
Skip to ContentGo to accessibility pageKeyboard shortcuts menu[image: OpenStax Logo]

Biology 2e6.4 ATP: Adenosine Triphosphate


Biology 2e6.4 ATP: Adenosine Triphosphate









[image: ]


Close



[image: ]

ContentsContentsHighlights
Print

Table of contents
	Preface
	
    
    The Chemistry of Life
	1
     
    The Study of Life
	Introduction
	1.1 The Science of Biology
	1.2 Themes and Concepts of Biology
	Key Terms
	Chapter Summary
	Visual Connection Questions
	Review Questions
	Critical Thinking Questions


	2
     
    The Chemical Foundation of Life
	Introduction
	2.1 Atoms, Isotopes, Ions, and Molecules: The Building Blocks
	2.2 Water
	2.3 Carbon
	Key Terms
	Chapter Summary
	Visual Connection Questions
	Review Questions
	Critical Thinking Questions


	3
     
    Biological Macromolecules
	Introduction
	3.1 Synthesis of Biological Macromolecules
	3.2 Carbohydrates
	3.3 Lipids
	3.4 Proteins
	3.5 Nucleic Acids
	Key Terms
	Chapter Summary
	Visual Connection Questions
	Review Questions
	Critical Thinking Questions




	
    
    The Cell
	4
     
    Cell Structure
	Introduction
	4.1 Studying Cells
	4.2 Prokaryotic Cells
	4.3 Eukaryotic Cells
	4.4 The Endomembrane System and Proteins
	4.5 The Cytoskeleton
	4.6 Connections between Cells and Cellular Activities
	Key Terms
	Chapter Summary
	Visual Connection Questions
	Review Questions
	Critical Thinking Questions


	5
     
    Structure and Function of Plasma Membranes
	Introduction
	5.1 Components and Structure
	5.2 Passive Transport
	5.3 Active Transport
	5.4 Bulk Transport
	Key Terms
	Chapter Summary
	Visual Connection Questions
	Review Questions
	Critical Thinking Questions


	6
     
    Metabolism
	Introduction
	6.1 Energy and Metabolism
	6.2 Potential, Kinetic, Free, and Activation Energy
	6.3 The Laws of Thermodynamics
	6.4 ATP: Adenosine Triphosphate
	6.5 Enzymes
	Key Terms
	Chapter Summary
	Visual Connection Questions
	Review Questions
	Critical Thinking Questions


	7
     
    Cellular Respiration
	Introduction
	7.1 Energy in Living Systems
	7.2 Glycolysis
	7.3 Oxidation of Pyruvate and the Citric Acid Cycle
	7.4 Oxidative Phosphorylation
	7.5 Metabolism without Oxygen
	7.6 Connections of Carbohydrate, Protein, and Lipid Metabolic Pathways
	7.7 Regulation of Cellular Respiration
	Key Terms
	Chapter Summary
	Visual Connection Questions
	Review Questions
	Critical Thinking Questions


	8
     
    Photosynthesis
	Introduction
	8.1 Overview of Photosynthesis
	8.2 The Light-Dependent Reactions of Photosynthesis
	8.3 Using Light Energy to Make Organic Molecules
	Key Terms
	Chapter Summary
	Visual Connection Questions
	Review Questions
	Critical Thinking Questions


	9
     
    Cell Communication
	Introduction
	9.1 Signaling Molecules and Cellular Receptors
	9.2 Propagation of the Signal
	9.3 Response to the Signal
	9.4 Signaling in Single-Celled Organisms
	Key Terms
	Chapter Summary
	Visual Connection Questions
	Review Questions
	Critical Thinking Questions


	10
     
    Cell Reproduction
	Introduction
	10.1 Cell Division
	10.2 The Cell Cycle
	10.3 Control of the Cell Cycle
	10.4 Cancer and the Cell Cycle
	10.5 Prokaryotic Cell Division
	Key Terms
	Chapter Summary
	Visual Connection Questions
	Review Questions
	Critical Thinking Questions




	
    
