CHAP 6    METABOLISM

Metabolism, energy and life

                    Metabolism – total of all chemical reactions in an organism

    1. chemistry of life organized into metabolic pathways

                 thousands of chemical reactions occur in the cell

                 chemical reactions arranged in branching metabolic pathways

                 metabolic pathways alter molecules by a series of steps

                metabolism manages material and energy resources of the cell

                     2 types of pathways

a. catabolic pathways – release energy by breaking down complex

molecules to simpler compounds   called degradative pathways

    major part is cellular respiration    glucose degraded to carbon 

      dioxide and water    energy stored in organic molecules released

       to do work

b. anabolic pathways – use energy to build complex molecules from 

         simple ones      proteins built from amino acids

                     catabolic and anabolic pathways 

                         energy released from ‘downhill’ reactions of catabolism used to ‘drive 

                          uphill’ reactions of anabolism      transfer of energy from catabolism to

                          anabolism called energy coupling

                      bioenergetics is the field of study 

      2. organisms transform energy

                   energy – capacity to do work       move matter against opposing forces

                   kinetic energy -  energy of motion 

                           moving objects perform work by imparting motion to other objects

                   potential energy – energy that matter possesses due to location or structure

                           chemical energy is a form of potential energy stored in molecules 

                                because of arrangement of atoms in molecules

                    playground  - potential energy transformed to kinetic energy to potential

                        energy                potential energy in food transformed to chemical energy

                          then to kinetic energy 

                    light is a form of kinetic energy harnessed to power photosynthesis in plants

                   organisms are energy transformers

        3. energy transformations of life subject to 2 laws of thermodynamics

                    thermodynamics – study of energy transformations occurring in collection 

                       of matter

                    system studied and surroundings 

                    closed system – isolated from surroundings

                    open system – energy can be transferred from system and surroundings

                            organisms are open systems – absorb energy – light energy or chemical

                                energy in form of food molecules

                             release energy – heat and metabolic wastes – carbon dioxide

a. 1st law of thermodynamics

         energy of universe is constant       energy cannot be created or destroyed

         only transferred and transformed

          light energy to chemical energy green plant acts as energy transformer

          what happens to energy after it performs work?

