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II. Course Presentation 

The course Cell Signalling is designed for first-year Master’s students in Applied Biochemistry 

and provides a comprehensive understanding of the molecular mechanisms that enable cells to 

communicate with their environment. Cellular communication is essential for the coordination of 

physiological processes in multicellular organisms and allows cells to perceive, integrate, and 

respond appropriately to external and internal stimuli. 

This communication is mediated by a wide variety of signalling molecules, including hormones, 

neurotransmitters, cytokines, growth factors, and components of the extracellular matrix. These 

signalling molecules interact with specific receptors located either on the cell surface or within the 

cell. The binding of a signalling molecule to its receptor initiates a cascade of intracellular events 

collectively known as signal transduction. Through these mechanisms, extracellular information 

is converted into specific cellular responses such as gene expression, metabolism regulation, cell 

proliferation, differentiation, migration, secretion, and apoptosis. 

The course begins with the fundamental concepts of receptor biology and receptor–ligand 

interactions, emphasizing receptor specificity, affinity, and signalling mechanisms. It then 

explores G protein-coupled receptors (GPCRs), one of the largest receptor families involved in 

cellular communication, and examines the role of heterotrimeric G proteins in signal transmission. 

Particular attention is given to the major effector pathways activated by G proteins, including the 

adenylate cyclase/cAMP pathway and the phospholipase C/IP₃/DAG pathway. 

The course further investigates lipid-mediated signalling pathways involving phospholipase D and 

phospholipase A₂, highlighting their roles in membrane dynamics, inflammation, and the 

production of bioactive lipid mediators. Students will also study protein phosphorylation as a 

fundamental regulatory mechanism, focusing on serine/threonine kinases, protein phosphatases, 

receptor tyrosine kinases, tyrosine phosphatases, and the molecular processes governing signal 

amplification and regulation. 

Special emphasis is placed on Mitogen-Activated Protein Kinase (MAPK) pathways, calcium 

signalling mechanisms, and intracellular hormone receptors such as estrogen and androgen 

receptors. The physiological and pathological implications of these signalling systems are 

discussed throughout the course, providing students with a solid foundation for understanding 

modern molecular biology, biochemistry, pharmacology, and biomedical research.
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III. Course Content 

According to the official Master's training program in Applied Biochemistry, the course is 

structured into ten major chapters designed to provide students with a progressive understanding 

of cellular communication and signal transduction mechanisms. 

Chapter 1. Receptor Concept and Receptor–Ligand Interactions 

Chapter 2. G Protein-Coupled Receptors (GPCRs) and G Proteins 

Chapter 3. Effector Pathways Mediated by G Proteins 

Chapter 4. Phospholipase D and Phospholipase A₂ Signalling 

Chapter 5. Serine/Threonine Protein Kinases and Phosphatases 

Chapter 6. Receptor Tyrosine Kinases and Tyrosine Kinases 

Chapter 7. Protein Tyrosine Phosphatases 

Chapter 8. Mitogen-Activated Protein Kinases (MAPKs) 

Chapter 9. Role of Calcium in Signal Transduction 

Chapter 10. Signalling through Intracellular Hormone Receptors 

By following this course, students will develop a comprehensive understanding of the molecular 

mechanisms underlying cellular communication and signal transduction. The knowledge acquired 

will provide a strong foundation for advanced studies in molecular biology, biotechnology, 

pharmacology, toxicology, and biomedical research. 
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IV. Prerequisites 

To successfully follow this course, students should possess a solid background in fundamental 

biological sciences. Prior knowledge in biochemistry, molecular biology, cell biology, physiology, 

microbiology, parasitology, biostatistics, and research methodology is highly recommended. 

Familiarity with protein structure and function, enzyme kinetics, membrane biology, nucleic acid 

organization, and gene expression mechanisms will greatly facilitate understanding of cellular 

signalling pathways and their biological significance. 

V. Learning Objectives 

Upon completion of this course, students should be able to explain the fundamental principles of 

cellular communication and signal transduction. They will be able to describe the structure and 

function of different receptor families, analyse intracellular signalling pathways activated by 

extracellular stimuli, and explain the molecular mechanisms involved in signal amplification and 

regulation. 

Students will acquire the ability to interpret the roles of protein kinases, phosphatases, second 

messengers, calcium signalling systems, and intracellular hormone receptors in normal cellular 

physiology. They will also be able to evaluate the implications of signalling pathway dysregulation 

in human diseases such as cancer, metabolic disorders, inflammatory diseases, and 

neurodegenerative conditions. 

Furthermore, the course aims to develop students’ capacity to critically analyse scientific literature 

related to signal transduction and to apply their knowledge to biomedical research, biotechnology, 

pharmacology, and drug discovery. 
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Introduction 

Cellular signalling is one of the most fundamental processes that ensures the survival, 

adaptation, and proper functioning of living organisms. In multicellular organisms, billions of cells 

must continuously communicate with one another and respond appropriately to changes occurring 

in their internal and external environments. This communication is achieved through highly 

organized signalling networks that enable cells to detect, process, and respond to a wide variety of 

stimuli, including hormones, growth factors, neurotransmitters, cytokines, nutrients, and 

environmental stress signals. 

The ability of cells to perceive extracellular information relies on specialized molecules 

known as receptors. These receptors recognize specific signalling molecules, often referred to as 

ligands, and convert extracellular signals into intracellular responses through a process called 

signal transduction. Signal transduction involves a series of molecular events that transmit 

information from the cell surface or intracellular compartments to target proteins, ultimately 

leading to changes in cellular activity and gene expression. Through these mechanisms, cells 

regulate essential biological processes such as proliferation, differentiation, metabolism, 

migration, apoptosis, immune responses, and tissue homeostasis. 

Over the past decades, remarkable advances in molecular biology, biochemistry, genetics, 

and cell biology have greatly improved our understanding of cellular signalling pathways. It is 

now recognized that signalling networks are highly interconnected and dynamic. Rather than 

functioning as isolated pathways, signalling molecules form complex regulatory circuits capable 

of integrating multiple extracellular and intracellular signals simultaneously. This integration 

allows cells to generate highly specific responses that are adapted to physiological needs and 

environmental conditions. 

Among the most important components of cellular signalling are G protein-coupled 

receptors, receptor tyrosine kinases, intracellular hormone receptors, protein kinases, protein 

phosphatases, calcium signalling systems, and mitogen-activated protein kinase cascades. These 

signalling pathways regulate cellular functions through the generation of second messengers, 

reversible protein phosphorylation, transcriptional regulation, and modulation of protein activity. 

The coordinated action of these mechanisms enables cells to maintain homeostasis while 

responding efficiently to developmental, physiological, and pathological stimuli. 

Cellular signalling also plays a central role in human health and disease. Alterations in 

signalling pathways may result in abnormal cellular behaviour and contribute to the development 

of numerous disorders, including cancer, diabetes mellitus, cardiovascular diseases, autoimmune 

diseases, neurodegenerative disorders, inflammatory conditions, and endocrine dysfunctions. 

Consequently, signalling molecules and their associated pathways have become major targets for 
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modern therapeutic interventions. Many contemporary drugs, including kinase inhibitors, 

monoclonal antibodies, hormone antagonists, and immunomodulatory agents, exert their effects 

by modulating specific signalling pathways. 

The study of cellular signalling is therefore essential for students of biochemistry, molecular 

biology, biotechnology, pharmacology, and biomedical sciences. Understanding how cells 

communicate and respond to external stimuli provides the molecular foundation necessary to 

explain physiological processes and pathological mechanisms. Furthermore, knowledge of signal 

transduction pathways is indispensable for the development of innovative diagnostic tools and 

therapeutic strategies in modern medicine. 

This handout has been designed for Master’s degree students in Applied Biochemistry and 

aims to provide a comprehensive understanding of the fundamental principles and molecular 

mechanisms underlying cellular signalling. The course begins with the concept of receptors and 

receptor-ligand interactions, followed by the study of G protein-coupled receptors and their 

associated signalling pathways. It subsequently explores phospholipase-mediated signalling, 

protein kinases and phosphatases, receptor tyrosine kinases, MAP kinase cascades, calcium-

dependent signalling mechanisms, and intracellular hormone receptors. Particular emphasis is 

placed on the molecular basis of signal transduction, physiological regulation, and clinical 

relevance of signalling pathways. 

By the end of this course, students will have acquired a solid understanding of the major 

cellular signalling mechanisms and their importance in physiology, pharmacology, biotechnology, 

and biomedical research. Such knowledge will provide a strong foundation for advanced studies 

in molecular medicine, drug discovery, systems biology, and translational biomedical sciences. 
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1.1. Definition and Characteristics of Receptors 

Cellular communication is fundamental for maintaining homeostasis and coordinating 

physiological functions in multicellular organisms. Cells constantly receive and process 

information from their external environment through specialized molecules known as receptors. 

Receptors are proteins capable of recognizing specific signalling molecules and converting 

extracellular signals into intracellular responses. 

A receptor can be defined as a biological macromolecule, usually a protein, that specifically binds 

a ligand and initiates a series of biochemical events leading to a cellular response. Receptors are 

essential for regulating numerous biological processes, including metabolism, growth, 

differentiation, immune responses, and apoptosis. 

Several characteristics distinguish receptors from other cellular proteins. First, receptors exhibit 

specificity, meaning they recognize particular ligands among thousands of molecules present in 

the extracellular environment. Second, receptors possess high affinity, allowing them to bind 

ligands even when present at very low concentrations. Third, receptor-ligand interactions are 

generally reversible, enabling cells to adapt rapidly to changing environmental conditions. 

Furthermore, receptors are saturable, meaning that a maximum response is reached when all 

available receptor sites become occupied. Finally, receptors have the capacity to initiate 

intracellular signalling pathways through conformational changes that occur following ligand 

binding. 

According to their cellular localisation, receptors are classified into two major groups: cell surface 

receptors and intracellular receptors. Cell surface receptors include G protein-coupled receptors, 

receptor tyrosine kinases, and ligand-gated ion channels, whereas intracellular receptors mainly 

include steroid hormone receptors, thyroid hormone receptors, and vitamin D receptors. 

1.2. Classification of Cellular Receptors 

Cellular receptors are specialized proteins that enable cells to detect and respond to signals 

originating from their external or internal environment. They constitute the first elements of signal 

transduction pathways and play a fundamental role in cellular communication. Through their 

ability to recognize specific signalling molecules, receptors allow cells to perceive changes in 

physiological conditions and to initiate appropriate biological responses. Receptors can be 
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classified according to their cellular localisation, structural organization, and mechanisms of signal 

transmission (Figure 1). 

1.2.1. Cell Surface Receptors 

Cell surface receptors are transmembrane proteins located within the plasma membrane. They 

recognize hydrophilic signalling molecules that cannot freely cross the lipid bilayer, such as 

peptide hormones, neurotransmitters, cytokines, and growth factors. Binding of a ligand to the 

extracellular domain of the receptor induces conformational changes that are transmitted across 

the membrane, ultimately activating intracellular signalling pathways. Cell surface receptors can 

be divided into three major families: G protein-coupled receptors, receptor tyrosine kinases, and 

ligand-gated ion channels. 

1.2.2.1. G Protein-Coupled Receptors (GPCRs) 

G protein-coupled receptors constitute the largest family of membrane receptors in eukaryotic 

organisms. They are characterized by the presence of seven transmembrane α-helices connected 

by extracellular and intracellular loops. Upon ligand binding, GPCRs interact with heterotrimeric 

G proteins composed of α, β, and γ subunits. Activation of these G proteins leads to the generation 

of intracellular second messengers such as cyclic AMP (cAMP), inositol trisphosphate (IP₃), 

diacylglycerol (DAG), and calcium ions (Ca²⁺). These second messengers regulate numerous 

physiological processes, including hormone secretion, neurotransmission, sensory perception, 

immune responses, and cardiovascular function. Because of their central role in physiology, 

GPCRs represent one of the most important classes of therapeutic targets in modern medicine. 

1.2.2.2. Tyrosine Kinases Receptors (RTKs) 

Receptor tyrosine kinases are transmembrane receptors possessing intrinsic enzymatic activity. 

Their extracellular domain binds specific growth factors, whereas the intracellular domain contains 

a tyrosine kinase catalytic region. Ligand binding induces receptor dimerization and 

autophosphorylation of tyrosine residues within the cytoplasmic domain. These phosphorylated 

residues serve as docking sites for signalling proteins that activate intracellular pathways such as 

the Ras-MAPK pathway and the PI3K-Akt pathway. Through these signalling cascades, RTKs 

regulate cell growth, proliferation, differentiation, migration, metabolism, and survival. Examples 

of receptor tyrosine kinases include the Epidermal Growth Factor Receptor (EGFR), Platelet-
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Derived Growth Factor Receptor (PDGFR), and Vascular Endothelial Growth Factor Receptor 

(VEGFR). 

1.2.2.3. Ligand-Gated Ion Channels 

Ligand-gated ion channels are membrane receptors that combine signal recognition with ion 

transport. These receptors contain a central pore that opens or closes in response to ligand binding. 

Activation of the channel allows selective movement of ions such as sodium (Na⁺), potassium 

(K⁺), calcium (Ca²⁺), or chloride (Cl⁻) across the plasma membrane. The resulting changes in 

membrane potential and intracellular ion concentration generate rapid cellular responses. Because 

ion fluxes occur within milliseconds, ligand-gated ion channels are particularly important in the 

nervous system, where they mediate synaptic transmission and neuromuscular communication. 

Examples include nicotinic acetylcholine receptors, GABA receptors, and glutamate receptors. 

1.2.2. Intracellular Receptors 

Intracellular receptors are located within the cytoplasm or nucleus and interact with lipophilic 

signalling molecules capable of crossing the plasma membrane by passive diffusion. These 

signalling molecules include steroid hormones, thyroid hormones, vitamin D, and retinoic acid. 

Unlike membrane receptors, intracellular receptors function primarily as ligand-activated 

transcription factors. Following ligand binding, they regulate gene expression by interacting with 

specific DNA sequences known as hormone response elements. As a result, intracellular receptor 

signalling generally produces slower but more prolonged biological responses compared with 

membrane receptor signalling. 

1.2.2.1. Nuclear Receptors 

Nuclear receptors represent the best-characterized subgroup of intracellular receptors. Upon 

activation by their ligands, these receptors bind to specific regulatory regions of DNA and recruit 

transcriptional coactivators or corepressors. This process modulates the transcription of genes 

involved in development, reproduction, metabolism, immune regulation, and homeostasis. 