    Genetics
	11
     
    Meiosis and Sexual Reproduction
	Introduction
	11.1 The Process of Meiosis
	11.2 Sexual Reproduction
	Key Terms
	Chapter Summary
	Visual Connection Questions
	Review Questions
	Critical Thinking Questions


	12
     
    Mendel's Experiments and Heredity
	Introduction
	12.1 Mendel’s Experiments and the Laws of Probability
	12.2 Characteristics and Traits
	12.3 Laws of Inheritance
	Key Terms
	Chapter Summary
	Visual Connection Questions
	Review Questions
	Critical Thinking Questions


	13
     
    Modern Understandings of Inheritance
	Introduction
	13.1 Chromosomal Theory and Genetic Linkage
	13.2 Chromosomal Basis of Inherited Disorders
	Key Terms
	Chapter Summary
	Visual Connection Questions
	Review Questions
	Critical Thinking Questions


	14
     
    DNA Structure and Function
	Introduction
	14.1 Historical Basis of Modern Understanding
	14.2 DNA Structure and Sequencing
	14.3 Basics of DNA Replication
	14.4 DNA Replication in Prokaryotes
	14.5 DNA Replication in Eukaryotes
	14.6 DNA Repair
	Key Terms
	Chapter Summary
	Visual Connection Questions
	Review Questions
	Critical Thinking Questions


	15
     
    Genes and Proteins
	Introduction
	15.1 The Genetic Code
	15.2 Prokaryotic Transcription
	15.3 Eukaryotic Transcription
	15.4 RNA Processing in Eukaryotes
	15.5 Ribosomes and Protein Synthesis
	Key Terms
	Chapter Summary
	Visual Connection Questions
	Review Questions
	Critical Thinking Questions


	16
     
    Gene Expression
	Introduction
	16.1 Regulation of Gene Expression
	16.2 Prokaryotic Gene Regulation
	16.3 Eukaryotic Epigenetic Gene Regulation
	16.4 Eukaryotic Transcription Gene Regulation
	16.5 Eukaryotic Post-transcriptional Gene Regulation
	16.6 Eukaryotic Translational and Post-translational Gene Regulation
	16.7 Cancer and Gene Regulation
	Key Terms
	Chapter Summary
	Visual Connection Questions
	Review Questions
	Critical Thinking Questions


	17
     
    Biotechnology and Genomics
	Introduction
	17.1 Biotechnology
	17.2 Mapping Genomes
	17.3 Whole-Genome Sequencing
	17.4 Applying Genomics
	17.5 Genomics and Proteomics
	Key Terms
	Chapter Summary
	Visual Connection Questions
	Review Questions
	Critical Thinking Questions




	
    
    Evolutionary Processes
	18
     
    Evolution and the Origin of Species
	Introduction
	18.1 Understanding Evolution
	18.2 Formation of New Species
	18.3 Reconnection and Speciation Rates
	Key Terms
	Chapter Summary
	Visual Connection Questions
	Review Questions
	Critical Thinking Questions


	19
     
    The Evolution of Populations
	Introduction
	19.1 Population Evolution
	19.2 Population Genetics
	19.3 Adaptive Evolution
	Key Terms
	Chapter Summary
	Visual Connection Questions
	Review Questions
	Critical Thinking Questions


	20
     
    Phylogenies and the History of Life
	Introduction
	20.1 Organizing Life on Earth
	20.2 Determining Evolutionary Relationships
	20.3 Perspectives on the Phylogenetic Tree
	Key Terms
	Chapter Summary
	Visual Connection Questions
	Review Questions
	Critical Thinking Questions




	
    
    Biological Diversity
	21
     
    Viruses
	Introduction
	21.1 Viral Evolution, Morphology, and Classification
	21.2 Virus Infections and Hosts
	21.3 Prevention and Treatment of Viral Infections
	21.4 Other Acellular Entities: Prions and Viroids
	Key Terms
	Chapter Summary
	Visual Connection Questions
	Review Questions
	Critical Thinking Questions