b. 2nd law of thermodynamics

         entropy – measure of disorder or randomness

            more randomness equals more entropy

         every energy transformation or transfer increases disorder of universe

          order can increase locally only 

          most energy transformations convert ordered forms of energy to heat

              heat – energy in most random form – energy of random motion 

                   car – 25% energy   75% heat     cells    40% energy   60% heat

           all chemical energy transformed to heat energy 

          quantity of energy in universe constant but quality of energy is not 

             constant 

          unstoppable increase in entropy versus orderliness of life

                  cells create ordered structures from less organized materials

                  cells also break down ordered structures to carbon dioxide and water

                        both store less chemical energy 

                  ecosystem energy enters as light energy and leaves as heat 

             entropy of a particular system may decrease as long as entropy of 

                  universe increases

       4.   organisms live at expense of free energy

                      some events occur spontaneously    other events do not

                      why

                      spontaneous process is a change that occurs without outside help

                      when spontaneous process occurs in nature stability of system increases

                      standard for spontaneity based on system alone called free energy 

                      free energy is portion of system’s energy that can perform work when 

                           temp. of system is uniform   example is living cell

                      free energy since available for work

                      organisms can live only at expense of free energy acquired from 

                          surroundings

                      G = free energy of a system

                         2 components      H = total energy   and   S = entropy 

                                G = H – TS       T = absolute temperature in Kelvin (K) units

                                        K = oC + 273 

                                 Temperature amplifies entropy    since temperature measures

                                    Intensity of random molecular motion

                                  Increase temp. causes increase in random molecular motion 

                                  Not all energy is available for work   only free energy available

                                      For work 

                                  How does free energy relate to spontaneity of a system

                                  Free energy G is measure of system’s instability  - tendency to 

                                      Change to stable system 

                                      Systems rich in free energy are unstable  

                                      Highly ordered systems such as complex molecules are rich in 

                                        Free energy 

                                      Systems that change spontaneously tend to have high energy, low

                                          Entropy or both 

                                      In any spontaneous process the free energy decreases

                                            G = Gfinal state  -  G starting state     or    G  =    H  -     T   S

                                       When a process occurs spontaneously system must give up 

                                        Energy (decrease in H),  give up order (increase in S) or both 

                                            G must be negative                           greater the decrease the 

                                        Greater the max amount of work the spontaneous process can do

                                        Nature runs ‘downhill’ since always have loss in useful energy

                              State of max. stability also called equilibrium 

                                      Important relationship between free energy and equilibrium

                                        Including chemical equilibrium

                                      Most chemical reactions are reversible      equal forward and back

                                      At equilibrium     G = 0    no net change 

                                       Moving toward equilibrium is spontaneous

                                       Moving away from equilibrium is nonspontaneous

                                           Occurs only if energy applied 

                              Free energy and metabolism

                                      Based on free energy changes chemical reactions occur as 2 types

                                          Exergonic and endergonic

                                       Exergonic – reaction proceeds with net release of free energy 

                                           Chemical mixture loses free energy so    G  is negative

                                            Exergonic reactions occur spontaneously

                                            Magnitude of     G is max. amount of work reaction can do 

                                      For 1 mole (180 gr) of glucose broken down by cellular 

                                         Respiration  686kcal of energy available for work

                                           Products store 686 kcal less energy than reactants

                                      Endergonic reaction absorbs free energy from surroundings

                                          Stores free energy in molecules     G is positive

                                           These reactions do not occur spontaneously

                                           Magnitude of    G is amount of energy needed to drive reaction

                                       Reversible chemical process must be downhill (exergonic) in 

                                         1 direction and uphill (endergonic) in opposite direction

                                            cannot be both downhill

                                            G =   - 686kcal for cellular respiration so production of 

                                          Glucose from carbon dioxide and water must require +686 kcal

                                                     G =  +686 kcal for photosynthesis

                                                Very endergonic reaction powered by energy of sunlight

                               Metabolic Disequilibrium

                                        Reactions in closed system reach equilibrium and do no work

                                          Chemical reactions of metabolism are reversible and would 

                                              Reach equilibrium in a test tube (closed system)

                                            Systems at equilibrium have     G = 0 and do no work

                                         Cell is in disequilibrium since it is an open system 

                                           Metabolic pathways never reach equilibrium 

                                          Constant flow in and out of cell 

                                        Disequilibrium sustained because products never build up

                                         Product of 1 reaction used as substrate of next reaction

                                       Metabolic disequilibrium is one of defining characteristics of life 

                                         Huge difference in free energy between glucose uphill end of

                                             Pathway and  carbon dioxide and water downhill end of

                                              pathway keeps process going 

                                          organisms are open systems – sunlight provides daily source of 

                                              free energy for photosynthetic organisms and nonphotosyn-

                                                 thesizers depend on free energy transfusions in form of 

                                                 organic products of photosynthesis

                                        cell performs the work of life by using a key feature of 

                                           bioenergetics called 

                                         Energy coupling – use of exergonic process to drive endergonic

                                            Process

                     ATP powers cellular work by coupling exergonic reactions to endergonic g

                           Reactions   

                           3 main types of work done by a cell

1. mechanical work – muscle contraction, cilia beating

2. transport work – pumping ions against concentration gradients

3. chemical work – pushing endergonic reactions which will not go 

spontaneously – polymers from monomers

                           ATP is immediate source of energy for all these

                              Structure – nitrogenous base adenine bonded to ribose 5-carbon sugar

                                  3 phosphate groups attached to ribose 

                                   bonds between phosphates broken by hydrolysis forming ADP and 

                                     inorganic phosphate  ( Pi) 

