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Chapter Outline

· Oxidative phosphorylation driven by electron transport

· Membrane associated processes

· Plasma membrane of bacteria

· Mitochondrial membrane of eukaryotes

· Outer mitochondrial membrane: Permeable to Mr < 10,000 due to protein porin

· Intermembrane space: Creatine kinase, adenylate kinase, cytochrome c

· Inner mitochondrial membrane: Highly impermeable

· High protein content

· High content of unsaturated fatty acids

· Cardiolipin and diphosphatidylglycerol: No cholesterol

· Cristae: Folds that increase surface area

· Matrix

· TCA cycle enzymes (except succinate dehydrogenase)

· Enzymes for catabolism of fatty acids

· Circular DNA

· Ribosomes, tRNAs

· Reduction potentials: Electrical potential generated when reactions involve movement of electrons

· Standard reduction potentials: Eo’ 

· Measured using sample half-cell with oxidized and reduced forms at 1M

· Reference half-cell 1M H+ and H2 gas at 1 atm

· Electrons flow toward cell with larger positive reduction potential

· Half-cell reactions written as reduction reaction: Electrons on reactant side

· Positive values of Eo’: Accept electrons: Oxidizing agents

· Negative values of Eo’: Donate electrons: Reducing agents 

· Standard free energy change related to standard reduction potential

· ∆G°’ = -nF∆Eo’
· n = number of electrons

· F  = Faraday’s constant: 96,485 J/V·mol

· ∆Eo’ = Eo’(final)- Eo’(initial)
· Electron transport chain

· Electron mediators

· Flavoproteins: Tightly bound FMN or FAD

· Coenzyme Q (ubiquinone): 1 or 2 Electron transfers: Mobile within membrane

· Cytochromes: Fe2+/Fe3+
· Cytochrome a’s: Isoprenoid (15-C) on modified vinyl and formyl in place of methyl

· Cytochrome b’s: Iron-protoporphyrin IX

· Cytochrome c’s: Iron-protoporphyrin IX linked to cysteine

· Iron-sulfur proteins: Fe2+/Fe3+: Several types

· Protein-bound copper: Cu+/Cu2+
· Electron transport complexes: Four

· Complex I: NADH-coenzyme Q reductase (NADH reductase)

· Electron movement

· [FMN] accepts electron pair from NADH

· [FMNH2] donates electrons to Fe-S

· Fe-S donates electrons to coenzyme Q

· Protons pumped from matrix to cytosol

· Supports 3 ATP

· Complex II: Succinate-coenzyme Q reductase (succinate dehydrogenase)

· Components

· FAD

· Fe-S centers

· No protons pumped

· Supports 2 ATP

· Similar complexes

· Glycerolphosphate dehydrogenase: Reduces coenzyme Q: No protons pumped

· Fatty acyl-CoA dehydrogenase: Reduces coenzyme Q: No protons pumped

· Complex III: Coenzyme Q-cytochrome c reductase

· Components

· Cytochromes bL and bH
· Rieske protein: Fe-S protein

· Q-cycle

· Protons pumped

· Complex IV: Cytochrome c oxidase

· Components

· Cytochrome a and CuA
· Cytochrome a3 and CuB
· Binuclear center: O2 consumption and H2O production

· Protons pumped

· Mitchell’s chemiosmotic hypothesis: Proton gradient used to drive ATP synthesis

· Protons per electron pair

· From succinate: 6

· From NADH: 10

· Four protons per ATP

· ADP uptake: 1 proton

· ATP synthesis: 3 protons

· One oxygen consumed per electron pair

· P/O

· From NADH: 2.5

· From succinate: 1.5

· ATP synthase: F1FoATPase

· F1: ATP synthesis: Spherical particles on inner membrane

· Fo: Proton channel in inner membrane

· Inhibitors of oxidative phosphorylation

· Complex I: Rotenone, ptericidin, amytal, mercurial compounds

· Complex II: 2-Thenoyltrifluoroacetone, carboxin

· Complex III: Antimycin, myxothiazol

· Complex IV: Cyanide, azide, carbon monoxide

· ATP synthase: Oligomycin, DCCD

· Uncouplers: Stimulate electron transport: Short circuit proton gradient: Block ATP production

· Proton ionophores: Lipid soluble substance with dissociable proton

· Thermogenin: Uncoupler protein: Generates heat using proton gradient

· Mitochondrial exchange and uptake

· ATP/ADP translocate

· ADP in: ATP out: 1 Proton in

· Glycerolphosphate shuttle

· Cytosolic glycerolphosphate dehydrogenase: NADH-dependent

· Mitochondrial glycerolphosphate dehydrogenase: FAD-dependent

· DHAP and glycerolphosphate exchanged

· Malate-aspartate shuttle

· Cytosolic and mitochondrial malate dehydrogenases both use NADH

· Aspartate exchanged for glutamate

· Malate exchanged for -ketoglutarate 

Chapter Objectives

Oxidation/Reduction Reactions

     Electron transport involves sequential oxidation/reduction reactions.  For any electron carrier, we can think of the carrier as participating in a reaction in which electrons are either produced or consumed.  If electrons are consumed, the carrier is reduced and if electrons are produced, the carrier is oxidized.  But in reality, free electrons are not just present in solution waiting to react (electrons are not like a typical chemical substrate); rather electrons are exchanged between pairs of reacting molecules.  The pairs are an oxidant or oxidizing agent and a reductant or reducing agent.  An oxidant accepts electrons, is itself reduced, but oxidizes the reductant, the agent from which the electrons originated.  A reductant donates electrons, is itself oxidized, but reduces an oxidant.

