chemical processes through which they 
assemble into complex polymeric structures, and how the precise arrangement and 
unique properties of these universal components orchestrate the immense array of 
biological structures, functions, and processes observed across the entire spectrum 
of living organisms. 

 
4.1 The Universal Building Blocks: Life's Fundamental Molecules 
Detailed Explanation: 

At the deepest level of biological organization, beyond cells and tissues, lies the 
molecular realm where life begins. All living organisms, from the most ancient 
single-celled bacteria to the most complex multicellular animals and plants, share a 
common chemical foundation: they are composed primarily of organic molecules 
known as biomolecules. These molecules are distinct because they are carbon-based, 
meaning carbon atoms form the backbone of their structure, typically bonded to 
hydrogen, oxygen, nitrogen, phosphorus, and sulfur. 

This remarkable universality of biomolecules – the fact that a vast tree of life is built 
from essentially the same molecular "LEGO bricks" – is a cornerstone of modern 
biology. It provides compelling evidence for the concept of common ancestry and 
highlights the elegant efficiency of nature's design. While the macroscopic 
manifestations of life are incredibly diverse (think of a towering sequoia, a 
microscopic amoeba, and a soaring eagle), the underlying molecular machinery is 
astonishingly similar. 

The defining characteristic of most biomolecules is their capacity to form large, 
intricate structures from simpler, repeating units. This is the essence of 
polymerization, a highly efficient strategy for generating complexity from simplicity. 
Imagine being able to build a skyscraper, a bridge, and a humble dwelling using only 
different arrangements of the same type of bricks and mortar. Nature does something 
analogous with biomolecules. 

The Four Major Classes of Biomolecules: 

These are the primary categories of organic compounds essential for life: 



 

1. Carbohydrates: Primarily function as readily available energy sources and 
structural components. 

2. Proteins: The workhorses of the cell, performing an extraordinary range of 
functions including enzymatic catalysis, structural support, transport, defense, 
and cellular communication. 

3. Nucleic Acids: The carriers of genetic information, dictating heredity and 
controlling protein synthesis. 

4. Lipids: Diverse group involved in long-term energy storage, forming biological 
membranes, and acting as signaling molecules. 

The study of these biomolecules involves understanding their chemical composition, 
their three-dimensional structures, the reactions that build and break them down, and 
how their unique properties contribute to the astounding complexity and functionality 
of living systems. It is here, at this molecular level, that the fundamental unity of all 
life truly becomes apparent. 

 
4.2 Monomeric Units and Polymeric Structures: The Assembly Principle 
Detailed Explanation: 

The majority of large biomolecules that constitute living organisms are polymers. A 
polymer is a large molecule (macromolecule) built by linking together many smaller, 
repeating units called monomers. This "building block" principle is a highly efficient 
and fundamental strategy in biology, allowing for the generation of vast molecular 
complexity and functional diversity from a relatively small set of basic chemical 
components. 

Monomers: 

● Definition: These are the individual, relatively small organic molecules that 
serve as the fundamental repeating units from which polymers are 
constructed. 

● Key Feature: Monomers possess specific chemical functional groups that 
enable them to form strong covalent bonds with other identical or similar 
monomers. 

Polymers: 

● Definition: These are large macromolecules formed by the covalent bonding of 
numerous monomer units in a repeating fashion. The specific sequence and 
three-dimensional arrangement of these monomer units are critical 
determinants of the polymer's unique physical and chemical properties, and 
thus its biological function. 

The Processes of Polymerization and Depolymerization: 

1. Polymerization (Dehydration Synthesis / Condensation Reaction): 
○ This is the process by which monomers are joined together to form a 

polymer. 



 

○ The reaction typically involves the removal of a water molecule for each 
bond formed between two monomers. One monomer contributes a 
hydroxyl (-OH) group, and the other contributes a hydrogen (-H) atom, 
forming water (H2 O) as a byproduct. 

○ This process requires energy and is catalyzed by specific enzymes. 
○ Generic Chemical Representation: 

M1 −OH+H−M2 →M1 −M2 +H2 O 
(Where M1  and M2  represent individual monomers with reactive 
hydroxyl and hydrogen groups, respectively) 

○ Biological Context: This reaction is fundamental to growth (e.g., 
synthesizing new proteins for muscle repair), storage (e.g., forming 
starch from glucose), and transmission of genetic information (e.g., 
building DNA strands). 