Examples include oestrogen receptors, androgen receptors, glucocorticoid receptors, thyroid 

hormone receptors, and vitamin D receptors. Because their actions directly affect gene expression, 

nuclear receptors play crucial roles in long-term physiological adaptation. 
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1.2.2.2. Non-Nuclear Intracellular Receptors 

In addition to classical nuclear receptors, certain intracellular receptors mediate rapid non-genomic 

responses. These receptors interact with intracellular signalling proteins and activate kinase 

pathways such as MAPK, PI3K-Akt, and Src signalling cascades. Through these mechanisms, 

steroid hormones can induce rapid cellular responses independently of gene transcription. Non-

genomic signalling complements the classical genomic actions of intracellular receptors and 

contributes to the diversity of hormone-mediated effects. 

 

Figure 1. Major Families of Cellular Receptors and Their Signalling Mechanisms. 

Overview of the principal receptor families involved in cellular communication, including G 

protein-coupled receptors (GPCRs), receptor tyrosine kinases (RTKs), ligand-gated ion channels, 

and intracellular receptors. The figure summarizes their activation mechanisms, major signalling 

pathways, and cellular responses. 
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1.3. Receptor Specificity and Affinity 

1.3.1. Receptor Specificity 

Specificity refers to the ability of a receptor to selectively recognize and bind a particular ligand 

among many structurally related molecules. This property ensures that cellular responses are 

precise and appropriate. The concept of specificity is often illustrated by the "lock-and-key" model, 

where the ligand acts as a key that fits only a specific receptor lock. 

For example, insulin specifically binds to insulin receptors located on target cells, while epidermal 

growth factor (EGF) binds to the epidermal growth factor receptor (EGFR). Similarly, 

neurotransmitters such as acetylcholine interact selectively with cholinergic receptors. 

The specificity of receptor-ligand interactions depends largely on the three-dimensional structure 

of both the receptor binding site and the ligand. Structural complementarity enables highly 

selective molecular recognition. 

1.3.2. Receptor Affinity 

Affinity describes the strength of the interaction between a receptor and its ligand. High-affinity 

receptors can bind ligands efficiently even when ligand concentrations are extremely low. Affinity 

is commonly expressed by the equilibrium dissociation constant (Kd), which represents the ligand 

concentration required to occupy 50% of available receptors. 

A low dissociation constant value indicates strong receptor-ligand binding and therefore high 

affinity, whereas a high Kd value reflects weaker interactions. Several factors contribute to 

receptor affinity, including hydrogen bonding, electrostatic interactions, hydrophobic forces, van 

der Waals interactions, and molecular complementarity. 

The combination of specificity and affinity determines the effectiveness and selectivity of cellular 

signalling processes. 
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1.4. Types of Ligands 

A ligand is any molecule capable of binding specifically to a receptor and influencing its activity. 

Ligands may originate from within the organism or from external sources. 

1.4.1. Endogenous Ligands 

Endogenous ligands are naturally produced by the body and play essential roles in physiological 

regulation. Examples include hormones such as insulin and cortisol, neurotransmitters such as 

dopamine and acetylcholine, growth factors such as EGF, and cytokines involved in immune 

responses. 

These molecules serve as chemical messengers that coordinate communication between cells and 

tissues. 

1.4.2. Exogenous Ligands 

Exogenous ligands originate from outside the organism. They include pharmaceutical drugs, 

environmental chemicals, toxins, and therapeutic antibodies. Many medications exert their 

therapeutic effects by interacting with specific receptors and modifying their activity. 

1.4.3. Functional Classification of Ligands 

Ligands can also be classified according to their biological effects. Agonists bind to receptors and 

activate them, producing a physiological response. Partial agonists activate receptors but generate 

a weaker response than full agonists. Antagonists bind receptors without activating them and 

prevent agonists from exerting their effects. Inverse agonists reduce the basal activity of receptors 

that display constitutive activation. 

Understanding the different types of ligands is essential in pharmacology and drug development. 

1.5. Mechanisms of Receptor–Ligand Binding 

The interaction between a receptor and its ligand is a highly regulated process involving several 

sequential steps. 
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1.5.1. Recognition 

The first stage involves the recognition of the receptor by the ligand. Molecular complementarity 

allows the ligand to identify and approach its specific binding site. This recognition process 

ensures signalling specificity and minimizes undesired interactions. 

1.5.2. Binding 

Once recognition occurs, the ligand binds to the receptor through non-covalent interactions. These 

interactions include hydrogen bonds, ionic interactions, hydrophobic forces, and van der Waals 

forces. Although individually weak, the combination of these forces generates a stable receptor-

ligand complex. 

1.5.3. Conformational Changes 

Ligand binding induces structural modifications within the receptor. These conformational 

changes alter receptor activity and allow interaction with intracellular signalling proteins. 

1.5.4. Receptor Activation 

Following conformational changes, the receptor becomes activated and initiates intracellular 

signalling pathways. The nature of the signalling response depends on the receptor type and the 

cellular context. 

Two principal models have been proposed to explain receptor-ligand interactions. The lock-and-

key model assumes a rigid fit between ligand and receptor, whereas the induced-fit model suggests 

that receptor conformation adapts following ligand binding. Current evidence strongly supports 

the induced-fit model as the most realistic representation of receptor activation. 

1.6. Signal Initiation and Amplification 

Signal transduction begins when an activated receptor transmits information from the extracellular 

environment to intracellular signalling molecules. This process converts a chemical signal into a 

biological response. 
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1.6.1. Signal Initiation 

Upon activation, receptors recruit intracellular proteins such as G proteins, adaptor proteins, and 

protein kinases. These molecules form signalling complexes that propagate the signal through the 

cell. 

In many cases, receptor activation leads to the production of second messengers, small intracellular 

molecules that transmit information rapidly and efficiently. 

1.6.2. Second Messengers 

Second messengers play a central role in intracellular communication. Important examples include 

cyclic adenosine monophosphate (cAMP), cyclic guanosine monophosphate (cGMP), calcium 

ions (Ca²⁺), inositol trisphosphate (IP₃), and diacylglycerol (DAG). These molecules activate 

downstream signalling proteins and contribute to signal propagation throughout the cell. 

1.6.3. Signal Amplification 

One of the most remarkable features of cellular signalling is amplification. A single receptor-

ligand interaction can trigger the activation of numerous intracellular molecules, dramatically 

increasing the strength of the signal. 

For example, activation of a single receptor may stimulate hundreds of G proteins, leading to the 

production of thousands of second messenger molecules. These messengers subsequently activate 

multiple protein kinases, resulting in a large-scale cellular response. 

Signal amplification allows cells to detect and respond to extremely low concentrations of 

signalling molecules. 

1.6.4. Cellular Responses 

The final outcome of signal transduction is the generation of specific cellular responses. These 

responses may include changes in gene expression, regulation of metabolism, secretion of 

hormones or neurotransmitters, cell proliferation, differentiation, migration, survival, or apoptosis. 

The ability of cells to integrate and amplify signals ensures precise regulation of physiological 

processes and adaptation to environmental changes. 
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2.1. Structure and Classification of G Protein-Coupled Receptors 

G Protein-Coupled Receptors (GPCRs) constitute the largest family of membrane receptors in 

eukaryotic organisms. They play a central role in cellular communication by detecting 

extracellular signals and converting them into intracellular responses. GPCRs are involved in 

numerous physiological processes, including vision, olfaction, taste perception, 

neurotransmission, hormone action, and immune regulation. 

The characteristic feature of GPCRs is the presence of seven transmembrane α-helices that 

traverse the plasma membrane. These helices are connected by three extracellular loops and 

three intracellular loops. The extracellular region is responsible for ligand recognition, whereas 

the intracellular region interacts with heterotrimeric G proteins. The N-terminal domain is 

generally located outside the cell and may participate in ligand binding, while the C-terminal 

domain is located in the cytoplasm and is involved in receptor regulation and signalling (Figure 

2). 

 

Figure 2. Structure of a G Protein-Coupled Receptor (GPCR) 
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Based on sequence homology and functional characteristics, GPCRs are classified into several 

families: 

2.1.1. Class A Receptors (Rhodopsin Family) 

This is the largest GPCR family and includes receptors for neurotransmitters, hormones, and 

sensory stimuli. Examples include adrenergic receptors, dopamine receptors, serotonin 

receptors, and rhodopsin. 

2.1.2. Class B Receptors (Secretin Family) 

These receptors bind peptide hormones such as secretin, glucagon, and calcitonin. They possess 

a large extracellular domain involved in ligand recognition. 

2.1.3. Class C Receptors 

This family includes metabotropic glutamate receptors, GABA-B receptors, and calcium-

sensing receptors. They are characterized by a large extracellular ligand-binding domain. 

2.1.4. Adhesion GPCRs 

These receptors contain long extracellular domains involved in cell-cell and cell-matrix 

interactions. 

2.1.5. Frizzled and Smoothened Receptors 

These receptors participate in developmental signalling pathways such as the Wnt and 

Hedgehog pathways. GPCRs represent important pharmacological targets, with approximately 

one-third of currently marketed drugs acting directly or indirectly on these receptors. 

2.2. Mechanisms of GPCR Activation 

GPCR activation begins when an extracellular ligand binds to the receptor. Ligands may include 

hormones, neurotransmitters, growth factors, odorants, photons, or pharmacological agents. 

Ligand binding induces a conformational change in the receptor structure, particularly within 

the transmembrane helices. This structural rearrangement exposes intracellular regions capable 

of interacting with G proteins. 
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The activated receptor functions as a guanine nucleotide exchange factor (GEF), promoting the 

exchange of GDP for GTP on the α-subunit of the associated G protein. This nucleotide 

exchange initiates intracellular signalling cascades. 

Following activation, the receptor may interact with multiple G proteins, thereby amplifying 

the signal generated by a single ligand-receptor interaction. 

To prevent excessive signalling, activated receptors undergo regulatory mechanisms such as 

phosphorylation by G protein-coupled receptor kinases (GRKs) and binding of arrestin 

proteins. These processes contribute to receptor desensitization and internalization. 

2.3. Heterotrimeric G Proteins: Structure and Function 

Heterotrimeric G proteins are intracellular signalling proteins that mediate communication 

between activated GPCRs and downstream effector molecules. 

These proteins consist of three subunits: α (alpha) subunit, β (beta) subunit and γ (gamma) 

subunit. In the inactive state, the α-subunit is bound to GDP and remains associated with the βγ 

complex. 

2.3.1. The α-Subunit 

The α-subunit possesses intrinsic GTPase activity and determines the specificity of signalling 

pathways. Several α-subunit families have been identified: 

Gαs:  Stimulates adenylate cyclase activity and increases intracellular cAMP levels. 

Gαi: Inhibits adenylate cyclase activity and reduces cAMP production. 

Gαq: Activates phospholipase Cβ, leading to IP₃ and DAG production. 

Gα12/13: Regulates cytoskeletal organization and cell migration. 

2.3.2. The βγ Complex 

The β and γ subunits remain tightly associated and function as a signalling unit. The βγ complex 

can directly regulate ion channels, phospholipases, and protein kinases. Both the α-subunit and 

the βγ complex contribute to intracellular signal propagation. 
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2.4. G Protein Activation and Inactivation Cycles 

The activity of G proteins is tightly regulated through a cyclic process involving activation and 

inactivation states (Figure 3). 

2.4.1. Inactive State 

In resting cells, the α-subunit binds GDP and remains associated with the βγ complex, forming 

the inactive heterotrimer. 

2.4.2. Activation Phase 

Upon ligand binding, the activated GPCR promotes GDP release from the α-subunit. GTP 

rapidly binds to the vacant nucleotide-binding site, resulting in activation of the G protein. 

The GTP-bound α-subunit dissociates from the βγ complex, allowing both components to 

interact with specific effector proteins. 

2.4.3. Signal Propagation 

Activated G proteins regulate several effectors, including: Adenylate cyclase, Phospholipase C, 

Ion channels and Protein kinases. These interactions lead to the production of second 

messengers and activation of signalling cascades. 

2.4.4. Inactivation Phase 

The α-subunit possesses intrinsic GTPase activity that hydrolyses GTP into GDP. This reaction 

terminates signalling and restores the inactive state. Following GTP hydrolysis, the α-subunit 

reassociates with the βγ complex, reforming the inactive heterotrimeric G protein. Regulators 

of G protein signalling (RGS proteins) accelerate GTP hydrolysis and contribute to signal 

termination. 
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Figure 3. Activation and Inactivation Cycle of Heterotrimeric G Proteins 

2.5. Physiological Roles of GPCR Signalling 

GPCR-mediated signalling regulates numerous physiological processes essential for 

organismal function. 

2.5.1. Nervous System Function 

Many neurotransmitters exert their effects through GPCRs. Dopamine, serotonin, 

acetylcholine, and norepinephrine receptors regulate neuronal communication, behavior, 

memory, and mood. 
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2.5.2. Endocrine Regulation 

Hormones such as glucagon, adrenaline, and thyroid-stimulating hormone activate GPCRs to 

control metabolism, growth, and homeostasis. 

2.5.3. Cardiovascular Function 

GPCR signalling regulates heart rate, blood pressure, vascular tone, and cardiac contractility. 

2.5.4. Sensory Perception 

Vision, smell, and taste rely heavily on GPCR-mediated signalling mechanisms. Rhodopsin in 

retinal photoreceptor cells represents one of the best-characterized GPCRs. 

2.5.5. Immune Responses 

Chemokine receptors and other GPCRs regulate leukocyte migration, inflammation, and 

immune surveillance. 

2.5.6. Cell Growth and Differentiation 

GPCR signalling influences cell proliferation, differentiation, migration, and survival through 

interactions with multiple intracellular pathways. 
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Introduction  

G protein-coupled receptors (GPCRs) transmit extracellular signals to intracellular effector 

proteins through heterotrimeric G proteins. Once activated, G proteins regulate several effector 

enzymes that generate second messengers responsible for intracellular signal propagation. 

Among the most important signalling pathways mediated by G proteins are the adenylate 

cyclase pathway and the phospholipase C pathway. These pathways regulate numerous 

physiological functions, including metabolism, gene expression, secretion, muscle contraction, 

and cell proliferation. 

3.1. Adenylate Cyclase Pathway 

The adenylate cyclase pathway is one of the best-characterized signalling mechanisms in 

eukaryotic cells. It is primarily mediated by Gαs and Gαi proteins and relies on cyclic adenosine 

monophosphate (cAMP) as a second messenger. 

3.1.1. Activation of Adenylate Cyclase 

The signalling process begins when a ligand, such as adrenaline, glucagon, or thyroid-

stimulating hormone, binds to its specific GPCR. Ligand binding induces a conformational 

change in the receptor, which activates the associated G protein. 