     The tendency to donate or accept electrons is measured by standard reduction (redox) potentials.  It should be clear how these measurements are made.  A reference half-cell is connected to a sample half-cell by an agar salt bridge and a low-resistance pathway.  (The agar salt bridge simply functions to complete the circuit between the half-cells connected by the low-resistance pathway.)  The reference half-cell is H+/H2 at 1 M and 1 atmosphere.  The reduction potential of this half-cell is 0 V by definition.  (Clearly, no potential exists when the reference half-cell is connected to itself.)  If the reaction in the sample cell consumes electrons, electrons will flow from the reference cell to the sample cell unless a voltage is applied to prevent this flow.  In this case a positive voltage is required.  Thus, a positive standard redox potential indicates that the sample is an oxidant relative to the reference cell and a negative standard redox potential indicates that the sample is a reductant relative to the reference cell.  The two key formulas to remember are:

∆G°' = -nF∆Eo’ and E = E0’  + (RT/nF) ln([oxidant]/[reductant]).

Electron Transport Chain

     A simplified way of thinking about the electron transport chain is to divide the chain into two types of components, mobile electron carriers and membrane-bound protein complexes.  The mobile electron carriers include: NAD+/NADH, coenzyme Q or ubiquinone, cytochrome c, and oxygen.  Substrates, such as malate (for malate dehydrogenase) or -ketoglutarate (for -ketoglutarate dehydrogenase) or succinate (for succinate dehydrogenase) can be thought of as mobile electron carriers as well; however, they are peripheral to the electron transport chain.  There are four membrane-bound complexes that simply move electrons from one mobile electron carrier to another.  The first complex is NADH-coenzyme Q reductase or NADH reductase, which moves electrons from NADH to CoQ.  CoQ can also be reduced by succinate-coenzyme Q reductase also known as succinate dehydrogenase, which uses succinate as a source of electrons.   Coenzyme Q-cytochrome c reductase moves electrons from CoQH2 to cytochrome c.  Finally, cytochrome oxidase moves electrons from reduced cytochrome c to molecular oxygen.

Proton Gradient Formation

     Electron transport accomplishes two things: it regenerates reduced cofactors such as NAD+ and [FAD], and it produces ATP.  Understand how the energy of electron transport is used to form a proton gradient, which is used in turn to phosphorylate ADP to ATP.  Protons are pumped out of the mitochondria by NADH-coenzyme Q reductase.  Protons are also expelled in the Q cycle involving coenzyme Q-cytochrome c reductase.  The essential point is that coenzyme Q carries electrons and protons whereas cytochrome c carries only electrons.  Cytochrome c oxidase also moves protons but the details of how this is achieved are unknown.

ATP Synthase

     ADP phosphorylation and proton gradient dissipation are coupled by the ATP synthase or F1Fo-ATPase.  Understand how this protein complex is organized and situated in the inner mitochondrial membrane.  The Fo portion (o is for oligomycin) is a proton pore and the F1 is an ATPase that functions in the reverse direction to produce ATP.

Inhibitors and Uncouplers
     Appreciate the difference between an inhibitor and an uncoupler.  Inhibitors block the action of some component of electron transport or ATP synthase.  Uncouplers do not interfere with electron transport and in fact stimulate it.  However, they provide an alternative pathway to dissipate the energy of electron transport.

Problems and Solutions

1.  For the following reaction,

FAD + 2 cyt c (Fe2+)  FADH2 + 2 cyt c (Fe3+)

determine which of the redox couples is the electron acceptor and which is the electron donor under standard-state conditions, calculate the value of ∆Eo’, and determine the free energy change for the reaction.

Answer:  The reduction half-reactions and their standard reduction potentials for the reaction are (from Table 20.1):


FAD + 2H+ + 2e-  FADH2,



Eo’ =  -0.219 V* 

and, 


cytochrome c, Fe3+  + e-  cytochrome c, Fe2+, 

Eo’ =  0.254 V.

The standard reduction potential is the voltage that is generated between a sample half-cell and reference half-cell (H+/H2).  In effect, it is the voltage that must be applied to a circuit connecting a sample half-cell and the reference half-cell to prevent current from flowing.  Using this convention we see that if the FAD half-cell is connected to the reference half-cell, a slightly negative voltage of -0.219 V must be applied to prevent electrons from flowing from the reference cell into the sample cell.  Conversely, +0.254 V must be applied when the cytochrome c half-cell is connected to the reference cell.  Thus, electrons have a greater tendency to flow from the reference cell to cytochrome c than to FAD.  Therefore, electrons must move from FADH2 to cytochrome c.  Thus, FADH2 is the electron donor and cytochrome c, Fe3+ is the electron acceptor.
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* The value of -0.219 given for FAD in Table 20.1 is for free FAD.  Protein-bound FAD has a standard reduction potential in the range of from 0.003 to -0.091 with 0.02 V being a typical value. Using 0.02V, ∆G°’ = 45.2 kJ/mol.