	22
     
    Prokaryotes: Bacteria and Archaea
	Introduction
	22.1 Prokaryotic Diversity
	22.2 Structure of Prokaryotes: Bacteria and Archaea
	22.3 Prokaryotic Metabolism
	22.4 Bacterial Diseases in Humans
	22.5 Beneficial Prokaryotes
	Key Terms
	Chapter Summary
	Visual Connection Questions
	Review Questions
	Critical Thinking Questions


	23
     
    Protists
	Introduction
	23.1 Eukaryotic Origins
	23.2 Characteristics of Protists
	23.3 Groups of Protists
	23.4 Ecology of Protists
	Key Terms
	Chapter Summary
	Visual Connection Questions
	Review Questions
	Critical Thinking Questions


	24
     
    Fungi
	Introduction
	24.1 Characteristics of Fungi
	24.2 Classifications of Fungi
	24.3 Ecology of Fungi
	24.4 Fungal Parasites and Pathogens
	24.5 Importance of Fungi in Human Life
	Key Terms
	Chapter Summary
	Visual Connection Questions
	Review Questions
	Critical Thinking Questions


	25
     
    Seedless Plants
	Introduction
	25.1 Early Plant Life
	25.2 Green Algae: Precursors of Land Plants
	25.3 Bryophytes
	25.4 Seedless Vascular Plants
	Key Terms
	Chapter Summary
	Visual Connection Questions
	Review Questions
	Critical Thinking Questions


	26
     
    Seed Plants
	Introduction
	26.1 Evolution of Seed Plants
	26.2 Gymnosperms
	26.3 Angiosperms
	26.4 The Role of Seed Plants
	Key Terms
	Chapter Summary
	Visual Connection Questions
	Review Questions
	Critical Thinking Questions


	27
     
    Introduction to Animal Diversity
	Introduction
	27.1 Features of the Animal Kingdom
	27.2 Features Used to Classify Animals
	27.3 Animal Phylogeny
	27.4 The Evolutionary History of the Animal Kingdom
	Key Terms
	Chapter Summary
	Visual Connection Questions
	Review Questions
	Critical Thinking Questions


	28
     
    Invertebrates
	Introduction
	28.1 Phylum Porifera
	28.2 Phylum Cnidaria
	28.3 Superphylum Lophotrochozoa: Flatworms, Rotifers, and Nemerteans
	28.4 Superphylum Lophotrochozoa: Molluscs and Annelids
	28.5 Superphylum Ecdysozoa: Nematodes and Tardigrades
	28.6 Superphylum Ecdysozoa: Arthropods
	28.7 Superphylum Deuterostomia
	Key Terms
	Chapter Summary
	Visual Connection Questions
	Review Questions
	Critical Thinking Questions


	29
     
    Vertebrates
	Introduction
	29.1 Chordates
	29.2 Fishes
	29.3 Amphibians
	29.4 Reptiles
	29.5 Birds
	29.6 Mammals
	29.7 The Evolution of Primates
	Key Terms
	Chapter Summary
	Visual Connection Questions
	Review Questions
	Critical Thinking Questions




	
    
    Plant Structure and Function
	30
     
    Plant Form and Physiology
	Introduction
	30.1 The Plant Body
	30.2 Stems
	30.3 Roots
	30.4 Leaves
	30.5 Transport of Water and Solutes in Plants
	30.6 Plant Sensory Systems and Responses
	Key Terms
	Chapter Summary
	Visual Connection Questions
	Review Questions
	Critical Thinking Questions


	31
     
    Soil and Plant Nutrition
	Introduction
	31.1 Nutritional Requirements of Plants
	31.2 The Soil
	31.3 Nutritional Adaptations of Plants
	Key Terms
	Chapter Summary
	Visual Connection Questions
	Review Questions
	Critical Thinking Questions


	32
     
    Plant Reproduction
	Introduction
	32.1 Reproductive Development and Structure
	32.2 Pollination and Fertilization
	32.3 Asexual Reproduction
	Key Terms
	Chapter Summary
	Visual Connection Questions
	Review Questions
	Critical Thinking Questions




	
    