2. Depolymerization (Hydrolysis): 
○ This is the process by which polymers are broken down into their 

constituent monomeric units. 
○ The reaction involves the addition of a water molecule, which breaks the 

covalent bond between two monomers. The hydroxyl (-OH) from water 
attaches to one monomer, and the hydrogen (-H) attaches to the other. 

○ This process typically releases energy and is also catalyzed by specific 
enzymes. 

○ Generic Chemical Representation: 
M1 −M2 +H2 O→M1 −OH+H−M2  

○ Biological Context: Hydrolysis is crucial for digestion (breaking down 
food macromolecules into absorbable monomers), energy release (e.g., 
breaking down glycogen to glucose), and recycling cellular 
components. 

Summary of Monomer-Polymer Relationships for the Four Major Biomolecule 
Classes: 

Biomolecule 
Class 

Monomeric Unit 
(Building Block) 

Polymeric 
Structure 
(Macromolecule) 

Type of Covalent 
Bond 

Carbohydrates Monosaccharide 
(Simple Sugar) 

Polysaccharide Glycosidic bond 

Proteins Amino Acid Polypeptide 
(Protein) 

Peptide bond 



 

Nucleic Acids Nucleotide Polynucleotide 
(DNA / RNA) 

Phosphodiester 
bond 

Lipids (Various subunits; 
not true 
monomers) 

(Diverse 
structures; not true 
polymers) 

Ester bonds (in 
some lipids) 

Note on Lipids: 

Lipids are unique among the four major classes because they are generally not true 
polymers in the sense of being long chains of repeating, identical monomeric units. 
While they are large molecules assembled from smaller subunits (like fatty acids and 
glycerol), their structures are more diverse and do not typically follow the simple 
repeating pattern seen in carbohydrates, proteins, and nucleic acids. For instance, a 
triglyceride is formed from one glycerol and three fatty acids, a fixed ratio, not a chain 
of repeating units. We will delve into the specific structures of lipids later. 

This elegant system of building and breaking down macromolecules provides the 
fundamental chemical basis for all metabolic processes, allowing organisms to grow, 
reproduce, maintain their structures, and adapt to changing environments. 

 
4.3 Carbohydrates: Sugars, Starch, and Cellulose 
Detailed Explanation: 

Carbohydrates, meaning "hydrated carbons," are organic molecules that serve as the 
primary and most readily available source of energy for most living organisms. They 
also play crucial structural roles and are involved in cell recognition and signaling. 
Their general empirical formula is often Cn (H2 O)n , though this is a simplification. 
They contain carbon, hydrogen, and oxygen atoms, typically with a ratio of hydrogen 
to oxygen of 2:1, similar to water. 

4.3.1 Monosaccharides (Simple Sugars): The Monomers 

● Definition: These are the simplest form of carbohydrates, consisting of a single 
sugar unit. They cannot be hydrolyzed (broken down by water) into smaller 
sugar units. 

● Key Characteristics: 
○ Structure: They typically contain a carbonyl group (either an aldehyde 

or a ketone) and multiple hydroxyl (-OH) groups. This makes them 
highly soluble in water due to extensive hydrogen bonding. 

○ Classification: Often classified by the number of carbon atoms they 
contain: 

■ Trioses: 3 carbons (e.g., Glyceraldehyde) 
■ Pentoses: 5 carbons (e.g., Ribose, Deoxyribose) 



 

■ Hexoses: 6 carbons (e.g., Glucose, Fructose, Galactose) 
○ Isomers: Monosaccharides with the same chemical formula can have 

different structural arrangements (isomers), leading to different 
properties. 

● Important Examples (Hexoses, C6 H12 O6 ): 
○ Glucose: The most common monosaccharide, often called "blood 

sugar." It is the primary fuel source for cellular respiration in most 
organisms. It typically exists in a stable ring form in solution. 

○ Fructose: Found abundantly in fruits and honey, often called "fruit 
sugar." It is an isomer of glucose, differing in the position of its carbonyl 
group (a ketone sugar). 

○ Galactose: Not usually found free in nature but is a component of 
lactose (milk sugar). It is also an isomer of glucose, differing in the 
arrangement of -OH groups. 

4.3.2 Disaccharides: 

● Definition: Formed when two monosaccharides are covalently joined together 
by a glycosidic bond through a dehydration (condensation) reaction. This 
involves the removal of one water molecule. 

