Chapter 8


INTRODUCTION TO METABOLISM
METABOLISM, ENERGY AND LIFE

The totality of the chemical reactions taking place in an organism.

Metabolism is concerned with managing the materials and energy available to the cell.

The chemistry of life is organized into chemical pathways.

Metabolic reactions require energy transformations.

Metabolism allows the organism to move, grow, heal, reproduce, etc.

Anabolism refers to metabolic reactions that synthesize complex organic molecules from simpler ones. These reactions consume energy to build more complex molecules.

· From the Greek: ana: back, up, and bolos: to lump or build, e.g. build up.

Catabolism is the metabolic reactions in which complex molecules are broken down into simpler ones. They release energy.

· From the Greek: cata: down, dissolution, and bolos: to lump or build, e.g. to break down.

Organisms transform energy.

Energy is the capacity to do work.

Work is any change in the state or motion of an object; to move matter against opposing forces such as gravity and friction.

Energy can change form. The work of life depends on the ability of cells to transform energy from one type into another.

Kinetic energy is the energy of motion; it is a measure of the velocity and mass of an object.

· E. g. if two gases have the same average kinetic energy (temperature), the gas with the smaller molecules will be moving on the average faster than the gas with more massive molecules.

Potential energy is stored energy.

Heat is the energy that can be transferred between objects of different temperature. It is the total amount of kinetic energy in a substance that its bulk is not moving.

Chemical energy is the potential energy stored in the bonds of molecules. It is particularly important in living systems.

Chemical energy can be transformed into kinetic energy. 

During chemical reactions the atoms of molecules become rearranged and some chemical energy (potential energy stored in the molecules), is converted into kinetic energy.

Cellular respiration and other catabolic pathways unleash energy stored in carbohydrates to make energy available for cellular work. 

Organisms are energy transformers.

THERMODYNAMICS

Thermodynamics is the study of energy and its transformations.

· System is the object being studied in thermodynamics.

· Surrounding is the rest of the universe other than the system.

· Closed systems do not exchange matter or energy with its surroundings.

· Open systems exchange matter and/or energy with the surroundings.

1. First law of thermodynamics.

Energy of the universe is constant.

Energy can be transferred and transformed, but it cannot be created or destroyed. 

Energy-mass cannot be created nor destroyed.

This law is also known as the Principle of Conservation of Energy or Matter.

2. Second law of thermodynamics.

The entropy of the universe increases with every transfer of energy.

Entropy is a measure of the disorder or randomness of a system.

· Every energy transfer or transformation increases the disorder in the universe. It increases the entropy of the universe.

· Also known as the Law of Increased Entropy.

When energy is converted from one form to another, some of the usable energy is converted to heat and is dispersed in the surroundings.

At every step of energy transformation there is a loss of energy capable to do work.

No one process that requires energy conversion is 100% efficient. Some energy is always lost in the form of heat, the random motion of molecules. 

Entropy or disorder in a closed system tends to increase spontaneously over time.

Entropy is a measure of the inability of a system to do work or dispersal energy.

Heat is the energy of random molecular motion. Molecules and atoms change their kinetic energy because heat flows in or out of them. Heat is “energy in transit.”
· The heat content of a sample of gas is the sum of its energies, except nuclear energy, of all its molecules.

· The internal energy of a molecule consists of the motions of the nuclei and electrons of the atoms of the molecule. The motions of the nuclei are not to be confused with nuclear energy, which is inside a nucleus, associated with the strong bonds between nuclear particles.

Heat energy is less organized and has high entropy (S). It is the uncoordinated movement of molecules.

Temperature is the measure of the energy of motion of molecules.

· A substance can have high heat content and low temperature!

· Low average molecular speed.

· Large mass with many moving molecules and atoms.

Living systems are orderly and require energy in order to maintain their orderliness. 

Energy flows into ecosystems in the form of light and leaves in the form of heat after a series of transformations within the ecosystem.

Organisms increase the entropy of the universe by releasing small molecules and heat into their surroundings. These molecules and heat energy come from the more organized molecules of food: starch, proteins, etc.

FREE ENERGY

Some processes occur spontaneously. Spontaneous processes occur on their own, e. g. water runs down hill.

When a spontaneous process occurs, the stability of the system increases. 

Systems always tend toward greater stability unless prevented from doing so, e. g. a dam prevents water from running down hill.

Processes that do not occur on their own are nonspontaneous. They occur only if energy is added to the system.

Free energy is the portion of a system's energy that can perform work when temperature and pressure are uniform throughout the system, like in a living cell.

Free energy is the energy available to work. 

Spontaneous processes decrease the free energy in the system. 

The living cell is a system. 

Free energy (G) has two components: the total energy or enthalpy of the system (H) and its entropy (S). 