2.  Calculate ∆Eo’ for the glyceraldehyde-3-phosphate dehydrogenase reaction, and calculate the free energy change for the reaction under standard-state conditions.
Answer:  Glyceraldehyde-3-phosphate dehydrogenase catalyzes the following reaction:

Glyceraldehyde-3-phosphate + Pi + NAD+  1,3-bisphosphoglycerate + NADH + H+
The relevant half reactions are (from Table 20.1):


NAD+ + 2H+ + 2e-  NADH + H+,

Eo’   =  -0.320

and, 


Glycerate-1,3-bisphosphate + 2 H+ + 2 e-  glyceraldehyde-3-phosphate + Pi,







Eo’   =  -0.290

Thus, NAD+ is the electron acceptor and glyceraldehyde-3-phosphate is the electron donor.
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3.  For the following redox reaction,

NAD+ + 2 H+ + 2 e-    NADH + H+  

suggest an equation (analogous to Equation 20.13) that predicts the pH dependence of this reaction, and calculate the reduction potential for this reaction at pH 8.

Answer:  The NAD+ reduction shown above may be rewritten as:

NAD+ + H+ + 2 e-  NADH

However, a source of electrons is needed for the reaction to occur.  Therefore, let us assume that the reaction is in aqueous solution with a general reductant of the form:

Reductant  Oxidant + 2e-  

The overall reaction is:

NAD+ + H+ + Reductant  NADH + Oxidant
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To calculate the reduction potential we assume that the reaction is being carried out under standard conditions.  Thus, all reactants and products are at 1 M concentration.  The above equation simplifies to:
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4.  Sodium nitrite (NaNO2) is used by emergency medical personnel as an antidote for cyanide poisoning (for this purpose, it must be administered immediately).  Based on the discussion of cyanide poisoning in Section 20.5, suggest a mechanism for the life-saving effect of sodium nitrite.

Answer:  Cytochrome c oxidase is the principle target of cyanide (CN-) poisoning.  Cyanide binds to the ferric (Fe3+) or oxidized form of cytochrome a3.  Sodium nitrite may be administered intravenously in an attempt to combat cyanide poisoning.   The intention of sodium nitrite treatment is to produce an alternate target for cyanide.  Nitrite will oxidize the very abundant hemoglobin to methemoglobin (ferric hemoglobin) that will react with cyanide.   

5.  A wealthy investor has come to you for advice.  She has been approached by a biochemist who seeks financial backing for a company that would market dinitrophenol and dicumarol as weight-loss medications.  The biochemist has explained to her that these agents are uncouplers and that they would dissipate metabolic energy as heat.  The investor wants to know if you think she should invest in the biochemist's company.  How do you respond?
Answer:  The structures of dicumarol and dinitrophenol are:
     [image: image6.wmf]
The biochemistry of the suggestion is sound.  (Beware: This is not an endorsement of the idea.  Please read on.) Both compounds are uncoupling agents and act by dissipating the proton gradient across the inner mitochondrial membrane.  Instead of being used to synthesize ATP, the energy of the proton gradient is dissipated as heat.  As ATP levels decrease, electron transport will increase, and, glucose or fatty acids will be metabolized in an attempt to meet the false metabolic demand.

     The compounds are both lipophilic molecules and are capable of dissolving in the inner mitochondrial membrane.  Their hydroxyl groups have low pKas because they are attached to conjugated ring systems.  On the cytosolic (and higher pH) surface of the inner mitochondrial membrane the compounds will be protonated whereas on the matrix side they will be unprotonated.

     So much for the theoretical biochemistry.  In working with unfamiliar compounds, it is imperative to consult references to find out what is known about them.  One good place to start is the MSDS (Material Safety Data Sheet).  The MSDS is a summary of potential hazards of a compound provided by the manufacturer.  Another good reference, and one found in virtually every biochemist's laboratory, is the Merck Index (published by Merck & Co., Rahway, N.J.).  The Merck Index informs us, in the section on human toxicity under 2,4-dinitrophenol, that this compound is highly toxic, produces an increase in metabolism (good for a diet), increased temperature, nausea, vomiting, collapse, and death (a drastic weight loss indeed).  Under dicumarol, human toxicity is not mentioned, however, under the subsection, therapeutic category, we are informed that the compound is used as an anticoagulant in humans.  Dicumarol was first discovered as the agent responsible for hemorrhagic sweet clover disease in cattle.  It is produced by microorganisms in spoiled silage and causes death by bleeding.  It is used therapeutically as an anticoagulant but the therapy must be carefully monitored.

6.  Assuming that 3 H+ are transported per ATP synthesized in the mitochondrial matrix, the membrane potential difference is 0.18 V (negative inside), and the pH difference is 1 unit (acid outside, basic inside), calculate the largest ratio of [ATP]/[ADP][Pi] under which synthesis of ATP can occur.
Answer:  The free energy difference per mole for protons across the inner mitochondrial membrane is given by:
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Where, pHout is the pH outside the mitochondria; pHin is the matrix pH; ∆ is the potential difference across the inner mitochondrial membrane, Vin - Vout; R is the gas constant, 8.314 x 10-3 kJ/mol K; F is Faraday's constant, 96.485 kJ/V mol; and T is temperature in K (°C + 273).




What is the largest value of 

 under which synthesis of ATP can occur?