● Important Examples: 
○ Sucrose (Table Sugar): 

■ Composition: Glucose + Fructose 
■ Formation Reaction: 

C6 H12 O6 (Glucose)+C6 H12 O6 (Fructose)→C12 H22 O11 (Sucrose)+
H2 O 

■ Bond Type: An alpha-1,2 glycosidic bond. 
■ Source: Found in sugarcane and sugar beets. 

○ Lactose (Milk Sugar): 
■ Composition: Glucose + Galactose 
■ Bond Type: A beta-1,4 glycosidic bond. 
■ Source: Found in milk. Individuals with lactose intolerance lack 

the enzyme lactase to break this bond. 
○ Maltose (Malt Sugar): 

■ Composition: Glucose + Glucose 
■ Bond Type: An alpha-1,4 glycosidic bond. 
■ Source: Produced during starch digestion or seed germination. 

4.3.3 Polysaccharides (Complex Carbohydrates): The Polymers 

● Definition: Long chains composed of hundreds to thousands of 
monosaccharide units (almost exclusively glucose) linked together by 
glycosidic bonds. They are crucial for energy storage and structural support. 

● Key Examples: 
1. Starch: 



 

■ Function: The primary long-term energy storage polysaccharide 
in plants. Plants synthesize starch to store excess glucose 
produced during photosynthesis. 

■ Structure: Composed entirely of glucose monomers. Starch is 
actually a mixture of two types of glucose polymers: 

■ Amylose: An unbranched, linear chain of glucose units 
primarily linked by alpha-1,4 glycosidic bonds. These 
chains tend to coil into a helix. 

■ Amylopectin: A branched chain of glucose units. It 
contains alpha-1,4 glycosidic bonds for the main chain 
and alpha-1,6 glycosidic bonds at the branch points. 

■ Characteristics: Readily digestible by most animals (including 
humans) because digestive enzymes like amylase can easily 
hydrolyze the alpha-glycosidic bonds. 

■ Formation Numerical Example: If 'n' glucose monomers are 
joined to form a starch molecule, then 'n-1' molecules of water 
are removed. 
n C6 H12 O6 →(C6 H10 O5 )n +n H2 O 
A typical starch molecule can contain hundreds to over 100,000 
glucose units. For a molecule with 1,000 glucose units, its 
molecular weight would be approximately 1000×162 amu≈162,000 
amu (162 amu per glucose residue after water removal). 

■ Sources: Abundant in staple foods like potatoes, rice, wheat, and 
corn. 

2. Glycogen: 
■ Function: The primary short-term energy storage polysaccharide 

in animals and fungi. It serves as an immediate reserve of 
glucose. 

■ Structure: A highly branched polymer of glucose units, similar to 
amylopectin but even more extensively branched. It contains 
both alpha-1,4 and alpha-1,6 glycosidic bonds. 

■ Characteristics: Stored mainly in the liver (for blood glucose 
regulation) and muscle cells (for muscle contraction energy). The 
high degree of branching allows for rapid hydrolysis and release 
of glucose when energy is needed. 

3. Cellulose: 
■ Function: The major structural component of plant cell walls. It 

provides rigidity, strength, and support to plants, allowing them 
to grow tall and withstand gravity. It is the most abundant organic 
compound on Earth. 

■ Structure: A linear, unbranched polymer of glucose monomers. 
The crucial difference from starch is the type of glycosidic 
linkage: beta-1,4 glycosidic bonds. 

■ Microfibril Formation: The beta-1,4 linkages cause the glucose 
units to be arranged in an alternating flipped orientation. This 
allows adjacent cellulose chains to align perfectly parallel and 
form extensive hydrogen bonds between their hydroxyl groups. 
These strong inter-chain hydrogen bonds lead to the formation of 



 

rigid, insoluble bundles called microfibrils, which are the basis of 
the plant cell wall's strength. 

■ Digestibility: Most animals (including humans) cannot digest 
cellulose because they lack the specific enzyme (cellulase) 
required to break the beta-1,4 glycosidic bonds. For humans, it 
functions as dietary fiber. Herbivores like ruminants (e.g., cows) 
and termites house symbiotic microorganisms in their digestive 
tracts that produce cellulase, enabling them to derive nutrients 
from cellulose. 

4. Chitin: 
■ Function: A major structural polysaccharide found in the 

exoskeletons of arthropods (insects, crustaceans, spiders) and 
in the cell walls of fungi. 