Activated GPCRs promote the exchange of GDP for GTP on the Gαs subunit. The activated 

Gαs-GTP dissociates from the βγ complex and interacts with adenylate cyclase, a membrane-

bound enzyme located on the inner surface of the plasma membrane. 

Binding of Gαs stimulates adenylate cyclase activity, leading to the conversion of ATP into 

cyclic AMP (cAMP). In contrast, Gαi proteins inhibit adenylate cyclase activity and reduce 

intracellular cAMP production. Therefore, adenylate cyclase serves as an important molecular 

switch that integrates stimulatory and inhibitory signals (Figure 4). 
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Figure 4. Adenylate Cyclase Pathway 

3.1.2. cAMP Synthesis and Degradation 

Cyclic adenosine monophosphate (cAMP) is one of the most important intracellular second 

messengers. 

3.1.2.1. Synthesis of cAMP 

Adenylate cyclases catalyse the following reaction: ATP → cAMP + PPi 
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The rapid production of cAMP amplifies extracellular signals and initiates multiple intracellular 

responses. 

3.1.2.2. Degradation of cAMP 

To prevent prolonged stimulation, cAMP is rapidly degraded by phosphodiesterases (PDEs), 

which hydrolyse cAMP into inactive 5'-AMP.  

The balance between synthesis by adenylate cyclase and degradation by phosphodiesterases 

determines intracellular cAMP concentration and signalling intensity. Several drugs, including 

caffeine and theophylline, inhibit phosphodiesterases and consequently increase intracellular 

cAMP levels. 

3.1.3. Protein Kinase A (PKA) Signalling 

The major intracellular target of cAMP is Protein Kinase A (PKA), also known as cAMP-

dependent protein kinase. In its inactive form, PKA consists of two regulatory subunits and two 

catalytic subunits. Binding of cAMP to the regulatory subunits induces a conformational change 

that releases the catalytic subunits. The activated catalytic subunits phosphorylate specific 

serine and threonine residues on target proteins. PKA regulates numerous cellular proteins 

involved in: 

• Metabolism 

• Ion channel activity 

• Gene transcription 

• Cell growth 

• Hormone secretion 

One important nuclear target of PKA is the transcription factor CREB (cAMP Response 

Element-Binding Protein). Phosphorylation of CREB promotes the expression of genes 

involved in metabolism, neuronal plasticity, and cell survival. 
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3.1.4. Cellular Responses Mediated by cAMP 

The cAMP signalling pathway regulates a wide variety of physiological processes. 

3.1.4.1. Metabolic Regulation 

In liver and muscle cells, cAMP stimulates glycogen breakdown and promotes glucose 

mobilisation during stress conditions to provide vital organs with needed energy in particular 

the brain in a “fight or flight” response. 

3.1.4.2. Cardiac Function 

In cardiac muscle, cAMP increases heart rate and contractile force by regulating calcium 

channels. 

3.1.4.3. Hormone Secretion 

Several endocrine cells use cAMP signalling to regulate hormone release. 

3.1.4.4. Gene Expression 

Through activation of CREB and other transcription factors, cAMP influences gene 

transcription and cellular differentiation. 

3.1.4.5. Nervous System Function 

In neurons, cAMP contributes to learning, memory formation, and synaptic plasticity. 

The versatility of cAMP signalling illustrates the importance of adenylate cyclase-mediated 

pathways in cellular regulation. 

3.2. Phospholipase C Pathway 

The phospholipase C (PLC) pathway represents another major signalling mechanism activated 

by GPCRs. This pathway primarily involves Gαq proteins and generates two second 

messengers: inositol 1,4,5-trisphosphate (IP₃) and diacylglycerol (DAG) (Figure 5). 
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Figure 5. Activation of the phospholipase C (PLCβ) signalling pathway through Gq-

coupled receptors. Activated PLCβ hydrolyses phosphatidylinositol 4,5-bisphosphate (PIP₂) into 

inositol 1,4,5-trisphosphate (IP₃) and diacylglycerol (DAG). IP₃ stimulates calcium release from the 

endoplasmic reticulum, while DAG and Ca²⁺ cooperate to activate Protein Kinase C (PKC), leading to 

multiple cellular responses. 
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3.2.1. Activation of Phospholipase C (PLC) 

The pathway is initiated when a ligand binds to a GPCR coupled to the Gαq protein. 

Examples of ligands activating this pathway include: Acetylcholine, Angiotensin II, Histamine, 

and Vasopressin. Upon receptor activation, the Gαq subunit exchanges GDP for GTP and 

dissociates from the βγ complex. 

The activated Gαq-GTP binds and activates phospholipase C (PLCβ), a membrane-associated 

enzyme responsible for phospholipid hydrolysis (Figure 3.5). 

3.2.2. Generation of IP₃ and DAG 

Activated PLC hydrolyses phosphatidylinositol 4,5-bisphosphate (PIP₂), a phospholipid 

present in the plasma membrane. The reaction generates two second messengers: 

3.2.2.1. Inositol 1,4,5-Trisphosphate (IP₃) IP₃ is a water-soluble molecule that diffuses 

rapidly through the cytoplasm. 

3.2.2.2. Diacylglycerol (DAG) 

DAG remains associated with the plasma membrane due to its hydrophobic nature. 

Together, IP₃ and DAG coordinate intracellular signalling responses. 

3.2.3. Calcium Mobilization One of the principal functions of IP₃ is the mobilization of 

intracellular calcium. After its production, IP₃ binds to IP₃ receptors located on the membrane 

of the endoplasmic reticulum (ER), which serves as the major intracellular calcium store. 

Binding of IP₃ opens calcium channels and triggers the release of Ca²⁺ into the cytoplasm. 

The increase in cytosolic calcium concentration activates numerous calcium-dependent 

proteins, including: Calmodulin, Calcium/calmodulin-dependent kinases (CaMKs), 

Calcineurin and various enzymes and ion channels. 

Calcium acts as a universal second messenger and participates in muscle contraction, secretion, 

metabolism, cell division, and gene regulation. 
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3.2.4. Activation of Protein Kinase C (PKC) 

Protein Kinase C (PKC) is activated through the combined action of DAG and calcium ions. 

DAG remains within the plasma membrane and serves as a docking site for PKC. 

Simultaneously, elevated intracellular calcium promotes PKC recruitment and activation. 

Activated PKC phosphorylates numerous target proteins on serine and threonine residues, 

thereby regulating diverse cellular functions. 

PKC controls: 

• Cell proliferation 

• Cell differentiation 

• Gene expression 

• Hormone secretion 

• Cytoskeletal organization 

• Immune responses 

The PKC family consists of multiple isoforms that exhibit tissue-specific distribution and 

regulatory properties. 

3.3. Integration of Adenylate Cyclase and PLC Pathways 

Although presented separately, the adenylate cyclase and PLC pathways often operate 

simultaneously within the same cell. Their interactions allow cells to integrate multiple 

extracellular signals and generate coordinated responses. Both pathways share several common 

features: 

• Activation by GPCRs 

• Use of second messengers 

• Signal amplification 

• Activation of protein kinases 

• Regulation of gene expression 

Cross-talk between these pathways contributes to the complexity and specificity of cellular 

signalling networks. 
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Introduction 

Phospholipases are a diverse group of enzymes involved in membrane phospholipid 

metabolism and intracellular signal transduction. Among them, phospholipase D (PLD) and 

phospholipase A₂ (PLA₂) play critical roles in generating bioactive lipid mediators that regulate 

numerous cellular functions, including cell growth, differentiation, inflammation, membrane 

trafficking, and immune responses. The products generated by these enzymes act as important 

second messengers and signalling molecules that participate in both physiological and 

pathological processes (Figure 6). 

4.1. Phospholipase D Signalling 

4.1.1. Structure and Functions of Phospholipase D (PLD) 

Phospholipase D (PLD) is a phosphodiesterase enzyme that hydrolyses membrane 

phospholipids, primarily phosphatidylcholine (PC), to generate phosphatidic acid (PA) and 

choline. PLD is widely expressed in mammalian tissues and participates in numerous signalling 

pathways. 

Two major mammalian isoforms have been identified: 

4.1.1.1. Phospholipase D1 (PLD1) 

PLD1 is mainly localised in intracellular membranes such as the Golgi apparatus, endosomes, 

and secretory vesicles. Its activity is generally low under resting conditions but increases 

following cellular stimulation. 

4.1.1.2. Phospholipase D2 (PLD2) 

PLD2 is predominantly associated with the plasma membrane and exhibits higher basal 

enzymatic activity than PLD1. 

Structurally, PLD enzymes contain highly conserved catalytic domains known as HKD motifs, 

which are essential for enzymatic activity. These motifs participate directly in phospholipid 

hydrolysis. 
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PLD activity can be stimulated by various signalling molecules, including: 

• G protein-coupled receptors (GPCRs) 

• Receptor tyrosine kinases (RTKs) 

• Protein kinase C (PKC) 

• Small GTPases such as ARF and Rho proteins 

Through these interactions, PLD serves as an important link between membrane receptors and 

intracellular signalling pathways. 

4.1.2. Production and Signalling Role of Phosphatidic Acid 

4.1.2.1. Production of Phosphatidic Acid 

The primary reaction catalysed by PLD is: 

Phosphatidylcholine + H₂O → Phosphatidic Acid + Choline 

Phosphatidic acid (PA) is a biologically active phospholipid that functions as a lipid second 

messenger. 

4.1.2.2. Phosphatidic Acid as a Signalling Molecule 

PA regulates numerous cellular processes through direct interaction with signalling proteins 

and membrane-associated complexes. 

The signalling functions of PA include: 

• Activation of protein kinases 

• Regulation of membrane trafficking 

• Control of cytoskeletal organization 

• Promotion of cell growth and survival 

• Modulation of vesicle transport 

PA can recruit signalling proteins to cellular membranes and facilitate the assembly of 

signalling complexes. 

4.1.2.3. Conversion of PA into Other Lipid Messengers 
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Phosphatidic acid serves as a precursor for additional signalling molecules. PA can be converted 

into: 

➢ Diacylglycerol (DAG) 

DAG activates Protein Kinase C (PKC) and contributes to multiple signalling pathways. 

➢ Lysophosphatidic Acid (LPA) 

LPA acts as an extracellular signalling molecule that regulates cell proliferation, migration, and 

survival through specific GPCRs. 

4.1.3. Biological Functions of PLD Signalling 

PLD signalling contributes to numerous physiological processes, Figure 6. 

4.1.3.1. Membrane Trafficking 

PLD regulates vesicle formation, endocytosis, exocytosis, and intracellular transport. 

4.1.3.2. Cell Proliferation 

PA stimulates signalling pathways involved in cell cycle progression and cellular growth. 

4.1.3.3. Cytoskeletal Remodelling 

PLD influences actin polymerization and cellular motility. 

4.1.3.4. Immune Responses 

Activation of PLD contributes to leukocyte activation, phagocytosis, and inflammatory 

responses. 

4.1.3.5. Cancer Progression 

Abnormal PLD activity has been associated with tumour growth, invasion, angiogenesis, and 

metastasis. 
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4.2. Phospholipase A₂ Signalling 

4.2.1. Structure and Classification of Phospholipase A₂ 

Phospholipase A₂ (PLA₂) is a family of enzymes that hydrolyse phospholipids at the sn-2 

position of the glycerol backbone. This reaction generates: Free fatty acids and 

lysophospholipids among the released fatty acids, arachidonic acid is particularly important 

because it serves as the precursor of numerous inflammatory mediators, Figure 6,7. PLA₂ 

enzymes are classified into several groups: 

4.2.1.1. Cytosolic PLA₂ (cPLA₂) 

cPLA₂ is activated by intracellular calcium and phosphorylation. 

4.2.1.2. Secretory PLA₂ (sPLA₂) 

sPLA₂ enzymes are secreted into extracellular fluids and participate in inflammatory processes. 

4.2.1.3. Calcium-Independent PLA₂ (iPLA₂) 

These enzymes function independently of calcium and are involved in membrane phospholipid 

remodelling. 

4.2.2. Activation of Phospholipase A₂ (PLA₂) 

PLA₂ activation is induced by a variety of extracellular signals, including: 

• Growth factors 

• Cytokines 

• Hormones 

• Neurotransmitters 

• Inflammatory mediators 

Several intracellular mechanisms contribute to PLA₂ activation. 
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4.2.2.1. Calcium-Dependent Activation 

Increased intracellular calcium concentrations promote translocation of cPLA₂ to cellular 

membranes where phospholipid substrates are located. 

4.2.2.2. Phosphorylation-Dependent Activation 

MAP kinases and other protein kinases phosphorylate cPLA₂, enhancing its catalytic activity. 

The combined effects of calcium mobilization and phosphorylation ensure efficient activation 

of PLA₂ during cellular stimulation. 

4.2.3. Release of Arachidonic Acid 

One of the most important consequences of PLA₂ activation is the liberation of arachidonic 

acid (AA) from membrane phospholipids. 

The reaction can be summarized as follows: 

Membrane phospholipid → Arachidonic acid + Lysophospholipid 

Arachidonic acid is a polyunsaturated fatty acid that serves as the precursor for numerous 

bioactive lipid mediators collectively known as eicosanoids. 

Because arachidonic acid is normally esterified within membrane phospholipids, its release 

represents a critical regulatory step in inflammatory signalling.  
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Figure 6. Phospholipase D and Phospholipase A2 Signalling Pathways. 

4.3. Eicosanoid Biosynthesis 

Eicosanoids are a diverse family of biologically active lipid mediators derived from 

arachidonic acid, a twenty-carbon polyunsaturated fatty acid that is normally esterified within 

membrane phospholipids. These molecules play fundamental roles in numerous physiological 

and pathological processes, including inflammation, immune responses, hemostasis, vascular 

regulation, smooth muscle contraction, cell proliferation, and tissue repair. Because of their 

potent biological activities, eicosanoids are considered among the most important local 

signalling molecules in the human body. 

The biosynthesis of eicosanoids begins with the activation of phospholipase A₂ (PLA₂), 

which hydrolyses membrane phospholipids at the sn-2 position, releasing free arachidonic acid 

into the cytoplasm. This step is tightly regulated and often represents the rate-limiting stage in 

eicosanoid production. Various extracellular stimuli, including cytokines, growth factors, 

hormones, mechanical stress, and inflammatory mediators, can activate PLA₂ and initiate 

arachidonic acid metabolism, Figure 7. 

Once released, arachidonic acid serves as a substrate for several enzymatic pathways that 

generate distinct classes of eicosanoids. The two principal metabolic routes are the 
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cyclooxygenase (COX) pathway and the lipoxygenase (LOX) pathway. These pathways 

produce a wide range of lipid mediators with diverse biological functions and frequently 

opposing physiological effects, Figure 7. 