                                      reaction is exergonic 

                                                standard lab conditions – 7.3 kcal/mol or 31 kJ/mol

                                                in cell  -   - 13kcal/mol      78% greater 

                                        energy released because ADP plus Pi are more stable than ATP

                                        when system changes in direction of greater stability  change is 

                                           exergonic

                                         phosphate bond fragile due to negative charges of 3 phosphates

                                              crowded together 

                               How ATP works

                                    Specific enzymes in cell couple energy of ATP hydrolysis directly 

                                        To endergonic processes by transferring a phosphate group from

                                        ATP to some other molecule  which is said to be phosphorylated

                                        Phosphorylated intermediates are more reactive than 

                                           Unphosphorylated

                                     Almost all cellular work depend’s on ATP’s ability to energize

                                        Other molecules by transferring phosphate groups

                               Regeneration of ATP 

                                     ATP used continuously   must be regenerated continuously

                                      Free energy required to phosphorylate  ADP to ATP comes from

                                         Breakdown reactions (catabolism) in the cell 

                                      ATP cycle couples energy yielding to energy producing

                                       Working muscle – each cell   10 million ATP/sec/cell

                                      Regeneration is endergonic -      G =  7.3 kcal/mol   std reaction

                                     Catabolic – exergonic – pathways esp. cellular respiration provide 

                                         The energy for the endergonic process of making ATP   

Enzymes

      Catalyst is a chemical agent that changes the rate of a reaction without being 

         Consumed by the reaction 

      Enzyme is a catalytic protein 

      Chemical reactions involve bond breaking and bond forming

         Reactants must absorb energy for bonds to break and energy is released when

            Bonds form

         Initial energy required to break bonds of reactant molecules called free energy of

            Activation or activation energy    EA in the text

              In form of heat which increases thermal energy of reactants – causes more 

                Frequent and more forceful collisions    thermal agitation increases chance

                    Of bonds breaking 

             Activation energy is amount of energy needed to push reactants over a hill

                So downhill part of reaction can occur

                     AB + CD       AC + BD  

                    Energizing or activation  of reactants represented uphill portion of graph

                            Here the free energy content of molecules increases

                            At top of graph the reactants are activated and unstable    

                            Making and breaking of bonds can occur

                             Bond forming phase of reaction is the downhill portion  where

                               Molecules lose free energy   energy released to surroundings

                     Difference between free energy of reactants and free energy of products is

                                 G  for the overall reaction       G is negative for exergonic reactions

                    Even exergonic reactions require the reactants to overcome the activation 

                         Energy barrier      most reactions will not occur at any rate at room temp

                         Require the addition of heat     spark plugs in car engine

                     Adding  energy in the form of heat is generally not compatible with life

                        Proteins get denatured and cells die

                    Organisms use a catalyst an enzyme which lowers the EA barrier so reaction

                           Can occur even at moderate temp

                           Enzyme cannot change    G for a reaction   cannot make endergonic 

                              Reactions exergonic

                           Only speeds reactions which would occur anyway

                      Enzymes are very selective in the reactions they catalyze so they determine

                          Which reactions occur

Enzymes
     Enzymes act on substrates or substrate

    Enzyme converts substrate to products while enzyme and substrates are joined

    Enzymes act only on a specific substrate because enzymes are proteins with 3D

             Structure       specificity results from 3D shape

     Active site of enzyme is small region which binds the substrates

       Pocket or groove in surface of enzyme

       Formed by small number of aa  with rest of protein used for a framework

           Side chains (R groups) of a few aa making up active site catalyze conversion

                Of substrates to products

            Shape of active site and shape of substrate must be compatible

            Substrate held together by weak interactions – hydrogen or ionic bonds

        When substrate binds the enzyme changes shape slightly to better bind the 

           Substrate – called induced fit 

            Induced fit enhances the ability of chemical groups in active site to catalyze the