■ Structure: A linear polymer of modified glucose units, specifically 
N-acetylglucosamine. Like cellulose, it forms strong, rigid 
structures due to extensive hydrogen bonding between parallel 
chains. 

The subtle differences in the type of glycosidic linkages (alpha vs. beta) and the 
degree of branching within these glucose polymers lead to vastly different physical 
properties and biological functions: energy storage (starch, glycogen) versus 
structural support (cellulose, chitin). This illustrates how precise molecular 
architecture dictates biological role. 

 
4.4 Amino Acids and Proteins 
Detailed Explanation: 

Proteins are the most diverse and functionally crucial class of biomolecules. They are 
the "workhorses" of the cell, involved in virtually every cellular process. Their 
immense functional diversity stems from their ability to adopt highly specific and 
complex three-dimensional structures. 

4.4.1 Amino Acids: The Monomers 

● Definition: The fundamental building blocks of proteins. There are 20 
commonly occurring types of amino acids that are genetically encoded (i.e., 
specified by DNA sequences). 

● General Structure: All 20 amino acids share a common fundamental structure, 
consisting of: 

○ Central Alpha-Carbon (Cα ): A carbon atom to which all other groups are 
attached. 

○ Amino Group (−NH2 ): A basic functional group, typically protonated 
(−NH3+ ) at physiological pH. 

○ Carboxyl Group (−COOH): An acidic functional group, typically 
deprotonated (−COO−) at physiological pH. 



 

○ Hydrogen Atom (−H): Also attached to the alpha-carbon. 
○ Unique Side Chain (R-Group): This is the distinguishing feature of each 

of the 20 amino acids. The R-group varies in its chemical composition 
and properties (size, shape, charge, polarity), and it is this variation that 
gives each amino acid its unique characteristics and contributes to the 
overall folding and function of a protein. 

● Classification of Amino Acids based on R-Group Properties: 
○ Nonpolar (Hydrophobic): R-groups composed primarily of hydrocarbons 

(e.g., Alanine, Valine, Leucine, Isoleucine, Proline, Phenylalanine, 
Methionine, Tryptophan). These tend to cluster in the interior of soluble 
proteins, away from water. 

○ Polar (Hydrophilic, Uncharged): R-groups containing hydroxyl (-OH), 
sulfhydryl (-SH), or amide (−CONH2 ) groups (e.g., Serine, Threonine, 
Cysteine, Tyrosine, Asparagine, Glutamine). These can form hydrogen 
bonds with water and other polar molecules. 

○ Acidic (Hydrophilic, Negatively Charged): R-groups with a carboxyl 
group (e.g., Aspartic Acid, Glutamic Acid). They are negatively charged 
at physiological pH. 

○ Basic (Hydrophilic, Positively Charged): R-groups with an amino or 
guanidinium group (e.g., Lysine, Arginine, Histidine). They are positively 
charged at physiological pH. 

● Zwitterionic Nature: At physiological pH, amino acids exist as zwitterions, 
meaning they have both a positive charge (on the amino group) and a negative 
charge (on the carboxyl group), making them electrically neutral overall. 

● Numerical Illustration (Average Mass): The average molecular weight of an 
amino acid residue (after peptide bond formation, which involves the loss of a 
water molecule) is approximately 110-120 atomic mass units (amu). 

4.4.2 Polypeptides and Proteins: The Polymers 

● Definition: Proteins are long, unbranched polymers of amino acids called 
polypeptides. Once a polypeptide chain folds into a specific and functional 
three-dimensional structure, it is referred to as a protein. 

● Formation (Peptide Bond): Amino acids are linked together by peptide bonds 
through a dehydration reaction. The carboxyl group of one amino acid reacts 
with the amino group of another, forming a covalent bond and releasing a 
water molecule. 
Chemical Reaction for Peptide Bond Formation: 
R1 −CH(NH2 )−COOH+H2 N−CH(R2 )−COOH→R1 −CH(NH2 )−CO−NH−CH(R2 )−COO
H+H2 O 
(The −CO−NH− linkage is the peptide bond. The reaction extends the chain.) 

○ This bond has partial double-bond character, making it rigid and planar. 
○ One end of a polypeptide has a free amino group (N-terminus), and the 

other has a free carboxyl group (C-terminus), giving the chain 
directionality. 

● Levels of Protein Structure: A protein's specific, intricate three-dimensional 
shape (conformation) is absolutely essential for its biological function. This 
shape arises from four hierarchical levels of organization: 



 

○ Primary Structure: 
■ Definition: The unique, linear sequence of amino acids in a 

polypeptide chain. This sequence is determined by the genetic 
information encoded in DNA. Each protein has a distinct primary 
structure. 