T is the absolute temperature of the system given in degrees Kelvin, K = 273 + oC

Enthalpy (H), entropy (S) and free energy (G) are related by the equation G = H - TS. 

The following equation is used to express what happens in a chemical reaction (G = (H - T(S.

· The Greek letter ( symbolizes change.
No reaction can take place without a decrease in enthalpy, an increase in entropy or both. In order for a process to occur spontaneously, the system must decrease its energy, increase its entropy or both.

Notice that an increase in temperature increases the entropy component of the system.

The total energy of the system minus its entropy leaves the energy available to do work, G.

Processes that have a positive or zero ΔG are never spontaneous. 

Systems that occur spontaneously to a more stable state tend to have high energy (H), low entropy (S) or both.

· G is a measure of the systems instability, therefore...

· In any spontaneous process, free energy decreases.

The total amount of free energy cannot be measured but changes ((, delta) in free energy can be measured.



(G = G final state - G starting state
(G < 0, free energy change here has a negative value because it represents a loss of energy from the system.

The greater the decrease in free energy, the greater the amount of work the spontaneous process can perform. 

A system or chemical reaction reaches equilibrium (G = 0, because there is no net change in the energy of the system. Energy is neither being lost nor gained by the system. This represents the state of maximum stability for that system.

Systems at equilibrium can do no work.

Metabolic disequilibrium

Exergonic reactions release energy and are spontaneous, -(G. Free energy decreases.

   C6H12O6 + 6O2 ( 6CO2 + 6 H2O    (G =  - 686 kcal/mol (or -2,870 kJ/mol)

In this reaction, for every mole of glucose (180 g), 686 kcal were released and the products had as a result a total of 686 kcal less than the reactants.

There is an increase in free energy in endergonic reactions. These reactions store energy.

The energy absorbed during the reaction must be supplied by the surroundings.

If a reaction is exergonic, its reverse is endergonic. Therefore, 

   6CO2 + 6 H2O + solar energy ( C6H12O6 + 6O2   
(G = +686 kcal/mol (or +2,870 kJ/mol)

This reaction will never happen spontaneously, by itself. The organism takes energy from the environment. 

Metabolic reactions are reversible and will reach equilibrium if they occur in a closed system. 

A cell at equilibrium is a dead cell.

Metabolic reactions in leaving cells occur in an open system; living cells are open systems: e. g. food is going in from outside and wastes are being excrete to the surroundings.

Catabolic pathways release energy in a series of steps in which the product of one reaction become the reactants of the next reaction. 

These reactions are reversible and could reach equilibrium but they are prevented from doing so by the constant supply of initial reactants and the use of the products in other reactions and the eventual excretion of the final products (waste) to the surroundings. 

A key feature of bioenergetics is energy coupling: the free energy required to drive an endergonic reaction may be supplied by coupling it to an exergonic reaction.

ATP and cellular work

ATP powers the cell by coupling exergonic and endergonic reactions.

The cell does three main kinds of work:

1. Mechanical work: muscle contraction, beating of flagella, etc.

2. Transport work: active transport across membranes against the concentration gradient.

3. Chemical work: supplying energy to endergonic reactions that would not occur spontaneously like polymerization of proteins.

Structure of ATP

The structure resembles a nucleotide used in RNA.

The nitrogenous base adenine bonded to a ribose sugar, which in turn is bonded to a chain of three phosphate groups; only one phosphate is attached to the ribose.   See fig. 8.9 on p. 149.
The phosphate bonds are referred to as high-energy bonds and can be broken by hydrolysis thus releasing energy. 

High-energy bonds imply strong bonds but in reality, ATP phosphate bonds are relatively weak compared to the strong bonds of other organic molecules.

Hydrolysis of ATP: 
ATP + H2O → ADP + Pi
ΔG = -7.3 kcal/mole (-31 kJ/mole)
7.3 kcal/mole are released in the laboratory under standard conditions (STP: 25°C and 1 atm).

Cells have an environment different from standard conditions and the ΔG is -13 kcal./mole or 78% higher than STP conditions.

· Standard temperature and pressure (STP): temperature of 0 °C (273.15 K) and pressure of 1 atm (defined as 101.325 kPa).
· Standard ambient temperature and pressure (SATP): temperature of 25 °C (298.15 K) and pressure of 100 kPa.
Pi stands for inorganic phosphate.

The chain of three phosphate group contains many several negative charges that repel one another and weakens the phosphate bonds allowing them to break away relatively easily.

ATP is the link between exergonic catabolic reactions and endergonic anabolic reactions.

Coupled reactions: 

The substance that receives a phosphate group is said to by phosphorylated.