For the reaction, ADP + Pi  ATP + H2O, ∆G is given by:




For translocation of 3 protons coupled to synthesis of 1 ATP to be thermodynamically favorable the overall ∆G must be negative.  Therefore, 

∆G3H+ + ∆GATP < 0




At 37ºC the answers are 69.9 kJ and 4.36 x 106.

7.  Of the dehydrogenase reactions in glycolysis and the TCA cycle, all but one use NAD+ as the electron acceptor.  The lone exception is the succinate dehydrogenase reaction, which uses FAD, covalently bound to a flavoprotein, as the electron acceptor.  The standard reduction potential for this bound FAD is in the range of 0.003 to 0.091 V (Table 20.1).  Compared to the other dehydrogenase reactions of glycolysis and the TCA cycle, what is unique about succinate dehydrogenase?  Why is bound FAD a more suitable electron acceptor in this case?
Answer:  Succinate dehydrogenase converts succinate to fumarate, an oxidation of an alkane to an alkene.  The other oxidation reactions in the TCA cycle and in glycolysis either convert alcohols to ketones or ketones to carboxyl groups.  These oxidations are sufficiently energetic to reduce NAD+.  The standard redox potential (from Table 20.1) for reduction of fumarate to succinate is 0.031 V.  In contrast, the redox potential for NAD+ is -0.320 V.  Thus, under standard conditions, if NAD+ participated in the succinate/fumarate reaction, it would do so as a reductant (i.e., as NADH) passing electrons to fumarate to produce succinate, the exact opposite of what is accomplished in the TCA cycle.  To remove electrons from succinate, an oxidant with a higher (more positive) redox potential is required.  The covalently bound FAD of succinate dehydrogenase meets this requirement with a standard redox potential in the range of 0.003 to 0.091 V.  (We will encounter another example of conversion of an alkane to an alkene with reduction of FAD in fatty acid metabolism or -oxidation.)

8.a.  What is the standard free energy change (∆Gº’), for the reduction of coenzyme Q by NADH as carried out by complex I (NADH-coenzyme Q reductase) of the electron transport pathway if Eo’(NAD+/NADH+H+) = -0.320 volts and Eo’ (CoQ/CoQH2) = +0.060 volts.

b.  What is the equilibrium constant (Keq) for this reaction?

c.  Assume that (1) the actual free energy release accompanying the NADH-coenzyme Q reductase reaction is equal to the amount released under standard conditions (as calculated above), (2) this energy can be converted into the synthesis of ATP with an efficiency = 0.75 (that is, 75% of the energy released upon NADH oxidation is captured in ATP synthesis), and (3) the oxidation of 1 equivalent of NADH by coenzyme Q leads to the phosphorylation of 1 equivalent of ATP.

Under these conditions, what is the maximum ratio of [ATP]/[ADP] attainable for oxidative phosphorylation when [Pi] = 1 mM?  (Assume ∆Gº’ for ATP synthesis = +30.5 kJ/mol.)

Answer:  a. The relevant half reactions are (from Table 20.1):


NAD+ + 2H+ + 2e-  NADH + H+,


Eo’   =  -0.320

and, 


CoQ (UQ) + 2 H+ + 2 e-  CoQH2 (UQH2),
Eo’   =  +0.060

Thus, CoQ is the electron acceptor and NADH is the electron donor.
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b. To calculate the equilibrium constant:




c.  Assuming that ∆G = -73.3 kJ/mol, the amount of energy used to synthesize ATP is:




9.  Consider the oxidation of succinate by molecular oxygen as carried out via the electron transport pathway.

succinate + 1/2 02  fumarate + H2O

a. What is the standard free energy change (∆Gº’), for this reaction if Eo’(fumarate/succinate) = +0.031 volts and Eo’ (1/2O2/H2O) = +0.816 volts.

b.  What is the equilibrium constant (Keq) for this reaction?

c.  Assume that (1) the actual free energy release accompanying succinate oxidation by the electron transport pathway is equal to the amount released under standard conditions (as calculated above), (2) this energy can be converted into the synthesis of ATP with an efficiency = 0.70 (that is, 70% of the energy released upon succinate oxidation is captured in ATP synthesis), and (3) the oxidation of 1 succinate leads to the phosphorylation of 2 equivalents of ATP.

Under these conditions, what is the maximum ratio of [ATP]/[ADP] attainable for oxidative phosphorylation when [Pi] = 1 mM?  (Assume ∆Gº’ for ATP synthesis = +30.5 kJ/mol.)

Answer:  a. The relevant half reactions are (from Table 20.1):


Fumarate + 2H+ + 2e-   succinate,

Eo’   =  +0.031

and, 


1/2 O2+ 2 H+ + 2 e-   H2O,


Eo’   =  +0.816

Thus, O2 is the electron acceptor and succinate is the electron donor.
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b. To calculate the equilibrium constant:




c.  Assuming that ∆G = -151.3 kJ/mol, the amount of energy used to synthesize ATP is:




10.  Consider the oxidation of NADH by molecular oxygen as carried out via the electron transport pathway

NADH + H+ + 1/2 O2  NAD+ + H2O

a. What is the standard free energy change (∆Gº’), for this reaction if Eo’(NAD+/NADH+H+)

= -0.320 volts and Eo’ (1/2 O2/H2O) = +0.816 volts.

b.  What is the equilibrium constant (Keq) for this reaction?

c.  Assume that (1) the actual free energy release accompanying NADH oxidation by the electron transport pathway is equal to the amount released under standard conditions (as calculated above), (2) this energy can be converted into the synthesis of ATP with an efficiency = 0.75 (that is, 75% of the energy released upon NADH oxidation is captured in ATP synthesis), and (3) the oxidation of 1 NADH leads to the phosphorylation of 3 equivalents of ATP.