■ Importance: The primary structure is the fundamental 
determinant of all higher levels of protein structure. A change in 
even a single amino acid in this sequence can drastically alter 
the protein's overall shape and, consequently, its function (e.g., 
the single amino acid change in hemoglobin that causes sickle 
cell anemia). 

■ Numerical Example: A typical small protein might have 100 
amino acids. Given 20 different amino acids, the number of 
possible unique sequences for a 100-amino acid protein is 20100, 
an astronomically large number, illustrating the vast potential for 
protein diversity. 

○ Secondary Structure: 
■ Definition: Localized, regularly repeating three-dimensional 

forms (folding patterns) that arise from hydrogen bonds forming 
between the atoms of the polypeptide backbone (the -N-H and 
-C=O groups of the peptide bonds), not involving the R-groups. 

■ Common Forms: 
■ Alpha-helix (α-helix): A spiral or helical coil structure. It is 

stabilized by hydrogen bonds formed between the 
carbonyl oxygen of one peptide bond and the amide 
hydrogen of a peptide bond four amino acid residues 
away in the same polypeptide chain. 

■ Beta-pleated sheet (β-sheet): A sheet-like structure 
composed of two or more polypeptide segments (strands) 
lying side-by-side. These strands are stabilized by 
hydrogen bonds between the carbonyl oxygen of one 
strand and the amide hydrogen of an adjacent strand. The 
strands can be parallel or anti-parallel. 

○ Tertiary Structure: 
■ Definition: The overall, unique three-dimensional shape of a 

single polypeptide chain, encompassing all the secondary 
structures and the spatial arrangement of the R-groups. This is 
the first level where interactions between the R-groups become 
crucial. 

■ Stabilizing Forces (Interactions between R-groups): 
■ Hydrophobic Interactions: Nonpolar R-groups tend to 

cluster together in the interior of the protein, away from 
the aqueous environment, minimizing contact with water. 

■ Hydrogen Bonds: Form between polar R-groups. 
■ Ionic Bonds (Salt Bridges): Form between positively 

charged (basic) and negatively charged (acidic) R-groups. 
■ Disulfide Bridges (Covalent Bonds): Strong covalent 

bonds formed between the sulfhydryl (-SH) groups of two 



 

cysteine amino acids. These are particularly important for 
stabilizing extracellular proteins. 

■ Van der Waals Forces: Weak, transient attractions between 
nonpolar R-groups. 

■ Importance: For many proteins, the tertiary structure represents 
the functional, active conformation of a single polypeptide chain. 

○ Quaternary Structure: 
■ Definition: The overall three-dimensional arrangement that 

results from the association of two or more separate polypeptide 
chains (called subunits) to form a single functional protein 
complex. Not all proteins exhibit quaternary structure. 

■ Stabilizing Forces: The same non-covalent interactions 
(hydrophobic interactions, hydrogen bonds, ionic bonds, van der 
Waals forces) and sometimes disulfide bridges that stabilize 
tertiary structure also occur between different subunits. 

■ Example: Hemoglobin, the oxygen-carrying protein in red blood 
cells, is a classic example. It consists of four separate 
polypeptide chains (two alpha-globin and two beta-globin 
subunits) that assemble to form the functional protein. Each 
subunit contains an iron-containing heme group that binds 
oxygen. 

● Protein Denaturation: 
○ Definition: The process by which a protein loses its specific 

three-dimensional structure (secondary, tertiary, and quaternary, if 
present) without breaking the peptide bonds of its primary structure. 

○ Causes: Environmental factors such as extreme heat (e.g., cooking an 
egg), extreme pH (e.g., adding acid to milk), high salt concentrations, or 
exposure to certain chemicals (e.g., detergents, heavy metals). 

○ Consequence: Denaturation typically leads to a loss of the protein's 
biological function because its specific shape is crucial for its activity. 
In some cases, denaturation is reversible (renaturation), but often it is 
irreversible. 

The remarkable complexity of protein structure, all stemming from the simple linear 
sequence of amino acids, underscores how precise molecular architecture enables 
the vast array of functions vital for life. 