In the cell, the hydrolysis of ATP (exergonic reaction) is coupled to the phosphorylation of one of the reactants in an endergonic reaction. The phosphorylated molecule becomes reactive, less stable than the original non-phosphorylated molecules. 

During the reaction of the phosphorylated intermediate with the other reactant, the phosphate group is displaced by the second reactant. This second process is endergonic but absorbs less energy than the one released by the hydrolysis of ATP.

All cellular work depends on the transfer of phosphate groups to reactants of endergonic reactions.

ATP is regenerated during the ATP cycle: 

ADP + Pi  → ATP    ΔG = +7.3 kcal/mole  (+31 kJ/mole)

This process is endergonic and the energy comes from the catabolic occurring during cellular respiration. 

ENZYMES

Spontaneous reactions can occur very slowly.

Enzymes are catalysts that speed up metabolic reactions by lowering the energy barrier.

Catalysts are capable of changing the rate of a reaction but are not consumed during the reaction. Catalysts do not form products during chemical reactions.

Enzymes are proteins that act as catalysts.

Enzyme names usually end in -ase.

Chemical reactions involve the breaking and forming of chemical bonds. 

· The breaking of bonds require energy, an endergonic process.

· The formation of bonds is an exergonic process.

See animation: http://www.stolaf.edu/people/giannini/flashanimat/enzymes/prox-orien.swf
The initial amount of energy that is absorbed in order to break bonds is called activation energy or free energy of activation.

Molecules must absorb enough energy to become unstable and capable of reacting. Unstable molecules are reactive.

Absorption of thermal energy increases the speed of molecules causing more and stronger collisions capable of causing "molecular damage" and the breaking of bonds.

Exergonic reactions release more energy during bond formation than the amount absorbed during the activation process.

Endergonic reactions absorb more energy during activation than they release during bond formation.

During the reaction intermediate molecules high in energy are formed temporarily before they break into the products. Each of these intermediates is called activated complex.

The activation energy creates a barrier against the spontaneous decomposition of proteins, nucleic acids and other essential molecules.

The cellular environment does not provide enough energy for these organic molecules to decompose spontaneously following the laws of thermodynamics: tendency toward less enthalpy and greater entropy.

An enzyme speed up the reaction by lowering the activation energy requirement so more molecules can surmount the barrier and react to form products in environment that supplies little energy.

An enzyme cannot change an endergonic reaction into an exergonic one. Enzymes affect only the rate of the reaction.

Enzymes and substrates

A substrate is the molecule to which the enzyme binds during a chemical reaction

Enzymes are substrate specific. Each type of enzyme catalyzes a particular reaction.

The substrate binds to the enzyme at a specific location called the active site of the enzyme.

The active site is usually formed by a few amino acids forming a sort of pocket on the surface of the enzyme. All other amino acids provide the framework for the enzymatic protein.

The specificity of the enzyme depends on the fit between the shape of the substrate and the shape of the active site. 

The enzyme and the substrate form the enzyme-substrate complex.

The binding of the substrate to the active site causes the enzyme to change shape, induced fit, and brings chemical groups of the substrate into the right position for the reaction to occur.

The induced fit causes also some distortion of the bonds of the substrate.

The proximity of orientation of the reactants together with strains in their chemical bonds facilitates the breakage of old bonds and the formation of new ones.

Active sites may provide in some cases a microenvironment conducive to particular type of chemical reaction, e. g. lowering the pH that will facilitate the transfer of H+ to the substrate as part of the reaction process.

The concentration of the substrate is important in determining the rate of the reaction.

If the concentration of substrate is very high, all the enzyme molecules will have their active sites filled and the rate will depend only on the speed at which the enzyme can convert the reactant to product. In this case the enzyme is saturated.

See animation: http://www.stolaf.edu/people/giannini/flashanimat/enzymes/G-3-P%20mech..swf
Importance of the cell's physical and chemical environment.

Temperature, pH and the presence of certain chemical affect the activity of enzymes.

1. Effect of temperature

Increasing the temperature increases the number and strength of collisions between substrate and enzyme molecules. 

After a point, an increase in temperature begins to disrupt the hydrogen bonds, ionic bonds and weak intermolecular attraction that give the enzyme molecule its particular shape, thus affecting the binding of substrate. 

If the temperature continues to increase, the enzyme molecules lose their shape and become denatured.

The optimal temperature of an enzyme allows the greatest number of collisions without denaturing the enzyme.

· For most enzymes is between 35 - 40°C. Human body temperature is about 36.8°C; it ranges between 36.7 and 37.2 degrees C (98-99 degrees F).
· The enzymes of hot-spring bacteria have an optimal temperature of about 70°C.

2. Effect of pH.

The environmental pH also affects enzymatic activity.

H+ can alter the charges on the enzyme. Changes in charges can alter the ionic bonds that contribute to the tertiary and quaternary structures of the enzyme, thus changing the protein's conformation and activity.