The cyclooxygenase pathway is initiated by the two enzymes, cyclooxygenase-1 (COX-

1) and cyclooxygenase-2 (COX-2). COX-1 is constitutively expressed in many tissues and is 

involved in maintaining normal physiological functions such as gastric mucosal protection, 

platelet aggregation, and renal blood flow. In contrast, COX-2 is an inducible enzyme whose 

expression is stimulated by inflammatory cytokines, growth factors, and other pathological 

stimuli. Both enzymes convert arachidonic acid into prostaglandin G₂ (PGG₂), which is 

subsequently transformed into prostaglandin H₂ (PGH₂), the common precursor of various 

prostanoids. 

PGH₂ is further metabolized by tissue-specific synthases to generate prostaglandins, 

prostacyclins, and thromboxanes. Prostaglandins such as PGE₂, PGD₂, and PGF₂α regulate 

inflammation, pain perception, fever, vascular tone, and reproductive functions. Prostacyclin 

(PGI₂), produced primarily by endothelial cells, promotes vasodilation and inhibits platelet 

aggregation. In contrast, thromboxane A₂ (TXA₂), synthesized mainly by platelets, stimulates 

platelet aggregation and vasoconstriction. The balance between prostacyclin and thromboxane 

production plays a crucial role in maintaining cardiovascular homeostasis, Figure 7. 

The lipoxygenase pathway constitutes the second major route of arachidonic acid 

metabolism. This pathway is mediated by several lipoxygenase enzymes, including 5-

lipoxygenase (5-LOX), 12-lipoxygenase (12-LOX), and 15-lipoxygenase (15-LOX). Among 

these enzymes, 5-LOX is particularly important because it initiates the synthesis of 

leukotrienes, a group of potent inflammatory mediators. The conversion of arachidonic acid by 

5-LOX produces 5-hydroperoxyeicosatetraenoic acid (5-HPETE), which is subsequently 

transformed into leukotriene A₄ (LTA₄), Figure 7. 

Leukotriene A₄ serves as a precursor for several biologically active leukotrienes. 

Leukotriene B₄ (LTB₄) is a powerful chemoattractant that recruits neutrophils and other 

immune cells to sites of inflammation. The cysteinyl leukotrienes LTC₄, LTD₄, and LTE₄ 

induce bronchoconstriction, increase vascular permeability, stimulate mucus secretion, and 

contribute significantly to allergic reactions and asthma pathophysiology. Consequently, 

leukotriene receptor antagonists and lipoxygenase inhibitors are widely used in the treatment 

of respiratory inflammatory diseases. 

In addition to prostaglandins, thromboxanes, and leukotrienes, arachidonic acid 
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metabolism can generate other bioactive molecules such as lipoxins, hydroxyeicosatetraenoic 

acids (HETEs), and epoxyeicosatrienoic acids (EETs). These mediators participate in the 

regulation of inflammation, vascular function, cell proliferation, and tissue remodeling. 

Lipoxins are particularly important because they promote the resolution of inflammation and 

contribute to the restoration of tissue homeostasis following injury. 

The biological significance of eicosanoids extends beyond normal physiology to 

numerous pathological conditions. Excessive production of prostaglandins and leukotrienes is 

associated with chronic inflammatory diseases, asthma, rheumatoid arthritis, cardiovascular 

disorders, cancer, and autoimmune diseases. Consequently, enzymes involved in eicosanoid 

biosynthesis represent major pharmacological targets. Nonsteroidal anti-inflammatory drugs 

(NSAIDs), such as aspirin and ibuprofen, inhibit cyclooxygenase activity and reduce 

prostaglandin production, whereas corticosteroids suppress phospholipase A₂ expression and 

thereby inhibit the synthesis of multiple eicosanoid classes. 

In summary, eicosanoid biosynthesis represents a central component of lipid-mediated 

cellular signalling. Through the coordinated actions of cyclooxygenase and lipoxygenase 

pathways, arachidonic acid is converted into a diverse array of signalling molecules that 

regulate inflammation, immunity, vascular physiology, and tissue homeostasis. Understanding 

these pathways is essential for comprehending both normal physiological regulation and the 

molecular basis of numerous human diseases (Figure 7). 

 

4.3.1. Cyclooxygenase Pathway (COX) 

The cyclooxygenase pathway converts arachidonic acid into prostaglandins and thromboxanes. 

Two major isoforms exist: 

4.3.1.1. COX-1 

COX-1 is constitutively expressed and contributes to physiological functions such as gastric 

protection and platelet aggregation. 

4.3.1.2. COX-2 

COX-2 is inducible and plays a major role in inflammation and pain. 
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The COX pathway generates: 

• Prostaglandins (PGs) 

• Prostacyclin (PGI₂) 

• Thromboxane A₂ (TXA₂) 

4.3.2. Lipoxygenase Pathway (LOX) 

Lipoxygenases convert arachidonic acid into leukotrienes and lipoxins. 

Major products include: 

• Leukotriene B₄ (LTB₄) 

• Leukotriene C₄ (LTC₄) 

• Leukotriene D₄ (LTD₄) 

• Lipoxins 

Leukotrienes play important roles in allergic reactions, asthma, and inflammation. 

4.3.3. Cytochrome P450 Pathway 

Cytochrome P450 enzymes metabolize arachidonic acid into epoxyeicosatrienoic acids (EETs) 

and hydroxyeicosatetraenoic acids (HETEs).  

 

Figure 7.  Metabolism of Arachidonic Acid and Eicosanoid Production 
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5.1. Serine/Threonine Protein Kinases 

5.1.1. Definition and General Characteristics  

Protein phosphorylation is one of the most important post-translational modifications involved 

in cellular regulation. It consists of the reversible addition of a phosphate group to specific 

amino acid residues of proteins, leading to changes in their structure, activity, stability, 

localisation, or interaction with other proteins. This process constitutes a fundamental 

mechanism through which cells perceive, amplify, and respond to extracellular and intracellular 

signals. 

Serine/threonine protein kinases represent a large family of enzymes that catalyse the transfer 

of the terminal phosphate group from adenosine triphosphate (ATP) to the hydroxyl group of 

serine or threonine residues present in substrate proteins. Because nearly one-third of cellular 

proteins can be phosphorylated, these kinases play a central role in regulating virtually all 

aspects of cell physiology. Their activity influences metabolism, gene expression, cell cycle 

progression, apoptosis, differentiation, immune responses, and intercellular communication. 

The phosphorylation reaction catalysed by serine/threonine kinases can be summarized as 

follows: Protein + ATP → Phosphoprotein + ADP 

The introduction of a negatively charged phosphate group often induces conformational 

changes in the target protein, thereby modifying its biological activity. In some cases, 

phosphorylation activates enzymes, whereas in others it inhibits their function. This versatility 

makes phosphorylation an ideal molecular switch for controlling complex cellular processes. 

Serine/threonine kinases are highly conserved throughout evolution and are found in all 

eukaryotic organisms. Their catalytic domains share common structural features, including an 

ATP-binding site and a substrate-recognition region. Despite these similarities, different 

kinases exhibit remarkable substrate specificity, allowing cells to coordinate numerous 

signalling pathways simultaneously without interference. 

The activity of serine/threonine kinases is tightly regulated because uncontrolled 

phosphorylation can have severe consequences for cellular homeostasis. Various mechanisms 

contribute to kinase regulation, including ligand binding, interactions with regulatory proteins, 

phosphorylation by upstream kinases, changes in intracellular calcium concentration, and 
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generation of second messengers such as (cyclic Adenosine Monophosphate) cyclic AMP 

(cAMP) or diacylglycerol. Through these regulatory mechanisms, cells ensure that kinase 

activation occurs only under appropriate physiological conditions. 

Because phosphorylation is reversible, the action of kinases is counterbalanced by protein 

phosphatases, which remove phosphate groups from target proteins. The dynamic equilibrium 

between kinase and phosphatase activities determines the intensity and duration of intracellular 

signalling events. Disturbances in this balance are frequently associated with pathological 

conditions, including cancer, neurodegenerative diseases, diabetes, cardiovascular disorders, 

and immune dysfunction. 

5.1.2. Classification and Mechanisms of Activation 

Serine/threonine protein kinases constitute a highly diverse family of signalling enzymes. 

Although they share the ability to phosphorylate serine and threonine residues, they differ 

considerably in their activation mechanisms, substrate specificity, intracellular localisation, and 

biological functions (Figure 8). 

5.1.2.1. Cyclic Nucleotide-Dependent Protein Kinases 

One major class consists of cyclic nucleotide-dependent kinases, which are activated by 

intracellular second messengers such as cyclic AMP (cAMP) or cyclic GMP (cGMP). These 

kinases act as intracellular sensors capable of converting fluctuations in cyclic nucleotide 

concentrations into specific biological responses. Protein Kinase A (PKA) is the best-

characterized member of this group and serves as the principal effector of cAMP signalling 

pathways. 

5.1.2.2. Lipid-Dependent Protein Kinases 

Another important group comprises lipid-dependent kinases. These enzymes respond to lipid-

derived second messengers generated during membrane phospholipid metabolism. Protein 

Kinase C (PKC) represents the most prominent example of this category. Activation of PKC 

requires diacylglycerol (DAG), which is produced following phospholipase C activation, and 

in many cases also depends on elevated intracellular calcium levels. Through this mechanism, 

PKC integrates information from membrane receptors and intracellular calcium signalling 

systems. 
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5.1.2.3. Calcium-Dependent Protein Kinases 

A third category includes calcium-dependent kinases, whose activity is regulated by changes in 

intracellular calcium concentration. Since calcium ions function as universal second 

messengers, specialized proteins are required to detect and interpret calcium signals. 

Calmodulin serves as the principal calcium sensor in eukaryotic cells. Upon binding calcium, 

calmodulin undergoes conformational changes that enable activation of Calcium/Calmodulin-

Dependent Protein Kinases (CaMKs). These enzymes translate transient calcium signals into 

long-lasting cellular responses, particularly in neurons, muscle cells, and endocrine tissues. 

5.1.2.4. Kinases Activated by Phosphorylation Cascades 

Several serine/threonine kinases are also activated through phosphorylation cascades. In these 

pathways, one kinase phosphorylates and activates another kinase, creating sequential 

signalling modules that amplify extracellular signals. Such kinase cascades are particularly 

important in growth factor signalling, cell cycle regulation, and stress responses. Examples 

include Akt, mTOR-associated kinases, and members of the MAP kinase family. 

5.1.2.5. General Mechanisms of Kinase Activation 

Activation of serine/threonine kinases generally involves structural changes that expose the 

catalytic site and permit substrate binding. In many cases, inactive kinases are maintained in an 

autoinhibited state through intramolecular interactions. Binding of second messengers, 

regulatory proteins, or upstream kinases induces conformational rearrangements that relieve 

this inhibition and allow catalytic activity. This mechanism ensures precise temporal and spatial 

control of kinase function. 

5.1.2.6. Biological Significance of Activation Mechanisms 

The diversity of activation mechanisms reflects the central importance of serine/threonine 

kinases in cellular physiology. By responding to a broad range of extracellular and intracellular 

signals, these enzymes coordinate metabolic adaptation, cellular growth, differentiation, 

migration, survival, and communication. Their strategic position within signalling networks 

explains why alterations in kinase activity frequently contribute to human disease and why these 

proteins constitute major targets for therapeutic intervention. 
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5.1.3. Protein Kinase A (PKA) 

Protein Kinase A (PKA), also known as cyclic AMP-dependent protein kinase, is one of the 

most extensively studied serine/threonine kinases and serves as a major effector of the adenylate 

cyclase signalling pathway. PKA is activated in response to an increase in intracellular cyclic 

adenosine monophosphate (cAMP), which is generated following stimulation of G protein-

coupled receptors associated with Gαs proteins. In its inactive form, PKA exists as a tetrameric 

holoenzyme composed of two regulatory subunits and two catalytic subunits. The regulatory 

subunits maintain the catalytic subunits in an inactive state by preventing access to substrate 

proteins. When intracellular cAMP concentrations increase, cAMP molecules bind to the 

regulatory subunits, inducing conformational changes that release the catalytic subunits. Once 

liberated, these catalytic subunits become enzymatically active and phosphorylate a wide 

variety of intracellular proteins on serine and threonine residues. 

The biological effects of PKA are remarkably diverse because the kinase regulates numerous 

cellular processes in different tissues. In hepatic cells, PKA stimulates glycogen breakdown by 

activating phosphorylase kinase and simultaneously inhibits glycogen synthesis, thereby 

promoting glucose mobilization during fasting or stress. In adipose tissue, PKA activates 

hormone-sensitive lipase, leading to triglyceride hydrolysis and fatty acid release. In cardiac 

muscle, PKA phosphorylates calcium channels and contractile proteins, increasing both heart 

rate and contractile force. Beyond these metabolic and physiological functions, PKA also plays 

a crucial role in regulating gene expression. One of its most important nuclear targets is the 

transcription factor CREB (cAMP Response Element-Binding Protein). Phosphorylation of 

CREB promotes the transcription of genes involved in cell survival, differentiation, 

metabolism, and neuronal plasticity. Through these mechanisms, PKA functions as a central 

mediator linking extracellular signals to long-term cellular adaptations. 

5.1.4. Protein Kinase C (PKC) 

Protein Kinase C (PKC) represents a family of serine/threonine kinases that occupy a central 

position in intracellular signalling pathways initiated by phospholipase C activation. Unlike 

PKA, which is activated by cyclic nucleotides, PKC activation depends primarily on lipid-

derived second messengers and calcium ions. The activation process begins when extracellular 

signals stimulate receptors coupled to phospholipase C, resulting in the hydrolysis of 

phosphatidylinositol 4,5-bisphosphate (PIP₂) and the generation of inositol trisphosphate (IP₃) 
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and diacylglycerol (DAG). IP₃ induces the release of calcium from intracellular stores, whereas 

DAG remains associated with the plasma membrane. The combined presence of calcium and 

DAG promotes the recruitment and activation of PKC at the membrane surface. 

Activated PKC phosphorylates numerous intracellular proteins involved in signal transduction, 

cytoskeletal organization, gene expression, and cellular proliferation. Through these targets, 

PKC regulates diverse physiological processes including hormone secretion, immune 

responses, neuronal communication, and cellular differentiation. PKC is also involved in 

controlling cell migration and adhesion by modulating cytoskeletal proteins. Dysregulation of 

PKC activity has been associated with several pathological conditions, including cancer, 

diabetes, cardiovascular diseases, and chronic inflammatory disorders. Consequently, PKC 

remains an important target in pharmacological research aimed at developing therapies for 

proliferative and inflammatory diseases. 