 
4.5 Nucleotides and DNA/RNA 
Detailed Explanation: 

Nucleic acids are the information-carrying biomolecules that are paramount to 
heredity and the regulation of cellular function. They store the genetic blueprint for an 
organism and are involved in translating that blueprint into proteins, the functional 
molecules of the cell. 



 

4.5.1 Nucleotides: The Monomers 

● Definition: The fundamental building blocks of nucleic acids (DNA and RNA). 
Each nucleotide is a complex molecule composed of three distinct covalently 
linked components: 

○ A Pentose Sugar: A 5-carbon sugar. 
■ Ribose (C5 H10 O5 ): Found in RNA (ribonucleic acid). It has a 

hydroxyl (-OH) group at the 2' carbon. 
■ Deoxyribose (C5 H10 O4 ): Found in DNA (deoxyribonucleic acid). 

It lacks an oxygen atom at the 2' carbon (hence "deoxy"). This 
subtle difference significantly affects the stability of the nucleic 
acid. 

○ A Nitrogenous Base: A nitrogen-containing, ring-shaped molecule. 
These bases carry the genetic information through their specific 
sequences. There are two main types: 

■ Purines (double-ringed structure): 
■ Adenine (A) 
■ Guanine (G) 

■ Pyrimidines (single-ringed structure): 
■ Cytosine (C) 
■ Thymine (T): Found exclusively in DNA. 
■ Uracil (U): Found exclusively in RNA, where it replaces 

Thymine. 
○ One or More Phosphate Groups: A phosphate group (−PO43− ), often 

with a negative charge at physiological pH, is attached to the 5' carbon 
of the pentose sugar. 

● Numerical Illustration (ATP as an Activated Nucleotide): 
○ Adenosine Triphosphate (ATP): While a monomer for RNA if 

incorporated, ATP is primarily known as the universal energy currency 
of the cell. It's a nucleotide (specifically, an adenosine molecule with 
three phosphate groups). The bonds between the phosphate groups are 
high-energy bonds. 

○ Energy Release: The hydrolysis of the terminal phosphate bond in ATP 
releases a significant amount of energy, typically around 7.3 kcal/mol (or 
30.5 kJ/mol) under standard cellular conditions. 
ATP+H2 O→ADP(AdenosineDiphosphate)+Pi (InorganicPhosphate)+Ener
gy 

○ This energy is used to drive most cellular processes. 

4.5.2 Polynucleotides: DNA and RNA (The Polymers) 

● Definition: Long chains of nucleotide monomers linked together by 
phosphodiester bonds. 

● Formation (Phosphodiester Bond): The phosphate group attached to the 5' 
carbon of one nucleotide forms a strong covalent bond with the hydroxyl 
group on the 3' carbon of the sugar of the adjacent nucleotide. This involves a 
dehydration reaction, releasing a water molecule. 



 

1. This creates a "sugar-phosphate backbone," which is highly stable and 
negatively charged (due to the phosphate groups). 

2. The sequence of nitrogenous bases extends from this backbone. 
3. Directionality: A polynucleotide chain has a distinct directionality, with a 

5' end (terminating with a phosphate group) and a 3' end (terminating 
with a hydroxyl group on the sugar). 

● Key Nucleic Acids: 
1. Deoxyribonucleic Acid (DNA): 

■ Function: The primary genetic material in almost all living 
organisms and many viruses. It stores the complete set of 
instructions for building, maintaining, and reproducing an 
organism. 

■ Structure: Typically exists as a double helix, a twisted ladder-like 
structure composed of two antiparallel polynucleotide strands 
wound around a common axis. 

■ Antiparallel Strands: One strand runs in the 5' to 3' 
direction, while the other runs in the 3' to 5' direction. 

■ Sugar-Phosphate Backbone: Forms the "sides" of the 
ladder, facing outwards. 

■ Nitrogenous Bases: Project inwards from the backbone, 
forming the "rungs" of the ladder. 

■ Complementary Base Pairing: The two strands are held 
together by specific hydrogen bonds between the 
nitrogenous bases: 

■ Adenine (A) always pairs with Thymine (T), forming 
two hydrogen bonds. 

■ Guanine (G) always pairs with Cytosine (C), forming 
three hydrogen bonds. 
This precise pairing rule (Chargaff's rules: A=T, 
G=C, and A+G=C+T) ensures the accurate 
replication and repair of DNA. 

■ Major and Minor Grooves: The helical twist creates 
grooves on the surface of the molecule, which are 
important for protein binding. 