    Animal Structure and Function
	33
     
    The Animal Body: Basic Form and Function
	Introduction
	33.1 Animal Form and Function
	33.2 Animal Primary Tissues
	33.3 Homeostasis
	Key Terms
	Chapter Summary
	Visual Connection Questions
	Review Questions
	Critical Thinking Questions


	34
     
    Animal Nutrition and the Digestive System
	Introduction
	34.1 Digestive Systems
	34.2 Nutrition and Energy Production
	34.3 Digestive System Processes
	34.4 Digestive System Regulation
	Key Terms
	Chapter Summary
	Visual Connection Questions
	Review Questions
	Critical Thinking Questions


	35
     
    The Nervous System
	Introduction
	35.1 Neurons and Glial Cells
	35.2 How Neurons Communicate
	35.3 The Central Nervous System
	35.4 The Peripheral Nervous System
	35.5 Nervous System Disorders
	Key Terms
	Chapter Summary
	Visual Connection Questions
	Review Questions
	Critical Thinking Questions


	36
     
    Sensory Systems
	Introduction
	36.1 Sensory Processes
	36.2 Somatosensation
	36.3 Taste and Smell
	36.4 Hearing and Vestibular Sensation
	36.5 Vision
	Key Terms
	Chapter Summary
	Visual Connection Questions
	Review Questions
	Critical Thinking Questions


	37
     
    The Endocrine System
	Introduction
	37.1 Types of Hormones
	37.2 How Hormones Work
	37.3 Regulation of Body Processes
	37.4 Regulation of Hormone Production
	37.5 Endocrine Glands
	Key Terms
	Chapter Summary
	Visual Connection Questions
	Review Questions
	Critical Thinking Questions


	38
     
    The Musculoskeletal System
	Introduction
	38.1 Types of Skeletal Systems
	38.2 Bone
	38.3 Joints and Skeletal Movement
	38.4 Muscle Contraction and Locomotion
	Key Terms
	Chapter Summary
	Visual Connection Questions
	Review Questions
	Critical Thinking Questions


	39
     
    The Respiratory System
	Introduction
	39.1 Systems of Gas Exchange
	39.2 Gas Exchange across Respiratory Surfaces
	39.3 Breathing
	39.4 Transport of Gases in Human Bodily Fluids
	Key Terms
	Chapter Summary
	Visual Connection Questions
	Review Questions
	Critical Thinking Questions


	40
     
    The Circulatory System
	Introduction
	40.1 Overview of the Circulatory System
	40.2 Components of the Blood
	40.3 Mammalian Heart and Blood Vessels
	40.4 Blood Flow and Blood Pressure Regulation
	Key Terms
	Chapter Summary
	Visual Connection Questions
	Review Questions
	Critical Thinking Questions


	41
     
    Osmotic Regulation and Excretion
	Introduction
	41.1 Osmoregulation and Osmotic Balance
	41.2 The Kidneys and Osmoregulatory Organs
	41.3 Excretion Systems
	41.4 Nitrogenous Wastes
	41.5 Hormonal Control of Osmoregulatory Functions
	Key Terms
	Chapter Summary
	Visual Connection Questions
	Review Questions
	Critical Thinking Questions


	42
     
    The Immune System
	Introduction
	42.1 Innate Immune Response
	42.2 Adaptive Immune Response
	42.3 Antibodies
	42.4 Disruptions in the Immune System
	Key Terms
	Chapter Summary
	Visual Connection Questions
	Review Questions
	Critical Thinking Questions


	43
     
    Animal Reproduction and Development
	Introduction
	43.1 Reproduction Methods
	43.2 Fertilization
	43.3 Human Reproductive Anatomy and Gametogenesis
	43.4 Hormonal Control of Human Reproduction
	43.5 Human Pregnancy and Birth
	43.6 Fertilization and Early Embryonic Development
	43.7 Organogenesis and Vertebrate Formation
	Key Terms
	Chapter Summary
	Visual Connection Questions
	Review Questions
	Critical Thinking Questions




	
    