5.1.5. Calcium/Calmodulin-Dependent Protein Kinases (CaMKs) 

Calcium/Calmodulin-Dependent Protein Kinases (CaMKs) constitute another major family of 

serine/threonine kinases whose activity is directly regulated by intracellular calcium 

concentrations. Calcium ions act as universal second messengers and participate in numerous 

signalling pathways. However, calcium cannot directly regulate most target proteins and 

therefore requires specialized sensor molecules. Calmodulin serves as the principal intracellular 

calcium sensor. When intracellular calcium levels rise, calcium binds to calmodulin and induces 

conformational changes that enable interaction with target proteins, including CaMKs. 

The calcium-calmodulin complex activates several members of the CaMK family, among 

which CaMKI, CaMKII, and CaMKIV are the best characterized. These kinases phosphorylate 

a broad range of substrates involved in cellular signalling and gene regulation. CaMKII is 

particularly abundant in the nervous system and plays a critical role in synaptic plasticity, 

learning, and memory formation. Activation of CaMKII contributes to long-term potentiation, 

a cellular mechanism underlying memory storage in the brain. In addition to neuronal functions, 

CaMKs regulate muscle contraction, hormone secretion, cell cycle progression, and gene 

transcription. Through their ability to convert transient calcium signals into sustained cellular 

responses, CaMKs represent essential mediators of calcium-dependent signalling pathways and 

contribute significantly to cellular adaptation and physiological regulation. 
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Figure 8. Major Families of Serine/Threonine Protein Kinases and Their Activation 

Mechanisms. 

5.2. Serine/Threonine Protein Phosphatases 

5.2.1. Classification and Biological Roles of Serine/Threonine Protein Phosphatases 

5.2.1.1. General Characteristics of Serine/Threonine Protein Phosphatases 

Serine/threonine protein phosphatases are enzymes responsible for the removal of phosphate 

groups from phosphorylated serine and threonine residues of target proteins. Together with 

protein kinases, they constitute a highly coordinated regulatory system that controls the 

phosphorylation status of intracellular proteins. While protein kinases initiate signalling events 

through phosphorylation, phosphatases reverse these modifications, thereby contributing to 

signal termination, modulation, or fine-tuning. This reversible phosphorylation mechanism is 

essential for maintaining cellular homeostasis and ensuring the appropriate regulation of 

biological processes. 

5.2.1.2. Classification of Serine/Threonine Protein Phosphatases 

Serine/threonine phosphatases are classified into several major families based on their structural 

characteristics, catalytic mechanisms, and substrate specificity. The most important families 
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include Protein Phosphatase 1 (PP1), Protein Phosphatase 2A (PP2A), Protein Phosphatase 2B 

(PP2B or Calcineurin), and Protein Phosphatase 2C (PP2C). Each family possesses distinct 

regulatory properties and participates in specific cellular functions (Figure 9). 

5.2.1.3. Protein Phosphatase 1 (PP1) 

Protein Phosphatase 1 (PP1) is one of the most widely distributed serine/threonine phosphatases 

in eukaryotic cells. It plays a central role in the regulation of glycogen metabolism, muscle 

contraction, cell division, and gene expression. PP1 activity is controlled through interactions 

with numerous regulatory subunits that direct the enzyme toward specific substrates and cellular 

compartments. 

5.2.1.4. Protein Phosphatase 2A (PP2A) 

Protein Phosphatase 2A (PP2A) is among the most abundant phosphatases in mammalian cells 

and functions as a major regulator of intracellular signalling pathways. It participates in cell 

cycle control, apoptosis, signal transduction, DNA damage responses, and tumor suppression. 

PP2A is a multimeric enzyme composed of catalytic, structural, and regulatory subunits that 

confer substrate specificity and functional diversity. 

5.2.1.5. Protein Phosphatase 2B (PP2B/Calcineurin) 

Calcineurin, also known as Protein Phosphatase 2B (PP2B), is a calcium/calmodulin-dependent 

phosphatase that links intracellular calcium signals to downstream cellular responses. It plays 

a critical role in immune regulation by controlling the activation of Nuclear Factor of Activated 

T cells (NFAT). Dephosphorylation of NFAT by calcineurin promotes its translocation into the 

nucleus, where it stimulates the expression of genes involved in T-cell activation and immune 

responses. 

5.2.1.6. Protein Phosphatase 2C (PP2C) 

Protein Phosphatase 2C (PP2C) belongs to a distinct family of magnesium-dependent 

phosphatases. These enzymes are primarily involved in cellular stress responses, metabolic 

regulation, and signal adaptation. PP2C phosphatases contribute to the control of stress-

activated signalling pathways and help cells maintain homeostasis under adverse physiological 

conditions. 
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Figure 9. Major Families of Serine/Threonine Protein Phosphatases  

5.2.2. Regulation of Cellular Signalling Pathways 

Serine/threonine phosphatases play a central role in the regulation of intracellular signalling 

pathways by controlling the duration and intensity of phosphorylation-dependent signalling 

events. Following activation of a signalling cascade, phosphatases remove phosphate groups 

from activated proteins, thereby terminating or attenuating the signal. This process prevents 

excessive cellular stimulation and ensures that signalling pathways remain tightly controlled. 

One of the most important functions of serine/threonine phosphatases is the regulation of 

kinase-mediated signalling networks. For example, PP2A negatively regulates the MAPK 

signalling pathway by dephosphorylating components of the kinase cascade, thereby 

controlling cell proliferation and differentiation. Similarly, phosphatases regulate the activity 

of Protein Kinase A (PKA), Protein Kinase C (PKC), Akt, and numerous other signalling 

molecules involved in cellular growth and survival. Through these actions, phosphatases 

maintain a dynamic balance between phosphorylation and dephosphorylation, allowing cells to 

respond appropriately to extracellular stimuli. 
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Calcineurin provides a particularly important example of phosphatase-mediated signal 

regulation. Upon elevation of intracellular calcium levels, calcium binds to calmodulin, which 

activates calcineurin. Activated calcineurin dephosphorylates the transcription factor NFAT, 

enabling its translocation into the nucleus where it promotes the expression of genes involved 

in immune activation. This pathway is of major clinical importance because 

immunosuppressive drugs such as cyclosporine and tacrolimus exert their effects by inhibiting 

calcineurin activity. 

The activity of serine/threonine phosphatases is itself regulated through multiple mechanisms, 

including protein-protein interactions, phosphorylation, intracellular localisation, and changes 

in calcium concentration. These regulatory mechanisms ensure precise temporal and spatial 

control of signalling pathways. Consequently, serine/threonine phosphatases are not merely 

signal terminators but active participants in the orchestration of complex cellular responses, 

contributing to the maintenance of cellular homeostasis and physiological function. 
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6.1. Introduction 

Cellular communication depends on the ability of cells to detect extracellular signals and 

convert them into specific intracellular responses. Among the various classes of cell-surface 

receptors, receptor tyrosine kinases (RTKs) constitute one of the most important families 

involved in signal transduction. These receptors regulate fundamental biological processes such 

as cell growth, proliferation, differentiation, migration, metabolism, survival, and apoptosis. 

Because of their central role in controlling cellular behaviour, RTKs are essential for normal 

embryonic development, tissue repair, immune responses, and maintenance of homeostasis. 

Tyrosine kinases are enzymes that catalyse the transfer of phosphate groups from ATP 

molecules to tyrosine residues present in target proteins. This phosphorylation event modifies 

protein activity, creates docking sites for signalling molecules, and initiates intracellular 

signalling cascades. Tyrosine kinases are classified into two major groups: receptor tyrosine 

kinases, which possess an extracellular ligand-binding domain and a transmembrane region, 

and non-receptor tyrosine kinases, which are cytoplasmic proteins associated with receptors or 

intracellular signalling complexes. Together, these enzymes form highly interconnected 

signalling networks that regulate cellular responses to environmental stimuli. 

6.2. Structure and Activation of Receptor Tyrosine Kinases 

Receptor tyrosine kinases are transmembrane glycoproteins characterized by a modular 

organization that enables them to function simultaneously as receptors and enzymes. Despite 

the diversity of ligands recognized by different RTKs, all members of this family share a 

common structural architecture composed of an extracellular ligand-binding domain, a single 

transmembrane α-helix, and an intracellular tyrosine kinase domain. The extracellular region is 

responsible for ligand recognition and determines receptor specificity, whereas the intracellular 

region contains the catalytic machinery necessary for signal transduction. 

In resting cells, RTKs generally exist as inactive monomers distributed throughout the plasma 

membrane. Activation begins when an extracellular ligand binds to the receptor's extracellular 

domain. Ligands recognized by RTKs include growth factors, cytokines, hormones, and 

developmental regulators. Ligand binding induces conformational changes that promote 

receptor dimerization. In some receptor families, ligand molecules directly bridge two receptor 



Chapter 6. Receptor Tyrosine Kinases  

 48 

molecules, whereas in others ligand binding exposes dimerization interfaces already present 

within the receptor structure. 

Dimerization brings the intracellular kinase domains into close proximity, allowing each kinase 

domain to phosphorylate tyrosine residues within the activation loop of the opposing receptor. 

This process, known as trans-autophosphorylation, greatly enhances catalytic activity and 

generates phosphotyrosine residues that function as docking sites for intracellular signalling 

proteins. Proteins containing Src homology 2 (SH2) domains or phosphotyrosine-binding 

(PTB) domains recognize these phosphotyrosine motifs and initiate downstream signalling 

pathways. Consequently, ligand binding is converted into a complex intracellular signalling 

response capable of regulating numerous cellular functions (Figure 10). 

 

Figure 10. Structure and Activation of Receptor Tyrosine Kinases  

6.3. Growth Factor Receptors 

Growth factor receptors represent the largest and most extensively studied subgroup of receptor 

tyrosine kinases. These receptors mediate the biological effects of extracellular growth factors 

and play essential roles in regulating cell proliferation, differentiation, migration, and survival. 
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Their activation is particularly important during embryonic development, wound healing, 

angiogenesis, and tissue regeneration. 

One of the most prominent examples is the Epidermal Growth Factor Receptor (EGFR), a 

member of the ErbB receptor family. EGFR activation stimulates multiple intracellular 

signalling pathways involved in cell growth and proliferation. Overexpression or mutation of 

EGFR has been implicated in several human cancers, including lung cancer, colorectal cancer, 

and glioblastoma. Another important receptor is the Platelet-Derived Growth Factor Receptor 

(PDGFR), which regulates connective tissue development, wound repair, and vascular 

remodelling. Activation of PDGFR stimulates fibroblast proliferation and migration, 

contributing to tissue regeneration following injury. 

The Vascular Endothelial Growth Factor Receptor (VEGFR) is primarily expressed in 

endothelial cells and plays a central role in angiogenesis, the process through which new blood 

vessels are formed. VEGFR activation stimulates endothelial cell proliferation, migration, and 

survival, making this receptor essential for embryonic vascular development and tumor-

associated angiogenesis. The Insulin Receptor represents a specialized receptor tyrosine kinase 

that regulates glucose uptake, carbohydrate metabolism, lipid metabolism, and protein 

synthesis. Unlike most RTKs, the insulin receptor exists as a preformed dimer and undergoes 

conformational activation following insulin binding. 

Through these and many other receptor systems, growth factor receptors coordinate tissue 

growth and maintenance while ensuring appropriate responses to physiological demands. 

6.4. Intracellular Signalling Cascades Initiated by RTKs 

The activation of receptor tyrosine kinases triggers multiple intracellular signalling pathways 

that collectively determine cellular behaviour. One of the most important pathways is the Ras-

MAPK signalling cascade. Following receptor activation, adaptor proteins such as Grb2 bind 

to phosphorylated tyrosine residues and recruit the guanine nucleotide exchange factor SOS. 

SOS activates the small GTPase Ras by promoting the exchange of GDP for GTP. Activated 

Ras subsequently initiates a phosphorylation cascade involving Raf, MEK, and ERK kinases. 

Activated ERK translocates into the nucleus, where it regulates transcription factors responsible 

for cell proliferation, differentiation, and survival. 
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A second major signalling pathway activated by RTKs is the phosphoinositide 3-kinase (PI3K)-

Akt pathway. Activated receptors recruit PI3K to the plasma membrane, where it 

phosphorylates phosphatidylinositol 4,5-bisphosphate (PIP₂) to generate phosphatidylinositol 

3,4,5-trisphosphate (PIP₃). This lipid second messenger recruits Akt and other signalling 

proteins to the membrane. Activated Akt regulates numerous cellular processes, including 

metabolism, protein synthesis, cell survival, and resistance to apoptosis. Through activation of 

mTOR, Akt also stimulates anabolic metabolism and cellular growth. 

Certain receptor tyrosine kinases additionally activate phospholipase C gamma (PLCγ). PLCγ 

hydrolyses PIP₂ into inositol trisphosphate (IP₃) and diacylglycerol (DAG), resulting in calcium 

mobilization and activation of Protein Kinase C. These pathways further diversify the cellular 

responses generated by receptor activation. Collectively, RTKs function as signalling hubs 

capable of simultaneously activating multiple pathways that cooperate to regulate cellular 

physiology (Figure 11). 

 

Figure 11. RTK-Mediated Intracellular Signalling Networks 
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6.5. Non-Receptor Tyrosine Kinases 

In addition to receptor tyrosine kinases, many signalling pathways involve non-receptor 

tyrosine kinases. These enzymes lack transmembrane domains and are located within the 

cytoplasm, nucleus, or associated with intracellular membranes. Although they do not directly 

bind extracellular ligands, they play essential roles in transmitting signals from activated 

receptors to downstream effectors. 

The Src (sarcoma) family of kinases represents one of the best-characterized groups of non-

receptor tyrosine kinases. Members of this family regulate cell adhesion, migration, 

cytoskeletal organization, proliferation, and survival. Src kinases interact with receptor tyrosine 

kinases and integrins, thereby linking growth factor signalling with cell-matrix interactions. 

Another important family is the Janus kinase (JAK) family. JAK proteins are associated with 

cytokine receptors and become activated following ligand binding. Activated JAKs 

phosphorylate Signal Transducers and Activators of Transcription (STAT) proteins, which 

dimerize and translocate into the nucleus to regulate gene expression. The JAK-STAT pathway 

is particularly important in immune regulation, hematopoiesis, and inflammatory responses. 

The Abl kinase family also plays a significant role in cellular regulation. Abl kinases participate 

in cytoskeletal remodelling, DNA damage responses, and cell cycle control. A chromosomal 

translocation generating the BCR-ABL fusion protein results in constitutive kinase activation 

and is responsible for the development of chronic myeloid leukemia. 

These examples illustrate the diversity and biological importance of non-receptor tyrosine 

kinases in cellular signalling networks. 