■ Numerical Example: The human genome contains approximately 
3.2×109 (3.2 billion) base pairs. Given that each base pair 
occupies about 0.34 nanometers (nm) along the helix, the total 
length of DNA in a single human cell nucleus, if stretched out, 
would be approximately 3.2×109 bp×0.34 nm/bp=1.088×109 
nm=1.088 meters. This immense length is highly compacted into 
chromosomes to fit within the microscopic cell nucleus. 

2. Ribonucleic Acid (RNA): 
■ Function: Plays diverse and crucial roles in gene expression, 

acting as an intermediary between DNA and proteins. 
■ Structure: Typically single-stranded, though it can fold back on 

itself to form complex secondary and tertiary structures 
stabilized by internal base pairing (e.g., hairpins, loops, 
pseudoknots). 



 

■ Key Differences from DNA: 
■ Sugar: Contains ribose sugar (has an -OH group at the 2' 

carbon, making it less stable than DNA). 
■ Bases: Contains Uracil (U) instead of Thymine (T). So, in 

RNA, Adenine (A) pairs with Uracil (U), and Guanine (G) 
pairs with Cytosine (C). 

■ Strand Number: Generally single-stranded, allowing for 
more versatile folding patterns. 

■ Types and Roles: 
■ Messenger RNA (mRNA): Carries genetic information from 

DNA in the nucleus to the ribosomes in the cytoplasm, 
where proteins are synthesized. 

■ Ribosomal RNA (rRNA): A major structural and catalytic 
component of ribosomes, the cellular machinery for 
protein synthesis. 

■ Transfer RNA (tRNA): Carries specific amino acids to the 
ribosome during protein synthesis, matching them to the 
mRNA codons. 

■ Small RNAs: Involved in gene regulation (e.g., microRNAs, 
siRNAs) and other cellular processes. 

The Central Dogma of Molecular Biology: 

The relationship between DNA, RNA, and protein forms the fundamental principle of 
molecular biology: 

DNATranscription RNATranslation Protein 

This elegant flow of genetic information ensures that the instructions for life are 
faithfully replicated, transmitted, and ultimately expressed as the functional proteins 
that govern all cellular activities. 

 
4.6 Lipids: Diverse Structures from Two-Carbon Units 
Detailed Explanation: 

Lipids are a broad and chemically diverse group of organic molecules that are 
primarily defined by their distinctive physical property: they are hydrophobic 
(water-fearing) and therefore insoluble or sparingly soluble in water, but readily 
soluble in nonpolar organic solvents (like ether, chloroform, benzene). Unlike 
carbohydrates, proteins, and nucleic acids, lipids are generally not true polymers 
formed from repeating monomeric units in a continuous chain. Instead, they are 
typically constructed from different types of smaller molecular components that may 
or may not be directly repeating. Their hydrophobic nature is critical for their 



 

biological functions in energy storage, forming cellular membranes, and acting as 
signaling molecules. 

4.6.1 Building Blocks: Fatty Acids and Glycerol (and Two-Carbon Units) 

Many lipids are built from a combination of fatty acids and glycerol. While not 
"monomers" in the strict sense for forming long polymers, these are crucial subunits. 

● Fatty Acids: 
○ Definition: Long hydrocarbon chains (typically 12 to 24 carbon atoms in 

length) with a carboxyl group (−COOH) at one end. The hydrocarbon 
chain is hydrophobic, while the carboxyl group is slightly hydrophilic. 

○ Numerical Illustration (Carbon Chain Length): Common fatty acids 
include palmitic acid (16 carbons), stearic acid (18 carbons), and oleic 
acid (18 carbons). 

○ Types: 
■ Saturated Fatty Acids: Contain only single bonds between 

carbon atoms in their hydrocarbon chain. This allows the chains 
to be straight and pack tightly together, making fats containing 
them generally solid at room temperature (e.g., animal fats like 
butter, lard). 

■ Example (Palmitic Acid): CH3 (CH2 )14 COOH 
■ Unsaturated Fatty Acids: Contain one or more double bonds 

between carbon atoms in their hydrocarbon chain. These double 
bonds typically introduce "kinks" or bends in the chain, 
preventing tight packing and making fats containing them 
generally liquid at room temperature (oils). 

■ Monounsaturated: One double bond (e.g., oleic acid in 
olive oil). 

■ Polyunsaturated: More than one double bond (e.g., linoleic 
acid in sunflower oil, omega-3 fatty acids). 