Under these conditions, what is the maximum ratio of [ATP]/[ADP] attainable for oxidative phosphorylation when [Pi] = 1 mM?  (Assume ∆Gº’ for ATP synthesis = +30.5 kJ/mol.)

Answer

a.  The relevant half reactions are (from Table 20.1):


NAD+ + 2H+ + 2e-   NADH + H+,

Eo’   =  -0.320

and, 


1/2 O2 + 2H+ + 2e-   H2O


Eo’   =  +0.816

Thus, oxygen is the electron acceptor and NADH is the electron donor.
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b. To calculate the equilibrium constant:




c.  Assuming that ∆G = -219.2 kJ/mol, the amount of energy used to synthesize ATP is:




11.  Write a balanced equation for the reduction of molecular oxygen by reduced cytochrome c as carried out by complex IV (cytochrome oxidase) of the electron transport pathway.

a. What is the standard free energy change (∆Gº’), for this reaction if Eo’(cytc(Fe3+)/ cytc(Fe2+)) = +0.254 volts and Eo’ (1/2 O2/H2O) = +0.816 volts.

b.  What is the equilibrium constant (Keq) for this reaction?

c.  Assume that (1) the actual free energy release accompanying cytochrome c oxidation by the electron transport pathway is equal to the amount released under standard conditions (as calculated above), (2) this energy can be converted into the synthesis of ATP with an efficiency = 0.60 (that is, 60% of the energy released upon cytochrome c oxidation is captured in ATP synthesis), and (3) the reduction of 1 molecule of O2 by reduced cytochrome c leads to the phosphorylation of 2 equivalents of ATP.

Under these conditions, what is the maximum ratio of [ATP]/[ADP] attainable for oxidative phosphorylation when [Pi] = 1 mM?  (Assume ∆Gº’ for ATP synthesis = +30.5 kJ/mol.)

Answer:  The balanced equation for transfer of electrons from cytochrome c to oxygen is:




a.  The relevant half reactions are (from Table 20.1):




,

Eo’   =  +0.254

and, 


1/2 O2 + 2 H+ + 2 e-  H2O




Eo’   =  +0.816

Thus, oxygen is the electron acceptor and cytochrome c is the electron donor.
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b. To calculate the equilibrium constant:
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c.  Assuming that ∆G = -206.5 kJ/mol, the amount of energy used to synthesize ATP is:
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12.  The standard reduction potential for (NAD+/NADH+H+) is -0.320 volts, and the standard reduction potential for (pyruvate/lactate) is -0.185 volts.

a. What is the standard free energy change, ∆Gº’, for the lactate dehydrogenase reaction:

NADH + H+ + pyruvate  lactate + NAD+
b.  What is the equilibrium constant (Keq) for this reaction?

c.  If [pyruvate] = 0.05 mM and [lactate] = 2.9 mM and ∆G for the lactate dehydrogenase reaction = -15 kJ/mol in erythrocytes, what is the (NAD+/NADH) ratio under these conditions?

Answer

a.  The relevant half reactions are (from Table 20.1):


NAD+ + 2H+ + 2e-   NADH + H+,

Eo’   =  -0.320

and, 


pyruvate + 2H+ + 2e-    lactate,


Eo’   =  -0.185

Thus, pyruvate is the electron acceptor and NADH is the electron donor.
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b. To calculate the equilibrium constant:




c.  The ratio of oxidized to reduced cofactor is calculated as follows:




13.  Assume that the free energy change, ∆G, associated with the movement of one mole of protons from the outside to the inside of a bacterial cell is -23 kJ/mol and 3 H+ must cross the bacterial plasma membrane per ATP formed by the F1FoATP synthase.  ATP synthesis thus takes place by the coupled process:

3 H+out + ADP + Pi  3 H+in + ATP + H2O

a.  If the overall free energy change (∆Goverall) associated with ATP synthesis in these cells by the coupled process is -21 kJ/mol, what is the equilibrium constant, Keq, for the process?

b.  What is ∆Gsynthesis, the free energy change for ATP synthesis, in these bacteria under these conditions?

c.  The standard free energy change for ATP hydrolysis is ∆Gº’hydrolysis is -30.5 kJ/mol.  If [Pi] = 2 mM in these bacterial cells, what is the [ATP]/[ADP] ratio in these cells?

Answer 

a.



 

b.  The overall free energy change for ATP synthesis accounts for proton movement and ATP synthesis.  Because ∆G is a state property we can write:




c.




14.  Describe in your own words the path of electrons through the Q cycle of Complex III.

Answer:  Complex III moves electrons from coenzyme Q to cytochrome c.  A little reflection should tell us that something special has to happen.  Cytochrome c is a one-electron carrier where as CoQ can carry both electrons and protons. Further, it can carry one or two electrons.  In the dihydroquinone form, it carries two protons and two electrons.  However, in the semiquinone form, it is anionic carrying a single electron (and no protons).