6.6. Biological Significance of Tyrosine Kinase Signalling 

Tyrosine kinase signalling controls numerous physiological processes that are essential for 

multicellular life. During embryonic development, these pathways regulate tissue patterning, 

organogenesis, and cellular differentiation. In adult organisms, they maintain tissue 

homeostasis by controlling cell proliferation, migration, survival, and repair mechanisms. 

Tyrosine kinase signalling is also crucial for angiogenesis, immune responses, metabolic 

regulation, and nervous system function. 
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Because these pathways influence so many biological processes, their activity must be tightly 

regulated. Cells employ multiple mechanisms to terminate signalling, including receptor 

internalization, dephosphorylation by protein tyrosine phosphatases, receptor degradation, and 

feedback inhibition by downstream signalling molecules. These mechanisms ensure that 

signalling remains transient and appropriately adapted to physiological requirements. 

6.7. Pathological Significance and Clinical Relevance 

Dysregulation of tyrosine kinase signalling is associated with numerous human diseases. 

Activating mutations, gene amplification, chromosomal translocations, or receptor 

overexpression can result in constitutive kinase activation and uncontrolled cellular 

proliferation. Such abnormalities are common in cancer and frequently contribute to tumor 

initiation, progression, angiogenesis, and metastasis. 

For example, activating mutations of EGFR are frequently observed in non-small cell lung 

cancer, while HER2 amplification plays a major role in certain forms of breast cancer. 

Similarly, the BCR-ABL fusion protein is responsible for chronic myeloid leukemia, and 

mutations affecting components of the PI3K-Akt pathway are common in multiple tumor types. 

The clinical importance of these discoveries has led to the development of numerous targeted 

therapies. Tyrosine kinase inhibitors such as imatinib, gefitinib, erlotinib, and sunitinib 

selectively inhibit abnormal kinase activity and have revolutionized cancer treatment. 

Monoclonal antibodies directed against receptor tyrosine kinases, including trastuzumab and 

cetuximab, provide additional therapeutic options for patients with specific molecular 

alterations. 
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7.1. Introduction 

Protein phosphorylation is a reversible post-translational modification that plays a fundamental 

role in cellular signal transduction. While protein kinases catalyse the addition of phosphate 

groups to target proteins, protein phosphatases remove these phosphate groups and thereby 

regulate the intensity and duration of signalling events. The balance between phosphorylation 

and dephosphorylation determines the functional state of many cellular proteins and is essential 

for maintaining cellular homeostasis. 

Protein Tyrosine Phosphatases (PTPs) constitute a large family of enzymes that specifically 

catalyse the removal of phosphate groups from phosphorylated tyrosine residues. For many 

years, phosphatases were considered passive regulators that simply terminated signalling 

pathways activated by kinases. However, extensive research has demonstrated that PTPs are 

active participants in signal transduction and play crucial roles in controlling cell growth, 

differentiation, metabolism, migration, immune responses, and apoptosis. 

Through precise regulation of tyrosine phosphorylation levels, PTPs ensure that cellular 

signalling remains tightly controlled. Dysregulation of phosphatase activity can result in 

abnormal signalling and contributes to numerous human diseases, including cancer, diabetes, 

autoimmune disorders, and neurodegenerative diseases. 

7.2. Classification of Protein Tyrosine Phosphatases 

Protein tyrosine phosphatases form a highly diverse superfamily of enzymes that differ in 

structure, intracellular localisation, substrate specificity, and biological function. Based on their 

structural organization and catalytic mechanisms, PTPs are generally classified into several 

major groups. 

7.2.1. Receptor-Like Protein Tyrosine Phosphatases 

Receptor-like protein tyrosine phosphatases (RPTPs) are transmembrane proteins that possess 

extracellular domains, transmembrane regions, and intracellular catalytic domains. Their 

structure resembles that of receptor tyrosine kinases, although they possess phosphatase rather 

than kinase activity. 
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The extracellular domains of RPTPs often contain motifs involved in cell-cell adhesion and 

cell-matrix interactions. Consequently, these phosphatases participate not only in signal 

transduction but also in tissue organization and cellular communication. 

Examples include: CD45, PTPμ, LAR phosphatase and PTPκ 

Many receptor-type phosphatases are particularly important in the immune and nervous 

systems. 

7.2.2. Non-Receptor Protein Tyrosine Phosphatases 

Non-receptor PTPs are intracellular enzymes localised within the cytoplasm, nucleus, 

endoplasmic reticulum, or other cellular compartments. Unlike receptor-type phosphatases, 

they lack transmembrane domains and function entirely within the cell. 

Examples include: SHP-1, SHP-2, PTP1B, TCPTP 

These phosphatases regulate numerous intracellular signalling pathways initiated by growth 

factors, cytokines, and hormones. 

Because of their intracellular localisation, non-receptor PTPs often function as critical 

modulators of signal amplification and signal termination. 

7.2.3. Dual-Specificity Phosphatases 

Dual-specificity phosphatases (DUSPs) represent a specialized subgroup capable of 

dephosphorylating both tyrosine residues and serine/threonine residues. 

This dual catalytic activity allows these enzymes to regulate multiple signalling pathways 

simultaneously. 

Among the most important dual-specificity phosphatases are the MAP kinase phosphatases 

(MKPs), which specifically regulate MAPK signalling pathways. 

Examples include: MKP-1, MKP-3, DUSP5 and DUSP10. These phosphatases play essential 

roles in controlling cellular responses to growth factors and stress signals. 

7.3. Molecular Structure of Protein Tyrosine Phosphatases 
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Despite their structural diversity, all protein tyrosine phosphatases share a highly conserved 

catalytic domain containing a characteristic amino acid sequence known as the PTP signature 

motif. The catalytic motif contains a highly reactive cysteine residue that is essential for 

phosphatase activity. The active site is specifically adapted to recognize phosphotyrosine 

residues and discriminate against phosphoserine and phosphothreonine residues. This structural 

specificity ensures precise regulation of tyrosine phosphorylation-dependent signalling 

pathways. Many PTPs also contain additional regulatory domains that mediate protein-protein 

interactions, subcellular targeting, or regulation of catalytic activity (Figure 12). 

Examples include: SH2 domains, PDZ domains, FERM domains, Kinase interaction motifs 

These regulatory regions contribute significantly to signalling specificity. 

 

Figure 12. Structure of Receptor Protein Tyrosine Phosphatases (RPTPs). 

7.4. Mechanisms of Action of Protein Tyrosine Phosphatases 

The catalytic mechanism of protein tyrosine phosphatases involves hydrolytic removal of 

phosphate groups from phosphorylated tyrosine residues (Figure 13). 

The reaction proceeds through a two-step mechanism. Initially, the catalytic cysteine residue 

attacks the phosphorus atom of the phosphotyrosine residue, forming a transient phospho-

cysteine intermediate. During this process, the substrate protein is released in its 
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dephosphorylated form. Subsequently, a water molecule hydrolyses the phospho-cysteine 

intermediate, releasing inorganic phosphate and regenerating the active enzyme. The overall 

reaction can be summarized as follows: Phosphoprotein + H₂O → Protein + Pi 

This mechanism enables rapid and highly specific dephosphorylation of signalling proteins. 

Because tyrosine phosphorylation often functions as a molecular switch, phosphatase-mediated 

dephosphorylation can profoundly influence protein activity, signalling complex formation, and 

cellular responses.  

Figure 13. Mechanism of Tyrosine Dephosphorylation by Protein Tyrosine Phosphatases 

(PTPs) 

7.5. Regulation of Signal Transduction 

Protein tyrosine phosphatases play central roles in regulating intracellular signalling networks. 

By removing phosphate groups from activated receptors and signalling proteins, they modulate 

signal intensity, duration, and specificity. 

One of their most important functions is the termination of receptor tyrosine kinase signalling. 

Following activation of receptors such as EGFR, PDGFR, or VEGFR, phosphatases remove 
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phosphate groups from receptor tyrosine residues, thereby reducing receptor activity and 

preventing excessive signalling. 

PTPs also regulate downstream signalling molecules including: Src kinases, JAK kinases, 

STAT proteins, PI3K and MAP kinases 

Through these actions, phosphatases prevent uncontrolled signal amplification and maintain 

cellular homeostasis. In many signalling pathways, phosphatases function as negative feedback 

regulators. Activation of a signalling cascade often induces expression of specific phosphatases 

that subsequently attenuate pathway activity. This feedback mechanism ensures transient 

signalling and protects cells from prolonged stimulation. 

7.6. Protein Tyrosine Phosphatases in Growth Factor Signalling 

Growth factor signalling is tightly regulated by phosphatase activity. Following activation of 

receptor tyrosine kinases, numerous intracellular proteins become phosphorylated on tyrosine 

residues. These phosphorylation events create docking sites for signalling proteins and initiate 

complex signalling cascades. Protein tyrosine phosphatases reverse these modifications and 

contribute to signal termination. For example, PTP1B negatively regulates insulin receptor 

signalling by dephosphorylating activated insulin receptors. Similarly, SHP-2 participates in 

the regulation of Ras-MAPK signalling pathways and influences cellular proliferation and 

differentiation. The coordinated actions of kinases and phosphatases determine the overall 

strength of growth factor signalling. 

7.7. Physiological Functions of Protein Tyrosine Phosphatases 

Protein tyrosine phosphatases participate in numerous physiological processes. 

7.7.1. Regulation of Cell Growth and Differentiation 

PTPs regulate signalling pathways involved in cell cycle progression and developmental 

processes. Appropriate phosphatase activity is essential for normal tissue development and 

maintenance. 
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7.7.2. Immune System Regulation 

Several phosphatases control activation of immune cells. CD45, for example, regulates 

signalling in T lymphocytes and B lymphocytes by modulating Src family kinases. 

These mechanisms ensure appropriate immune responses while preventing excessive 

activation. 

7.7.3. Metabolic Regulation 

PTPs influence insulin signalling and glucose homeostasis. Alterations in phosphatase activity 

can affect insulin sensitivity and metabolic regulation. 

7.7.4. Nervous System Development 

Protein tyrosine phosphatases regulate neuronal growth, axon guidance, synapse formation, and 

neural plasticity. 

These functions are essential for nervous system development and maintenance. 

7.8. Pathological Functions of Protein Tyrosine Phosphatases 

Abnormal phosphatase activity contributes to numerous diseases. 

7.8.1. Cancer 

Many phosphatases function as tumor suppressors because they counteract oncogenic tyrosine 

kinase signalling. Loss of phosphatase activity can result in: 

• Excessive cell proliferation 

• Enhanced survival 

• Increased metastatic potential 

However, some phosphatases may also promote tumor progression depending on cellular 

context. 
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7.8.2. Diabetes and Metabolic Disorders 

PTP1B negatively regulates insulin receptor signalling. Overexpression of PTP1B contributes 

to: 

• Insulin resistance 

• Obesity 

• Type 2 diabetes, Consequently, PTP1B inhibitors are being investigated as potential 

antidiabetic drugs. 

7.8.3. Autoimmune Diseases 

Alterations in phosphatases involved in immune regulation can contribute to autoimmune 

disorders such as: 

• Rheumatoid arthritis 

• Systemic lupus erythematosus 

• Multiple sclerosis 

7.8.4. Neurological Disorders 

Defects in phosphatase signalling have been implicated in: 

• Alzheimer's disease 

• Parkinson's disease 

• Neurodevelopmental disorders 

7.9. Therapeutic Targeting of Protein Tyrosine Phosphatases 

Because protein tyrosine phosphatases play important roles in human disease, they have 

become attractive therapeutic targets. Current research focuses on: 

• PTP1B inhibitors for diabetes 

• SHP-2 inhibitors for cancer 

• Immunomodulatory phosphatase inhibitors 

• Neuroprotective phosphatase-targeting agents 

Although kinase inhibitors have achieved considerable clinical success, phosphatase-targeted 

therapies remain an active and rapidly developing field of biomedical research.
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8.1. Introduction 

Cells continuously receive information from their external environment in the form of growth 

factors, cytokines, hormones, neurotransmitters, and various stress signals. To respond 

appropriately to these stimuli, cells rely on highly organized intracellular signalling networks 

that transmit information from the plasma membrane to intracellular targets. Among these 

networks, the Mitogen-Activated Protein Kinase (MAPK) pathways constitute one of the most 

important and evolutionarily conserved signalling systems in eukaryotic organisms. 

MAPKs are serine/threonine protein kinases that regulate a wide range of cellular activities, 

including cell proliferation, differentiation, survival, migration, metabolism, inflammation, and 

apoptosis. These kinases function through sequential phosphorylation cascades that amplify 

extracellular signals and convert them into specific biological responses. Because MAPK 

pathways influence fundamental cellular processes, their activity must be tightly regulated. 

Dysregulation of MAPK signalling has been implicated in numerous pathological conditions, 

including cancer, chronic inflammatory diseases, neurodegenerative disorders, and 

cardiovascular diseases. 

8.2. Organization of the MAPK Signalling Cascade 

The MAPK signalling pathway is organized as a three-tiered phosphorylation cascade. This 

hierarchical organization allows signal amplification and ensures specificity in cellular 

responses. The first level consists of MAP kinase kinase kinases (MAPKKKs), which are 

activated by extracellular signals through receptors and small G proteins. Once activated, 

MAPKKKs phosphorylate and activate MAP kinase kinases (MAPKKs), which in turn 

phosphorylate MAP kinases (MAPKs). Activated MAPKs then phosphorylate a large number 

of cytoplasmic and nuclear targets, ultimately modifying cellular behavior. One of the 

remarkable characteristics of this signalling architecture is its capacity to amplify weak 

extracellular stimuli. A single activated receptor can trigger the activation of numerous 

MAPKKKs, leading to activation of multiple MAPKKs and ultimately thousands of MAPK 

molecules. This amplification enables cells to generate strong biological responses even when 

exposed to low concentrations of signalling molecules. The specificity of MAPK signalling is 

further enhanced by scaffold proteins that physically assemble components of the cascade into 

signalling complexes. These scaffolds facilitate efficient signal transmission while minimizing 
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undesirable interactions with other signalling pathways. Consequently, cells can activate 

distinct MAPK pathways in response to different stimuli and produce highly specific 

physiological responses (Figure 14). 

 

Figure 14. General Architecture of the MAPK Signalling pathway. 
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8.3. Activation of MAPK Pathways 

MAPK pathways can be activated by a wide variety of extracellular signals. Growth factors 

such as epidermal growth factor (EGF), platelet-derived growth factor (PDGF), and fibroblast 

growth factors (FGFs) stimulate receptor tyrosine kinases located at the plasma membrane. 