                 Chemical reaction 

           Enzyme is not destroyed in the chemical reaction     can be used repeatedly

             Small amount of enzyme can have very large effect

         Enzymes use several mechanisms to lower activation energy and speed up reaction 

1. may stress substrate molecules stretching and bending critical chemical bonds

          that must be broken

2. may provide microenvironment conducive to particular type of reaction 

           acidic side groups in the active site may make a pocket of low pH where

           H+ ions can be transferred 
3. direct participation of enzyme in chemical reaction by having substrate 

           briefly bind to enzyme 

      rate of reaction depends on substrate concentration up to a point

           saturation point when all enzyme molecules have active sites engaged

           reaction rate then depends on how fast enzyme can catalyze reaction 

        activity affected by cell environment – temperature, pH, chemical composition 

                      ions ,etc.

            3D structure of proteins affected by environment  

            3D structure needed for enzyme activity

            up to the optimal  temperature the activity increases as temp increases

                substrates collide with active sites more frequently

               after optimal temp  increased heat called thermal agitation disrupts weak bonds 

                  holding protein structure together 

              pH similar to temperature

       cofactors

              nonprotein helpers for catalytic activity     ions such as zinc, iron, cooper

        coenzymes – cofactor is an organic molecule – vitamins or molecules derived from 

                vitamins

       enzyme inhibitors

           reversible if inhibitor binds to enzyme by weak bonds

          irreversible if inhibitor binds by covalent bonds to enzyme

          competitive inhibitors – resemble normal substrate and compete  for binding to

              active site           overcome by adding more substrate

          noncompetitive inhibitors – do not compete with substrate for active site

               bind to another part of enzyme and impede enzyme activity 

          selective inhibition and activation by natural molecules is essential for metabolic 

                   control

Control of Metabolism 

        Cell controls metabolic pathways by controlling when and where various enzymes 

           Are active

         Regulates amount of enzyme or activity of enzyme already present

          Naturally occurring regulators of  enzyme activity act as noncompetitive inhibitors

                Changing an enzyme’s shape and thus function by binding weakly to a site 

                 Remote from active site    effect could be stimulation or inhibition

          Allosteric regulation most often involves enzymes with more than 1 polypeptide 

               Chain     each has an active site and allosteric sites are located at juncture of 

                    Polypeptides     complex moves between 2 conformational states active and 
                    Inactive

                   Binding of activator to allosteric site stabilizes conformation with functional 

                       Active site and binding of allosteric inhibitor stabilizes inactive form of 

                        Enzyme

                    Binding to 1 allosteric site affects all acitive sites in all subunits

          Feedback inhibition 

                One of most common methods of metabolic control

                Switching off of a metabolic pathway by its end product 

                  Aa threonine deaminated to isoleucine   which inhibits threonine deaminase

                     By binding to allosteric site

          Cooperativity

                Mechanism amplifies response of enzymes to substrates
                1 substrate molecule primes the enzyme to accept additional substrate 

                   molecules readily

           cellular localization helps order metabolism

                cell brings order to metabolism by assembling enzymes for specific pathways

                  together      can be in an organelle      can be in multienzyme complex BI 107  CHAP 6 cont. 

Control of metabolism 

     Allosteric regulation 

            Enzymes seem to be reversible noncompetitive inhibitors 

             Most of these enzymes have 2 or more polypeptide chains   each has an active site and allostreic

                 Sites usually occur where subunits are joined 

             Whole complex oscillates between 2 confirmational states    active and inactive 

                 activator stabilizes in the active site     inhibitor  stabilizes in inactive state 

               single activator or inhibitor binding to allosteric site affects active sites of all subunits

        allosteric regulators attach weakly to enzyme by weak bonds so enzyme senses changes in 

            concentrations of regulators .

       feedback inhibition  - switching off of a metabolic pathway by its end-product 

       cooperativity – substrate molecules may stimulate catalytic powers of an enzyme 

· amplifies the response of enzymes to substrates 

localization of enzymes in the cell helps order metabolism 

       cell respiration occurs in 3 stages  in 3 places 

emergent properties is manifest in chemistry of life 

    get new properties as complexity builds 