The movement of electrons through Complex III follows the so-called Q-cycle.  The point of the cycle is that when an electron is transferred from CoQH2 to cytochrome c (through the Rieske protein and cytochrome c1), two protons are released leaving anionic semiquinone.  Semiquinone then passes one electron to cytochrome bL, which passes it on to cytochrome bH. The electron is used to convert ubiquinone to semiquinone.  This semiquinone remains on the matrix side of the inner mitochondrial membrane until a second cytochrome c is reduced.  A second electron via cytochrome bL and cytochrome bH reduces semiquinone to dihydroquinone, which protonates with protons from the matrix.

15.  Describe in your own words the path of electrons through the copper and iron centers of Complex IV.

Answer:  In Complex IV, four electrons and two protons react with O2 to produce 2 H2O.  This four-electron reduction is accomplished by moving electrons, one at a time from cytochrome c to CuA to cytochrome a and then to the binuclear center composed of CuB and cytochrome a3.  The Cu2+B of binuclear center is reduced with the first electron from cytochrome a.  Then, the iron center of cytochrome a3 is reduced by a second electron.  With both elements of the binuclear center reduced, oxygen binds and electrons are transferred to both atoms of O2.  The now activated oxygen is cleaved with addition of another electron and two protons to produce a water molecule bound to CuB and an anionic oxygen bound to the iron center of cytochrome a3.  This oxygen atom is released as a water molecule upon reduction by a single electron and addition of two protons.  In the diagram below, lone pairs are shown as paired black dots.  When the two electrons are transferred to O2, the two oxygens are now joined by a single bond.
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16.  Based on your reading on the F1Fo-ATPase, what would you conclude about the mechanism of ATP synthesis:

a.  The reaction proceeds by nucleophilic substitution via the SN2 mechanism.

b.  The reaction proceeds by nucleophilic substitution via the SN1 mechanism.

c.  The reaction proceeds by electrophilic substitution via the E1 mechanism.

d.  The reaction proceeds by electrophilic substitution via the E2 mechanism.

Answer:  The correct answer is “a”.  The reaction involving ADP and Pi can’t be an elimination mechanism so the only good choices are substitution mechanisms.  Boyer’s 18O exchange experiment shows that during hydrolysis of ATP label in incorporated into Pi.  Water in this case must be serving as a nucleophile, attacking the -phosphorus with release of ADP.  This is an SN2 reaction.

17.  Imagine that you are working with isolated mitochondria and you manage to double the ratio of protons outside to protons inside.  In order to maintain the overall ∆G at its original value (whatever it is), how would you have to change the mitochondria membrane potential?
Answer:  The ∆G for the initial situation is given by:
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Doubling of the proton gradient would change ∆G by RTln2 or 1717 J/mol.  To compensate for this the electrical potential would have to be changed by the amount indicated.  Note: The sign of ∆G would be negative or positive depending on which side, i.e., 1 or 2, we changed in the above equation.  Whichever we picked, this would have a tendency to drive protons from the side with the higher concentration.  To prevent this we have to change the membrane potential such that that side becomes less positive (or more negative ) by 17.8 mV.`

Questions for Self Study

1.  How does the formula ∆Gº’ = nF∆Eo’ predict the direction of electron flow between two reduction half-reactions under standard conditions?

2.  The electron transport chain is composed of four complexes.  For the statements below indicate which complex or complexes fit the description.  The complexes are: NADH-coenzyme Q reductase (complex I); succinate-coenzyme Q reductase (complex II); coenzyme Q-cytochrome c reductase (complex III); cytochrome c oxidase (complex IV).

a.  Contains two copper sites.

b.  Contains protein-bound FAD.

c.  Produces water upon electron transport.

d.  Is involved in the Q cycle.

e.  Moves electrons from substrate directly into the electron transport chain.

f.  Reduces Q.

g.  Is a citric acid cycle enzyme.

h.  Reduces a small protein localized on the outer surface of the inner mitochondrial membrane.

i.  Moves protons across the inner mitochondrial membrane.

j.  Moves electrons from a lipid-soluble mobile electron carrier to a water-soluble mobile electron carrier.

k.  Contains tightly bound FMN.

l.  Transfers electrons to oxygen.

m.  Moves electrons from NADH to CoQ.

n.  Moves electrons form cytochrome c to oxygen.

o.  Contains cytochromes.

3.  The energy difference for protons across the inner mitochondrial membrane is given by:
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How would this equation be modified by the following conditions?

a.  If protons were uncharged species.

b.  If the inner mitochondrial membrane was freely permeable to ions other than protons.

c.  If the equation was written as a function of pH.

4.  ATP synthase or F1Fo-ATPase is composed of two complexes: a peripheral membrane complex and an integral membrane complex.  What roles do the complexes play in oxidative phosphorylation?

5.  What is the key difference between an electron transport inhibitor and an uncoupler?  What are the consequences of each to electron transport, oxygen consumption, and ATP production?

Answers

1.  In general, a reaction is spontaneous when ∆G < O.  When the reaction is under standard conditions ∆G°' < O.  Thus, ∆Eo’ > 0, Eo’final- Eo’initial >0 or Eo’final >  Eo’initial.  Electrons will flow from the reduction half-reaction with the smaller standard reduction potential to the reduction half-reaction with the larger standard reduction potential.