Activation of these receptors initiates intracellular signalling cascades that ultimately activate 

MAPKs. Cytokines released during immune responses also stimulate MAPK pathways, 

allowing immune cells to adapt to inflammatory conditions. 

Environmental stress represents another major activator of MAPK signalling. Ultraviolet 

radiation, oxidative stress, osmotic stress, hypoxia, heat shock, and DNA damage can all 

stimulate specific MAPK cascades. These pathways enable cells to adapt to adverse 

environmental conditions and, when damage becomes excessive, trigger programmed cell death 

to eliminate damaged cells. 

Neurotransmitters and hormones may also activate MAPK pathways through G protein-coupled 

receptors. Through these mechanisms, MAPKs integrate information originating from multiple 

receptor systems and coordinate appropriate cellular responses. 

8.4. Extracellular Signal-Regulated Kinase (ERK) Pathway 

The Extracellular Signal-Regulated Kinase (ERK) pathway is the best-characterized member 

of the MAPK family and is primarily associated with cell growth and proliferation. Activation 

of this pathway generally begins when growth factors bind to receptor tyrosine kinases. These 

activated receptors recruit adaptor proteins such as Grb2 and SOS, which stimulate the 

activation of the small GTP-binding protein Ras. Once activated, Ras initiates a 

phosphorylation cascade involving Raf kinase, MEK kinase, and finally ERK. 

Activated ERK translocates from the cytoplasm into the nucleus, where it phosphorylates 

numerous transcription factors, including Elk-1, c-Fos, c-Myc, and CREB. These transcription 

factors regulate genes involved in cell cycle progression, differentiation, and survival. Through 

this mechanism, ERK signalling promotes cellular proliferation and contributes to tissue growth 

and regeneration. 
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The duration of ERK activation plays an important role in determining cellular responses. 

Transient activation generally promotes proliferation, whereas sustained activation may induce 

differentiation. This phenomenon illustrates how cells use not only the presence of a signal but 

also its duration and intensity to regulate biological outcomes. ERK signalling is particularly 

important during embryonic development, wound healing, tissue repair, and regeneration. 

However, excessive activation of this pathway is frequently associated with cancer because it 

stimulates uncontrolled cellular proliferation and survival (Figure 15). 

 

Figure 15. The Ras-Raf-MEK-REK Signalling Pathway. 
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8.5. c-Jun N-Terminal Kinase (JNK) Pathway 

The c-Jun N-terminal Kinase (JNK) pathway is primarily activated by cellular stress rather than 

growth-promoting stimuli. Environmental stressors such as ultraviolet radiation, reactive 

oxygen species, inflammatory cytokines, and DNA damage activate upstream kinases that 

initiate the JNK signalling cascade. This pathway plays a crucial role in helping cells adapt to 

stressful conditions and maintain cellular integrity. 

Following activation, JNK phosphorylates several transcription factors, particularly c-Jun, a 

major component of the AP-1 transcription factor complex. AP-1 regulates the expression of 

numerous genes involved in inflammation, immune responses, cell survival, and apoptosis. 

Through these effects, JNK influences cellular adaptation to stress and participates in the 

regulation of inflammatory processes. 

Under moderate stress conditions, JNK activation may promote cellular survival by stimulating 

protective gene expression programs. However, when cellular damage becomes severe or 

irreparable, prolonged JNK activation contributes to apoptosis. This dual role allows JNK to 

function as a molecular sensor that determines whether cells should survive or undergo 

programmed cell death (Figure 16). 

The JNK pathway is particularly important in immune cells, neurons, and tissues exposed to 

environmental stress. Abnormal JNK activity has been implicated in chronic inflammatory 

diseases, neurodegenerative disorders, metabolic diseases, and cancer. 
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Figure 16. The JNK Signalling Pathway.  
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8.6. p38 MAPK Pathway 

The p38 MAPK pathway represents another major stress-responsive signalling cascade. Similar 

to JNK, p38 is activated by inflammatory cytokines, oxidative stress, ultraviolet radiation, heat 

shock, and microbial products. Activation of p38 allows cells to respond rapidly to 

environmental challenges and inflammatory stimuli. 

Once activated, p38 phosphorylates numerous substrates, including transcription factors, 

protein kinases, and cytoskeletal proteins. These targets regulate inflammatory responses, 

cytokine production, cell differentiation, and stress adaptation. One of the most important 

functions of p38 is the regulation of inflammatory mediator production in immune cells. 

Activation of p38 stimulates the synthesis of cytokines such as TNF-α, IL-1β, and IL-6, which 

coordinate immune and inflammatory responses. 

In addition to its role in inflammation, p38 contributes to cellular differentiation processes. It 

participates in skeletal muscle differentiation, neuronal development, and hematopoietic cell 

maturation. The pathway also regulates cell cycle arrest under conditions of stress, allowing 

cells time to repair damaged DNA before resuming proliferation. 

Persistent activation of p38 signalling has been associated with chronic inflammatory diseases, 

autoimmune disorders, and neurodegenerative diseases. Consequently, p38 inhibitors have 

attracted considerable interest as potential therapeutic agents. 

8.7. Regulation of Cell Proliferation, Differentiation, and Apoptosis 

The MAPK pathways collectively regulate many of the most fundamental processes in cellular 

biology. ERK signalling primarily promotes proliferation and survival by stimulating 

expression of genes required for cell cycle progression. Through activation of transcription 

factors and cell cycle regulators, ERK enables cells to respond to growth-promoting signals and 

increase their proliferative activity. 

MAPK pathways also influence cellular differentiation. During development and tissue 

regeneration, specific patterns of MAPK activation determine whether cells continue 

proliferating or undergo specialization. The duration, intensity, and combination of activated 

MAPK pathways contribute to these decisions. 
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Apoptosis is another major process regulated by MAPKs. While ERK generally promotes cell 

survival, JNK and p38 often facilitate apoptotic responses under conditions of severe stress or 

DNA damage. This balance between survival and death signals is critical for maintaining tissue 

homeostasis and preventing accumulation of damaged cells. 

Through their coordinated actions, MAPK pathways allow cells to continuously evaluate 

environmental conditions and adjust their behaviour accordingly. 

8.8. Clinical Relevance of MAPK Dysregulation 

Because MAPKs regulate essential cellular processes, alterations in their activity frequently 

contribute to human disease. One of the most important pathological consequences of MAPK 

dysregulation is cancer. Mutations affecting components of the Ras-Raf-MEK-ERK pathway 

are among the most common genetic abnormalities observed in human tumours. Activating 

mutations in Ras and BRAF lead to constitutive pathway activation, promoting uncontrolled 

cell proliferation and resistance to apoptosis. 

MAPK signalling also contributes to inflammatory diseases. Excessive activation of JNK and 

p38 stimulates production of pro-inflammatory cytokines, contributing to chronic inflammatory 

conditions such as rheumatoid arthritis, psoriasis, inflammatory bowel disease, and asthma. In 

the nervous system, prolonged activation of stress-responsive MAPKs has been implicated in 

neurodegenerative diseases including Alzheimer's disease and Parkinson's disease. 

Cardiovascular diseases are also associated with abnormal MAPK activity. These pathways 

participate in cardiac hypertrophy, vascular remodelling, and atherosclerosis. Furthermore, 

excessive MAPK signalling may contribute to insulin resistance and metabolic disorders. 

The clinical importance of MAPKs has stimulated the development of numerous targeted 

therapies. Several inhibitors targeting BRAF, MEK, and ERK are currently used in cancer 

treatment, particularly for melanoma and certain lung cancers. Experimental inhibitors of JNK 

and p38 are also being investigated for inflammatory and neurodegenerative diseases. 
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9.1. Introduction 

Calcium ions (Ca²⁺) are among the most important intracellular signalling molecules in living 

organisms. Virtually every cell type uses calcium as a signalling mediator to regulate 

physiological processes such as muscle contraction, neurotransmitter release, hormone 

secretion, gene expression, metabolism, cell proliferation, differentiation, fertilization, and 

apoptosis. Because of its universal involvement in cellular communication, calcium is often 

described as a universal second messenger. 

The effectiveness of calcium as a signalling molecule relies on the existence of a steep 

concentration gradient across cellular membranes. Under resting conditions, the concentration 

of free calcium in the cytoplasm is maintained at approximately 100 nM, whereas extracellular 

calcium concentrations are around 1–2 mM. This difference represents a gradient of more than 

10,000-fold, allowing rapid increases in intracellular calcium concentration following cellular 

stimulation. Such transient changes in calcium concentration serve as intracellular signals that 

regulate numerous biochemical and physiological processes. 

Unlike many second messengers that participate in specific signalling pathways, calcium acts 

as a common mediator for a wide variety of receptors and signalling systems. Consequently, 

cells have evolved sophisticated mechanisms to control calcium entry, storage, release, and 

removal. These regulatory systems ensure that calcium signals are precise, reversible, and 

capable of generating specific biological responses. 

9.2. Calcium as a Universal Second Messenger 

Second messengers are intracellular molecules that transmit and amplify signals generated by 

extracellular stimuli. Following receptor activation, second messengers relay information to 

intracellular targets and coordinate appropriate cellular responses. Among the numerous second 

messengers identified in eukaryotic cells, calcium occupies a unique position because of its 

versatility and widespread involvement in cellular regulation. 

Calcium signalling differs from other signalling systems in several important ways. First, 

calcium concentrations can change extremely rapidly, allowing cells to respond within 

milliseconds to environmental stimuli. Second, calcium signals can be highly localised, 

affecting only specific regions of the cell. Third, calcium signals can be propagated as 
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oscillations or waves, enabling complex patterns of information transfer. These characteristics 

allow calcium to regulate a remarkably diverse array of cellular functions. 

The biological significance of calcium signalling is illustrated by its involvement in nearly 

every aspect of cellular physiology. In neurons, calcium regulates neurotransmitter release and 

synaptic plasticity. In muscle cells, calcium controls contraction. In endocrine tissues, calcium 

triggers hormone secretion. In immune cells, calcium regulates activation and cytokine 

production. Through these diverse actions, calcium serves as a universal intracellular messenger 

linking extracellular stimuli to cellular responses. 

9.3. Calcium Homeostasis and Intracellular Calcium Stores 

The maintenance of intracellular calcium homeostasis is essential for normal cellular function. 

Because excessive calcium accumulation can be toxic, cells continuously regulate calcium 

concentrations through the coordinated activity of channels, pumps, exchangers, and 

intracellular storage organelles. 

The endoplasmic reticulum (ER) represents the principal intracellular calcium reservoir. This 

organelle contains calcium concentrations that are several thousand times higher than those 

found in the cytoplasm. The ER functions as a dynamic calcium storage compartment capable 

of releasing or sequestering calcium in response to cellular signals. 

Mitochondria also participate in calcium homeostasis. Although their primary function is ATP 

production, mitochondria can transiently accumulate calcium during periods of elevated 

cytoplasmic calcium concentration. This process contributes to calcium buffering and 

influences cellular metabolism, apoptosis, and energy production. 

The existence of intracellular calcium stores allows cells to generate rapid and substantial 

increases in cytoplasmic calcium concentration without requiring continuous calcium influx 

from the extracellular environment. This mechanism ensures efficient signal transduction while 

preserving extracellular calcium balance. 
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9.4. Calcium Channels and Transport Systems 

The movement of calcium across cellular membranes is controlled by specialized transport 

proteins. These proteins regulate calcium influx, efflux, and intracellular redistribution, thereby 

determining the magnitude and duration of calcium signals. 

Voltage-gated calcium channels represent one of the most important routes for calcium entry 

into cells. These channels open in response to membrane depolarization and are particularly 

abundant in excitable tissues such as neurons, skeletal muscle, and cardiac muscle. Their 

activation permits rapid calcium influx, initiating processes such as neurotransmitter release 

and muscle contraction. 

Ligand-gated calcium channels constitute another important category. These channels open 

following the binding of neurotransmitters or other signalling molecules. Examples include 

NMDA receptors in neurons, which contribute to synaptic plasticity, learning, and memory. 

Store-operated calcium channels provide an additional mechanism for calcium entry. When 

calcium stores within the endoplasmic reticulum become depleted, specialized sensors activate 

plasma membrane channels that replenish intracellular calcium reserves. This process, known 

as store-operated calcium entry, ensures long-term maintenance of calcium homeostasis. 

To restore resting calcium concentrations following stimulation, cells employ active transport 

systems. The Plasma Membrane Calcium ATPase (PMCA) pumps calcium out of the cell, 

whereas the Sarco/Endoplasmic Reticulum Calcium ATPase (SERCA) transports calcium back 

into the endoplasmic reticulum. Sodium-calcium exchangers also contribute to calcium 

extrusion by coupling calcium export to sodium influx. Together, these transport systems 

maintain precise control over intracellular calcium concentrations (Figure 17). 
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Figure 17. Regulation of Intracellular Calcium Concentration 

9.5. Calcium Signalling Pathways 

Numerous signalling pathways utilize calcium as a second messenger. One of the most 

important mechanisms involves activation of phospholipase C (PLC). Following stimulation of 

G protein-coupled receptors or receptor tyrosine kinases, PLC hydrolyses phosphatidylinositol 

4,5-bisphosphate (PIP₂) to generate inositol 1,4,5-trisphosphate (IP₃) and diacylglycerol 

(DAG). IP₃ diffuses through the cytoplasm and binds to receptors located on the endoplasmic 

reticulum membrane, triggering calcium release into the cytoplasm. 

The resulting increase in cytoplasmic calcium concentration initiates numerous downstream 

responses. Calcium may directly regulate proteins or act through calcium-binding molecules 

such as calmodulin. In many cases, calcium signals are amplified through a process known as 

calcium-induced calcium release, whereby calcium entering the cytoplasm stimulates 

additional calcium release from intracellular stores. 

Cells frequently generate repetitive calcium oscillations rather than sustained increases in 

calcium concentration. These oscillations allow information to be encoded in terms of 



Chapter 9. Role of Calcium in Signal Transduction 

 75 

frequency and amplitude. Different patterns of calcium oscillations can activate distinct 

signalling pathways and produce different biological responses. This phenomenon enables 

calcium to function as a highly versatile signalling molecule capable of conveying complex 

information. 

9.6. Calmodulin and Calcium-Dependent Proteins 

Calmodulin is the principal intracellular receptor for calcium ions and serves as a central 

mediator of calcium signalling. This highly conserved protein contains four calcium-binding 

domains known as EF-hand motifs. Binding of calcium induces major conformational changes 

that allow calmodulin to interact with a large number of target proteins. 