■ Example (Oleic Acid): CH3 (CH2 )7 CH=CH(CH2 )7 COOH 
● Glycerol: 

○ Definition: A simple three-carbon alcohol (C3 H8 O3 ) that forms the 
backbone of several lipid types, notably triglycerides and 
phospholipids. It has three hydroxyl (-OH) groups, each capable of 
reacting with a fatty acid. 

○ Formula: CH2 OH−CHOH−CH2 OH 
● Two-Carbon Units (Acetyl-CoA): 

○ Many lipid synthesis pathways, particularly for fatty acids and 
cholesterol, begin with or extensively utilize acetyl-CoA, which is 
essentially an activated two-carbon unit. This highlights a common 
metabolic origin for diverse lipid structures. 

4.6.2 Major Classes of Lipids: 

1. Triglycerides (Fats and Oils): 



 

○ Function: The most common form of long-term energy storage in 
animals and a major storage form in plants (oils). They also provide 
insulation against cold and cushion vital organs. 

○ Structure: Consist of one glycerol molecule covalently linked to three 
fatty acid molecules via ester bonds. These ester bonds are formed 
through dehydration (condensation) reactions. 

○ Formation Reaction: 
Glycerol+3×Fatty Acid→Triglyceride+3×H2 O 

○ Energy Storage Efficiency (Numerical): Lipids are remarkably efficient 
for energy storage due to their highly reduced (hydrogen-rich) nature. 

■ Average energy yield from fats: approximately 9 kcal/gram (or 37 
kJ/gram). 

■ Compared to carbohydrates or proteins: approximately 4 
kcal/gram (or 17 kJ/gram). 
This means fats store more than twice the energy per unit weight, 
making them ideal for mobile organisms that need compact 
energy reserves. 

2. Phospholipids: 
○ Function: The primary structural components of all biological 

membranes (plasma membrane and membranes of organelles). Their 
unique properties allow them to form stable barriers that define cell 
boundaries and compartmentalize cellular functions. 

○ Structure: Similar to a triglyceride, but one of the fatty acid tails is 
replaced by a phosphate group, which is often linked to an additional 
small polar or charged molecule (e.g., choline, serine). 

○ Amphipathic Nature: Phospholipids are amphipathic molecules, 
meaning they have both: 

■ A hydrophilic (water-loving) head: The phosphate group and its 
attached polar group. This part is charged and interacts 
favorably with water. 

■ Two hydrophobic (water-fearing) tails: The fatty acid chains. 
These are nonpolar and repel water. 

○ Behavior in Aqueous Environments: Due to their amphipathic nature, 
phospholipids spontaneously self-assemble in water to form a lipid 
bilayer. The hydrophobic tails orient towards each other in the interior 
of the bilayer, away from water, while the hydrophilic heads face 
outwards towards the aqueous environment (cytoplasm and 
extracellular fluid). This forms the fundamental structure of all cell 
membranes. 

3. Steroids: 
○ Function: Diverse roles including acting as hormones (signaling 

molecules), structural components of cell membranes (in animals), and 
digestive aids. 

○ Structure: Distinct from other lipids. They are characterized by a unique 
carbon skeleton consisting of four fused rings (three six-carbon rings 
and one five-carbon ring). They do not contain fatty acid chains. 

○ Examples: 



 

■ Cholesterol: A vital component of animal cell membranes, where 
it helps regulate membrane fluidity across a range of 
temperatures. It also serves as a precursor molecule for the 
synthesis of all other steroids in the body, including steroid 
hormones. 

■ Steroid Hormones: E.g., Testosterone (male sex hormone), 
Estrogen (female sex hormone), Cortisol (a stress hormone), 
Aldosterone (involved in salt and water balance). 

■ Bile Salts: Derived from cholesterol, aid in fat digestion and 
absorption in the intestine. 

4. Waxes: 
○ Function: Serve as protective coatings and waterproofing agents. 
○ Structure: Long-chain fatty acids esterified to long-chain alcohols. They 

are extremely hydrophobic and solid at room temperature. 
○ Examples: Found on the surfaces of plant leaves and fruits (cuticle), on 

the fur of animals, and in the feathers of birds, preventing water loss or 
repellency. 

The broad range of functions performed by lipids, from acting as concentrated energy 
stores to forming the very boundaries of life in membranes and participating in 
complex signaling networks, demonstrates how their unique hydrophobic properties 
and diverse structural forms are indispensable for the existence and survival of all 
living organisms. 
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