2.  a. IV; b. II; c. IV; d. III; e. II; f. I and II; g. II; h. III; i. I, III, and IV; j. III; k. I; l. IV; m. I; n. IV; o. III and IV.

3.  a.  

; b.  

; 

c. ∆G = -2.303RT(pHout – pHin) + ZF∆
4.  The peripheral membrane complex or F1 unit is the site at which ADP and Pi are joined to form ATP.  The integral membrane complex, Fo, is a proton channel.

5.  An electron transport inhibitor blocks the movement of electrons through a component of the transport chain.  Inhibitors will block electron transport for electrons entering the chain above the blockage point but not for those entering below the blockage point.  Oxygen consumption and ATP production will, depending on the source of electrons, be diminished or stopped.  Uncoupling agents provide an alternate pathway through which protons can reenter the mitochondrial matrix.  Uncouplers stimulate electron transport and oxygen consumption but block ATP synthesis.

Additional Problems
1.  Isolated, inner mitochondrial membranes do not transport electrons from NADH to O2 unless cytochrome c is added.  Why?

2.  Describe one site in the electron transport chain responsible for pumping hydrogen ions out of the mitochondria during electron transport.

3.  Nigericin is an ionophore whose structure is shown below.




It is soluble in the inner mitochondrial membrane in either its acidic form with the carboxyl group protonated or as a potassium salt.  Valinomycin is a cyclic compound composed of various L- and D- amino acids and lactic acid and functions as a potassium ionophore.  The presence of nigericin, valinomycin, and potassium will effectively destroy the electrochemical potential of mitochondria.  Why? 

4.  An uncoupling agent like dinitrophenol actually stimulates O2 consumption.  Why?

5.  In the citric acid cycle, malate dehydrogenase catalyzes the following reaction:

malate + NAD+oxaloacetate + NADH

Given the following standard reduction potentials, calculate ∆G°'  


 
  Reduction Half-Reaction 


Eo’ (V)



Oxaloacetate + 2H+ + 2 e-malate                -0.166



NAD+ + H+ + 2 e-NADH                             -0.320

In which direction will the reaction proceed under standard conditions.  Which component functions as the oxidant?  Reductant?  Does this differ from the physiological direction?  

Abbreviated Answers

1.  Inner mitochondrial membranes contain all of the components necessary for electron transport except cytochrome c.  Cytochrome c is a relatively small protein, Mr = 1,800, localized in the outer surface of the inner mitochondrial membrane and it is readily lost during purification procedures.  Cytochrome c moves electrons between coenzyme Q-cytochrome c reductase and cytochrome c oxidase and must be present for electrons to flow from NADH to O2.

2.  There are three sites at which protons are pumped out of the mitochondria in response to electron transport: NADH dehydrogenase, coenzyme Q-cytochrome c reductase, and cytochrome c oxidase.  The details of how protons are pumped by cytochrome c oxidase are unknown.  Coenzyme Q-cytochrome c reductase is involved in the Q cycle.  NADH dehydrogenase moves electrons from NADH to coenzyme Q using a flavoprotein and several Fe-S proteins to move electrons.  In NADH dehydrogenase, the flavoprotein accepts electrons and protons from NADH on the matrix side of the inner mitochondrial membrane but donates electrons to a series of Fe-S proteins.  CoQ is thought to play two roles in the movement of electrons through NADH dehydrogenase.  It is the terminal electron acceptor for the complex.  Additionally, CoQ is thought to participate at an intermediate stage of electron flow by accepting electrons from one Fe-S component and donating electrons to another Fe-S component.  In the process, CoQ binds protons from the matrix side of the membrane and releases protons into the intermembrane space

3.  Since valinomycin is specific for potassium, it will not affect the proton gradient by itself.  In the presence of potassium, valinomycin will move potassium into the mitochondrial matrix until potassium is actually concentrated inside the mitochondria.  This occurs because initially potassium moves down a potassium chemical gradient (assuming that the mitochondrial matrix has a low potassium concentration) until the potassium concentration is equal on both sides of the membrane.  But, potassium continues to accumulate, being driven inside the cell by the electrical potential of the proton gradient.  Net movement of potassium stops when the potassium concentration difference across the membrane is sufficient to produce a potassium electrical potential equal in magnitude and opposite in sign from the electrical potential of the proton gradient.  However, the proton gradient still exists.

     Nigericin alone will simply replace the proton gradient with a potassium gradient.  The chemical potential of the proton gradient is effectively destroyed but an electrical potential, now due to potassium, is still present.

     The combination of nigericin, valinomycin, and potassium will dissipate the proton gradient without creating a potassium gradient.  

4.  Uncoupling agents function by dissipating the proton gradient.  Although electron transport continues to regenerate reduced cofactors, oxidative phosphorylation does not occur and ADP levels build up.  This signals the cell to increase metabolic activity leading to an increase in oxygen consumption.

5.  The relevant half reactions are (from Table 20.1):


NAD+ + 2H+ + 2e-    NADH + H+,

Eo’   =  -0.320

and, 


oxaloacetate + 2H+ + 2e-    malate,

Eo’   =  -0.166

Thus, oxaloacetate is the electron acceptor and NADH is the electron donor.
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A positive ∆G°’ indicates that the reaction, under standard conditions, is not favorable and will proceed in the reverse direction.  Electrons will flow from NADH to oxaloacetate.  Thus, NADH serves as a reductant and oxaloacetate serves as an oxidant.  In the citric acid cycle, removal of oxaloacetate by citrate synthase lowers the concentration of oxaloacetate and drives the reaction toward NADH production.