The calcium-calmodulin complex regulates numerous enzymes, ion channels, transcription 

factors, and signalling proteins. Through these interactions, calmodulin converts transient 

calcium signals into specific cellular responses. Among its most important targets are 

Calcium/Calmodulin-Dependent Protein Kinases (CaMKs), which play critical roles in 

neuronal signalling, muscle function, gene expression, and cell cycle regulation. 

CaMKII is particularly abundant in the nervous system and is essential for synaptic plasticity, 

learning, and memory formation. Activation of CaMKII contributes to long-term potentiation, 

a process widely regarded as a cellular basis for memory storage. Other members of the CaMK 

family regulate gene transcription, metabolism, and developmental processes. 

Another important calcium-calmodulin-dependent enzyme is calcineurin, a protein phosphatase 

involved in immune regulation. Activation of calcineurin leads to dephosphorylation of Nuclear 

Factor of Activated T cells (NFAT), allowing NFAT to enter the nucleus and stimulate gene 

transcription. This pathway plays a crucial role in T-cell activation and adaptive immune 

responses. 

9.7. Physiological Functions of Calcium Signalling 

Calcium signalling participates in an extraordinary variety of physiological processes. In 

muscle tissue, calcium initiates contraction by promoting interactions between actin and myosin 

filaments. In skeletal and cardiac muscle, calcium binds to troponin, inducing structural changes 

that permit force generation. 
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In the nervous system, calcium influx through voltage-gated channels triggers synaptic vesicle 

fusion and neurotransmitter release. This mechanism is fundamental for neuronal 

communication and information processing. Calcium signalling also contributes to neuronal 

development, synaptic plasticity, learning, and memory. 

Endocrine cells rely on calcium signalling to regulate hormone secretion. For example, glucose-

induced calcium influx stimulates insulin release from pancreatic β-cells. Similarly, calcium 

controls secretion of catecholamines, growth hormone, and numerous other hormones. 

Calcium signalling also regulates gene expression through activation of transcription factors 

such as CREB, NFAT, and NF-κB. These factors control genes involved in growth, 

differentiation, immune responses, and cellular adaptation. Through these diverse mechanisms, 

calcium influences virtually every aspect of cellular physiology. 

9.8. Pathological Significance of Calcium Dysregulation 

Because calcium signalling regulates so many cellular functions, disturbances in calcium 

homeostasis can have profound pathological consequences. Abnormal calcium handling 

contributes to numerous cardiovascular diseases, including cardiac arrhythmias, heart failure, 

and hypertension. In these conditions, altered calcium cycling disrupts normal cardiac 

contraction and electrical activity. 

Neurological disorders are also frequently associated with calcium dysregulation. Excessive 

intracellular calcium accumulation can trigger neuronal injury and cell death, contributing to 

diseases such as Alzheimer's disease, Parkinson's disease, Huntington's disease, and epilepsy. 

Defects in calcium signalling pathways may impair synaptic function and cognitive processes. 

Cancer cells often exhibit altered calcium signalling that promotes proliferation, migration, 

angiogenesis, and resistance to apoptosis. Similarly, abnormalities in calcium-dependent 

immune signalling can contribute to autoimmune diseases and immunodeficiency disorders. 

The central role of calcium in human disease has stimulated extensive research aimed at 

developing therapeutic strategies that target calcium channels, calcium transporters, and 

calcium-dependent signalling proteins. 
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10.1. Introduction 

Cellular communication is mediated by a wide variety of signalling molecules that interact with 

specific receptors to regulate biological functions. While most signalling molecules act through 

receptors located at the plasma membrane, certain hormones are capable of crossing the lipid 

bilayer and interacting directly with intracellular receptors. These receptors belong to a large 

family of transcription factors known as nuclear receptors and represent one of the most 

important mechanisms through which hormones regulate gene expression. 

Intracellular hormone receptors mediate the actions of lipophilic hormones, including steroid 

hormones, thyroid hormones, vitamin D, and retinoic acid. Because these molecules can diffuse 

freely through biological membranes, they do not require cell-surface receptors to initiate 

signalling. Instead, they bind to receptors located within the cytoplasm or nucleus. Following 

ligand binding, these receptors function as transcription factors that directly regulate the 

expression of specific target genes. 

Unlike signalling pathways mediated by second messengers such as cAMP or calcium, 

intracellular hormone signalling generally produces slower responses because it requires 

transcription and protein synthesis. However, these responses are often more sustained and can 

profoundly alter cellular phenotype, metabolism, growth, differentiation, and function. 

Consequently, intracellular hormone receptors play essential roles in development, 

reproduction, metabolism, immunity, and homeostasis. 

10.2. Nuclear Receptor Superfamily 

The nuclear receptor superfamily comprises a large group of ligand-dependent transcription 

factors that regulate gene expression in response to hormonal and metabolic signals. More than 

forty nuclear receptors have been identified in humans, making this family one of the largest 

groups of transcriptional regulators in eukaryotic cells. 

Members of this superfamily include receptors for steroid hormones such as estrogens, 

androgens, progesterone, glucocorticoids, and mineralocorticoids. Other members recognize 

thyroid hormones, vitamin D, retinoic acid, bile acids, fatty acids, and various lipid-derived 

metabolites. Some nuclear receptors are classified as orphan receptors because their 

physiological ligands were initially unknown. 
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The biological importance of nuclear receptors derives from their ability to directly link 

extracellular hormonal signals with changes in gene expression. Through this mechanism, they 

regulate numerous physiological processes including embryonic development, sexual 

differentiation, reproduction, energy metabolism, immune responses, circadian rhythms, and 

cellular differentiation. 

Because of their central role in physiology and disease, nuclear receptors have become major 

therapeutic targets in endocrinology, oncology, immunology, and metabolic medicine. 

10.3. Molecular Structure of Nuclear Receptors 

Despite recognizing diverse ligands, nuclear receptors share a highly conserved structural 

organization. This structural conservation reflects their common evolutionary origin and similar 

mechanisms of action. 

The amino-terminal region contains the Activation Function-1 (AF-1) domain, which 

contributes to transcriptional regulation independently of ligand binding. This domain interacts 

with coactivators and components of the transcriptional machinery, thereby influencing the 

magnitude of gene expression. 

The DNA-binding domain is the most highly conserved region of nuclear receptors. It contains 

two zinc-finger motifs that specifically recognize DNA sequences known as Hormone 

Response Elements (HREs). These sequences are located within promoter or enhancer regions 

of hormone-responsive genes and determine receptor specificity. 

The hinge region provides structural flexibility and contains nuclear localisation signals that 

facilitate receptor transport into the nucleus. The carboxy-terminal ligand-binding domain is 

responsible for hormone recognition and receptor activation. This domain also participates in 

receptor dimerization and recruitment of transcriptional coactivators or corepressors. Within 

the ligand-binding domain is Activation Function-2 (AF-2), which becomes fully functional 

after hormone binding. 

This modular structure allows nuclear receptors to function as highly efficient molecular 

switches that translate hormonal signals into transcriptional responses (Figure 18).  
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Figure 18. Domain Organization of Nuclear Hormone Receptors 

10.4. Classification of Intracellular Hormone Receptors 

Intracellular hormone receptors can be classified according to their ligand specificity and 

mechanisms of activation. The largest group consists of steroid hormone receptors, including 

estrogen receptors, androgen receptors, progesterone receptors, glucocorticoid receptors, and 

mineralocorticoid receptors. These receptors generally reside in the cytoplasm in their inactive 

state and translocate to the nucleus following ligand binding. 

Another important category includes thyroid hormone receptors, retinoic acid receptors, and 

vitamin D receptors. Unlike steroid hormone receptors, these receptors are often already 

associated with DNA in the nucleus before ligand binding. Hormone binding modifies their 

interaction with coactivators and corepressors, thereby regulating gene transcription. 

A third category comprises orphan receptors. Many orphan receptors have important 

physiological functions despite the fact that their endogenous ligands remain poorly 

characterized. These receptors contribute to metabolic regulation, development, and cellular 

differentiation. 
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Although these receptor classes differ in their ligands and localisation, they share a common 

mechanism involving ligand-dependent regulation of gene expression. 

10.5. Estrogen Receptors 

Estrogen receptors are among the most extensively studied members of the nuclear receptor 

family. They mediate the biological effects of oestrogens, particularly 17β-estradiol, the 

principal female sex hormone. Two major isoforms have been identified: Estrogen Receptor 

Alpha (ERα) and Estrogen Receptor Beta (ERβ). 

ERα is predominantly expressed in reproductive tissues such as the uterus, mammary gland, 

and ovary, whereas ERβ is abundant in the ovary, prostate, colon, lung, cardiovascular system, 

and central nervous system. Although both receptors bind estrogens (oestrogen), they often 

produce distinct and sometimes opposing biological effects. 

Following estrogen binding, receptor activation induces conformational changes that promote 

receptor dimerization. The activated receptor complex binds to estrogen Response Elements 

(EREs) located within target genes and recruits transcriptional coactivators. These events 

stimulate transcription of genes involved in cellular proliferation, differentiation, metabolism, 

and reproductive function. 

Estrogen receptors regulate numerous physiological processes. In the reproductive system, they 

control sexual development, ovarian function, menstrual cycling, implantation, and pregnancy. 

In bone tissue, estrogens inhibit osteoclast-mediated bone resorption and maintain skeletal 

integrity. In the cardiovascular system, estrogen signalling contributes to vascular protection by 

improving endothelial function and lipid metabolism. Estrogens also influence neuronal 

function, cognition, mood, and neuroprotection. 

Beyond their physiological roles, estrogen receptors are of major clinical importance because 

approximately seventy percent of breast cancers are estrogen receptor-positive and depend on 

estrogen signalling for growth and survival. 
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10.6. Androgen Receptors 

The androgen receptor is the principal mediator of testosterone and dihydrotestosterone (DHT) 

signalling. It belongs to the steroid receptor family and plays a central role in male development, 

reproduction, metabolism, and musculoskeletal physiology. 

In the absence of hormone, androgen receptors are maintained in an inactive state through 

association with heat shock proteins such as HSP90 and HSP70. These molecular chaperones 

stabilize receptor structure and prevent spontaneous activation. When testosterone or DHT 

enters the cell and binds to the receptor, heat shock proteins dissociate and the receptor 

undergoes activation. 

The activated receptor forms dimers and translocates into the nucleus, where it binds to specific 

DNA sequences known as Androgen Response Elements (AREs). This interaction initiates 

transcription of genes involved in male reproductive development, spermatogenesis, muscle 

growth, protein synthesis, and metabolic regulation. 

Androgen signalling is essential for the development of male secondary sexual characteristics, 

including increased muscle mass, facial hair growth, deepening of the voice, and maturation of 

reproductive organs. In adults, androgens maintain bone density, regulate erythropoiesis, and 

influence body composition. 

Abnormal androgen receptor signalling is associated with numerous disorders, including 

androgen insensitivity syndrome, infertility, benign prostatic hyperplasia, and prostate cancer. 

10.7. Molecular Mechanisms of Gene Regulation 

The classical mechanism of intracellular hormone signalling begins when a lipophilic hormone 

diffuses through the plasma membrane and binds to its intracellular receptor. Ligand binding 

induces conformational changes that activate the receptor and expose dimerization interfaces. 

Activated receptors form homo- or heterodimers that recognize specific Hormone Response 

Elements within target genes. Binding of receptor dimers to DNA serves as the foundation for 

transcriptional regulation. However, receptor binding alone is insufficient to activate 

transcription. Additional regulatory proteins must be recruited to remodel chromatin and 

facilitate transcription initiation. 
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Coactivators such as SRC-1, CBP, and p300 possess histone acetyltransferase activity that 

relaxes chromatin structure and increases DNA accessibility. This chromatin remodelling 

allows RNA polymerase II and general transcription factors to assemble at the promoter region 

and initiate transcription. 

Conversely, corepressors such as NCoR and SMRT suppress transcription by promoting 

chromatin condensation and inhibiting recruitment of transcriptional machinery. The balance 

between coactivator and corepressor recruitment determines the final transcriptional output of 

hormone-responsive genes. 

Through these mechanisms, intracellular hormone receptors regulate hundreds of genes 

involved in cellular growth, differentiation, metabolism, immune function, and development. 

10.8. Non-Genomic Actions of Steroid Hormones 

Although intracellular hormone receptors are traditionally associated with gene regulation, 

increasing evidence indicates that steroid hormones can also produce rapid non-genomic 

effects. These responses occur within seconds or minutes and are too rapid to depend on 

transcriptional regulation. 

Non-genomic signalling frequently involves membrane-associated forms of steroid hormone 

receptors. Activation of these receptors stimulates intracellular signalling pathways such as 

MAPK, PI3K/Akt, calcium signalling, and cyclic AMP production. These pathways influence 

ion channel activity, enzyme function, cellular metabolism, and survival mechanisms. 

The existence of both genomic and non-genomic signalling mechanisms greatly expands the 

physiological repertoire of steroid hormones and allows cells to generate both immediate and 

long-term responses. 

10.9. Physiological Functions of Intracellular Hormone Receptors 

Intracellular hormone receptors regulate numerous physiological processes essential for 

organismal survival and adaptation. During embryonic development, they control tissue 

differentiation, organogenesis, and sexual development. In adulthood, they regulate 

reproductive function, energy metabolism, immune responses, cardiovascular physiology, 

skeletal maintenance, and central nervous system activity. 
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Steroid hormones coordinate responses to environmental and physiological changes. For 

example, glucocorticoid receptors mediate adaptation to stress, mineralocorticoid receptors 

regulate electrolyte balance, and sex steroid receptors control reproductive physiology. 

Through coordinated regulation of gene expression, intracellular hormone receptors maintain 

physiological homeostasis throughout life. 

10.10. Pharmacological and Clinical Implications 

Because intracellular hormone receptors regulate critical physiological functions, they 

represent major targets for therapeutic intervention. Numerous drugs exert their effects by 

activating or inhibiting nuclear receptor signalling pathways. 

Selective Estrogen Receptor Modulators (SERMs), such as tamoxifen and raloxifene, act as 

estrogen receptor antagonists or agonists depending on tissue context. These compounds are 

widely used in breast cancer treatment and osteoporosis prevention. Aromatase inhibitors 

reduce estrogen synthesis and are frequently prescribed for hormone-dependent breast cancers. 

Antiandrogen drugs such as flutamide, bicalutamide, and enzalutamide inhibit androgen 

receptor signalling and are used extensively in prostate cancer therapy. Similarly, synthetic 

glucocorticoids such as dexamethasone and prednisone activate glucocorticoid receptors to 

produce potent anti-inflammatory and immunosuppressive effects. 

The therapeutic success of these agents highlights the clinical importance of intracellular 

hormone receptor signalling and demonstrates how fundamental knowledge of receptor biology 

can be translated into effective medical treatments. 
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