    Ecology
	44
     
    Ecology and the Biosphere
	Introduction
	44.1 The Scope of Ecology
	44.2 Biogeography
	44.3 Terrestrial Biomes
	44.4 Aquatic Biomes
	44.5 Climate and the Effects of Global Climate Change
	Key Terms
	Chapter Summary
	Visual Connection Questions
	Review Questions
	Critical Thinking Questions


	45
     
    Population and Community Ecology
	Introduction
	45.1 Population Demography
	45.2 Life Histories and Natural Selection
	45.3 Environmental Limits to Population Growth
	45.4 Population Dynamics and Regulation
	45.5 Human Population Growth
	45.6 Community Ecology
	45.7 Behavioral Biology: Proximate and Ultimate Causes of Behavior
	Key Terms
	Chapter Summary
	Visual Connection Questions
	Review Questions
	Critical Thinking Questions


	46
     
    Ecosystems
	Introduction
	46.1 Ecology of Ecosystems
	46.2 Energy Flow through Ecosystems
	46.3 Biogeochemical Cycles
	Key Terms
	Chapter Summary
	Visual Connection Questions
	Review Questions
	Critical Thinking Questions


	47
     
    Conservation Biology and Biodiversity
	Introduction
	47.1 The Biodiversity Crisis
	47.2 The Importance of Biodiversity to Human Life
	47.3 Threats to Biodiversity
	47.4 Preserving Biodiversity
	Key Terms
	Chapter Summary
	Visual Connection Questions
	Review Questions
	Critical Thinking Questions




	A | The Periodic Table of Elements
	B | Geological Time
	C | Measurements and the Metric System
	Index


Learning Objectives
By the end of this section, you will be able to do the following:

	Explain ATP's role as the cellular energy currency
	Describe how energy releases through ATP hydrolysis




Even exergonic, energy-releasing reactions require a small amount of activation energy in order to proceed. However, consider endergonic reactions, which require much more energy input, because their products have more free energy than their reactants. Within the cell, from where does energy to power such reactions come? The answer lies with an energy-supplying molecule scientists call adenosine triphosphate, or ATP. This is a small, relatively simple molecule (Figure 6.13), but within some of its bonds, it contains the potential for a quick burst of energy that can be harnessed to perform cellular work. Think of this molecule as the cells' primary energy currency in much the same way that money is the currency that people exchange for things they need. ATP powers the majority of energy-requiring cellular reactions.



[image: The molecular structure of adenosine triphosphate is shown. Three phosphate groups, called alpha, beta, and gamma, are attached to a ribose sugar. Adenine is also attached to the ribose.]



  Figure 
6.13



   
  ATP is the cell's primary energy currency. It has an adenosine backbone with three phosphate groups attached.


As its name suggests, adenosine triphosphate is comprised of adenosine bound to three phosphate groups (Figure 6.13). Adenosine is a nucleoside consisting of the nitrogenous base adenine and a five-carbon sugar, ribose. The three phosphate groups, in order of closest to furthest from the ribose sugar, are alpha, beta, and gamma. Together, these chemical groups constitute an energy powerhouse. However, not all bonds within this molecule exist in a particularly high-energy state. Both bonds that link the phosphates are equally high-energy bonds (phosphoanhydride bonds) that, when broken, release sufficient energy to power a variety of cellular reactions and processes. These high-energy bonds are the bonds between the second and third (or beta and gamma) phosphate groups and between the first and second phosphate groups. These bonds are “high-energy” because the products of such bond breaking—adenosine diphosphate (ADP) and one inorganic phosphate group (Pi)—have considerably lower free energy than the reactants: ATP and a water molecule. Because this reaction takes place using a water molecule, it is a hydrolysis reaction. In other words, ATP hydrolyzes into ADP in the following reaction:
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Like most chemical reactions, ATP to ADP hydrolysis is reversible. The reverse reaction regenerates ATP from ADP + Pi. Cells rely on ATP regeneration just as people rely on regenerating spent money through some sort of income. Since ATP hydrolysis releases energy, ATP regeneration must require an input of free energy. This equation expresses ATP formation:




ADP+
P
i

+free energy→ATP+
H
2

O

ADP+
P
i

+free energy→ATP+
H
2

O



Two prominent questions remain with regard to using ATP as an energy source. Exactly how much free energy releases with ATP hydrolysis, and how does that free energy do cellular work? The calculated ∆G for the hydrolysis of one ATP mole into ADP and Pi is −7.3 kcal/mole (−30.5 kJ/mol). Since this calculation is true under standard conditions, one would expect a different value exists under cellular conditions. In fact, the ∆G for one ATP mole's hydrolysis in a living cell is almost double the value at standard conditions: –14 kcal/mol (−57 kJ/mol).


ATP is a highly unstable molecule. Unless quickly used to perform work, ATP spontaneously dissociates into ADP + Pi, and the free energy released during this process is lost as heat. The second question we posed above discusses how ATP hydrolysis energy release performs work inside the cell. This depends on a strategy scientists call energy coupling. Cells couple the ATP hydrolysis' exergonic reaction allowing them to proceed. One example of energy coupling using ATP involves a transmembrane ion pump that is extremely important for cellular function. This sodium-potassium pump (Na+/K+ pump) drives sodium out of the cell and potassium into the cell (Figure 6.14). A large percentage of a cell’s ATP powers this pump, because cellular processes bring considerable sodium into the cell and potassium out of it. The pump works constantly to stabilize cellular concentrations of sodium and potassium. In order for the pump to turn one cycle (exporting three Na+ ions and importing two K+ ions), one ATP molecule must hydrolyze. When ATP hydrolyzes, its gamma phosphate does not simply float away, but it actually transfers onto the pump protein. Scientists call this process of a phosphate group binding to a molecule phosphorylation. As with most ATP hydrolysis cases, a phosphate from ATP transfers onto another molecule. In a phosphorylated state, the Na+/K+ pump has more free energy and is triggered to undergo a conformational change. This change allows it to release Na+ to the cell's outside. It then binds extracellular K+, which, through another conformational change, causes the phosphate to detach from the pump. This phosphate release triggers the K+ to release to the cell's inside. Essentially, the energy released from the ATP hydrolysis couples with the energy required to power the pump and transport Na+ and K+ ions. ATP performs cellular work using this basic form of energy coupling through phosphorylation.



  Visual Connection




[image: This illustration shows the sodium-potassium pump embedded in the cell membrane. A T P hydrolysis catalyzes a conformational change in the pump that allows sodium ions to move from the cytoplasmic side to the extracellular side of the membrane, and potassium ions to move from the extracellular side to the cytoplasmic side of the membrane as well.]



  Figure 
6.14



   
  The sodium-potassium pump is an example of energy coupling. The energy derived from exergonic ATP hydrolysis pumps sodium and potassium ions across the cell membrane.



One ATP molecule's hydrolysis releases 7.3 kcal/mol of energy (∆G = −7.3 kcal/mol of energy). If it takes 2.1 kcal/mol of energy to move one Na+ across the membrane (∆G = +2.1 kcal/mol of energy), how many sodium ions could one ATP molecule's hydrolysis move?





Often during cellular metabolic reactions, such as nutrient synthesis and breakdown, certain molecules must alter slightly in their conformation to become substrates for the next step in the reaction series. One example is during the very first steps of cellular respiration, when a sugar glucose molecule breaks down in the process of glycolysis. In the first step, ATP is required to phosphorylate glucose, creating a high-energy but unstable intermediate. This phosphorylation reaction powers a conformational change that allows the phosphorylated glucose molecule to convert to the phosphorylated sugar fructose. Fructose is a necessary intermediate for glycolysis to move forward. Here, ATP hydrolysis' exergonic reaction couples with the endergonic reaction of converting glucose into a phosphorylated intermediate in the pathway. Once again, the energy released by breaking a phosphate bond within ATP was used for phosphorylyzing another molecule, creating an unstable intermediate and powering an important conformational change.



  Link to Learning



See an animation of the ATP-producing glycolysis process at this site.
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