Many enzymes become irreversibly denature in environments that are too acidic or too basic.

The optimal pH for most enzymes is between 6 - 8.

Cofactors and coenzymes

Some enzymes consist of two components, a protein called the apoenzyme, and another chemical component called a cofactor.

A cofactor may be an inorganic ion or an organic molecule. Many trace elements act as cofactors, e.g. Zn, Cu.

An organic, non-polypeptide cofactor that binds to an enzyme is called a coenzyme.

Cofactors may be permanently bound to the enzyme or loosely bound and reversible in their binding.

Most vitamins are coenzymes or the raw material from which coenzymes are made.

Enzymatic inhibition

Most enzymes can be inhibited or destroyed by some chemical agents.

http://www.stolaf.edu/people/giannini/flashanimat/enzymes/allosteric.swf
Reversible inhibition occurs when the inhibitor forms a weak chemical bond with the enzyme. There are two forms of reversible inhibition.

· Competitive inhibition happens when the substrate and the inhibitor compete for the active site of the enzyme. These competitive inhibitors mimic the substrate. If the concentration of substrate increases the rate increases. 

· Noncompetitive inhibition occurs when the inhibitor binds to an allosteric site and modifies the shape of the enzyme molecule rendering it inactive.

Irreversible competition occurs when an inhibitor combines with an enzyme and permanently inactivates it. The inhibitor form strong covalent bonds with the enzyme.

· Many poisons are permanent inhibitors, e.g. mercury, lead, cyanide, pesticides.

· Many antibiotics and drugs are enzyme inhibitors that affect bacterial growth, e.g. sulfa drugs, penicillin.

The selective inhibition and activation of enzymes in the cell is an essential mechanism in the control of metabolism.

THE CONTROL OF METABOLISM

1. Allosteric regulation.

Some enzymes have an allosteric site to which a substance can bind, changing the enzyme's activity. This binding is usually weak.

The allosteric site is remote from the active site.

Substances that affect enzymatic activity by binding to allosteric sites are called allosteric regulators. Some are inhibitors others are activators.

Most allosteric enzymes are constructed from two or more polypeptide chains called subunits.

These enzymes change back and forth between an active conformation and an inactive conformation.

An allosteric activator stabilizes the shape of the enzyme in its active form where the active site is capable of receiving the substrate.

All subunits have an active and an allosteric site and the attachment of an allosteric regulator to one of the subunits causes the shape change that is then transmitted to all other subunits of the enzyme.

The rate of the reaction may be affected by the concentration of the regulators. In some cases the inhibitor and the activator are similar enough to compete for the same allosteric site. Depending which of the two regulators is in greater quantity, the majority of the enzymes will be activated or inhibited.

See animation: http://www.stolaf.edu/people/giannini/flashanimat/enzymes/allosteric.swf
2. Cooperativity

Cooperativity is a mechanism by which the binding of one substrate molecule changes the conformation of the other subunits of the enzyme in order to accept more substrate molecules. If an enzyme has two or more subunits, a substrate molecule causing induced fit in one subunit can trigger the same favorable conformational change in all the other subunits of the enzyme. 

The active form is stabilized by the substrate binding to one active site.  One substrate molecule makes the other sites receptive to other substrate molecules.

3. Feedback inhibition.

Feedback inhibition occurs when the final product inhibits one of the intermediate steps of the pathway thus stopping further synthesis of the product.

Localization of enzymes

Cells are not a membranous sac with enzymes and substrates mixed in a random fashion.

Enzymes are organized to perform a sequence of chemical reactions in which the product of one reaction becomes the substrate of the next reaction.

· This is called a metabolic pathway.

Some enzymes are grouped into multienzyme complexes. Some of these complexes are located within the cell and organelle membranes, and others are is solution within the organelles.

Enzymes help keep the orderly chemistry characteristic of life, metabolism.

Summary:

3. Metabolism: anabolism, catabolism - definitions

4. Energy, work, potential and kinetic energy, chemical energy – definitions

5. Laws of Thermodynamics – know them and their implications for living organisms

6. Free energy, entropy and enthalpy – relation to spontaneous/non-spontaneous processes

7. Endergonic and Exergonic reactions – catabolic and anabolic reactions

8. Structure of ATP and ADP

9. Coupled reactions – how do they work; energy exchange

10. Enzymes

· Activation energy

· Enzymes and substrates

· Effect of temperature and pH

· Cofactors and coenzymes

· Enzymatic inhibition

· Competitive inhibition and non-competitive inhibition

· Reversible and irreversible inhibition

11. Control of metabolism

· Allosteric control

· Cooperativity

· Feedback inhibition

12. Location of enzymes