Summary

     Most of the metabolic energy obtained from sugars and similar metabolites entering glycolysis and the TCA cycle is funneled into NADH and [FADH2] via oxidation/reduction reactions.  Electrons stored in the form of reduced coenzymes and flavoproteins are then passed through an elaborate and highly organized chain of proteins and coenzymes, the so-called electron transport chain, finally reaching O2, molecular oxygen, the terminal electron acceptor.  In the course of electron transport, energy is stored in the form of a proton gradient across the inner mitochondrial membrane.  This proton gradient then provides the energy to drive ATP synthesis in oxidative phosphorylation.  Electron transport and oxidative phosphorylation are membrane-associated processes.  Bacteria carry out these processes at (and across) the plasma membrane, and in eukaryotic cells they are carried out and localized in mitochondria.  Mitochondria are surrounded by a simple outer membrane and a more complex inner membrane.  The proteins of the electron transport chain and oxidative phosphorylation are associated with the inner mitochondrial membrane.

     The tendency of the components of the electron transport chain to transfer electrons to other species is characterized by an electron transfer potential or standard reduction potential, Eo'.  These potentials are determined by measuring the voltages generated in reaction half cells.  Standard reduction potentials are measured relative to a reference half cell.  The H+/H2 half cell normally serves as the reference half cell and is assigned a standard reduction potential of 0.0 V.  The sign of Eo’ for a redox couple can be used to indicate whether reduction or oxidation occurs for that couple in any real reaction (involving two redox couples).  The redox couple with the more negative Eo’ will act as an electron donor, and the redox couple with the more positive Eo’ will act as an electron acceptor.  For redox couples with a large positive standard reduction potential, the oxidized form of the couple has a strong tendency to be reduced.

     Fractionation of the membranes containing the electron transport chain results in the isolation of four distinct complexes, including I) NADH-coenzyme-Q reductase, II) succinate-coenzyme-Q reductase, III) coenzyme-Q-cytochrome c reductase, and IV) cytochrome c oxidase.  Oxidation of NADH and reduction of coenzyme-Q by complex I is accompanied by transport of protons from the matrix to the cytoplasmic side of the inner mitochondrial membrane.  Complex II, succinate-coenzyme-Q reductase or succinate dehydrogenase, is an integral membrane protein, a TCA cycle enzyme and a flavoprotein.  The net reaction carried out by this complex is oxidation of succinate and reduction of coenzyme-Q, with intermediate oxidation/reduction of [FADH2].  In complex III, reduced coenzyme-Q passes its electrons to cytochrome c via a complex redox cycle involving three cytochromes, several FeS centers and proton transport across the inner mitochondrial membrane.  Cytochrome c, a mobile electron carrier, passes electrons from complex III to complex IV, cytochrome c oxidase.  Electron transfer in complex IV involves two hemes and two copper sites in cytochrome a and a3. and results in proton transport across the inner mitochondrial membrane.  In spite of their spatial proximity, the four major complexes of the electron transport chain operate and migrate independently in the inner mitochondrial membrane.

     The elucidation of the mechanism which couples electron transport and ATP synthesis was one of the great challenges (and triumphs) of modern biochemistry.  Peter Mitchell’s chemiosmotic hypothesis postulates that a proton gradient generated by the electron transport chain is utilized to drive ATP synthesis.  The mitochondrial complex which carries out ATP synthesis is called ATP synthase or F1Fo-ATPase.  The F1 subunit of this complex is spherical in shape, consists of five major polypeptide chains and catalyzes ATP synthesis.  The Fo subunit forms the transmembrane pore or channel through which protons move to drive ATP synthesis.  The essence of the Mitchell hypothesis was confirmed in a reconstitution experiment by E. Racker and W. Stoeckenius, using bacteriorhodopsin to generate a proton gradient and the ATP synthase to generate ATP.  As shown by Paul Boyer, the energy provided by electron transport drives enzyme conformation changes which regulate the binding and release of substrates on ATP synthase.  The mechanism involves catalytic cooperativity between three interacting sites.  Many of the details of electron transport and oxidative phosphorylation have been gained from studying the effects of specific inhibitors, including rotenone, which inhibits NADH-UQ reductase, and cyanide, which blocks complex IV, cytochrome c oxidase.  Uncouplers dissipate the proton gradient across the inner mitochondrial membrane which was created by electron transport.  Endogenous uncouplers including thermogenin provide heat for the organism by uncoupling these processes.  Molecular shuttle systems exist to carry the electrons of NADH into the mitochondrial matrix, because NADH and FADH2 cannot be transported across the inner mitochondrial membrane.  The two systems which operate in this manner are the glycerol phosphate shuttle and the malate-aspartate shuttle.  ATP produced by oxidative phosphorylation is carried out of the mitochondria by an ATP/ADP translocase, which couples the exit of ATP with the entry of ADP.

     The net yield of energy from glucose oxidation - either ~30 or ~32 ATP synthesized per glucose - depends upon the shuttle system used.  The overall efficiency of metabolism (from glucose to the TCA cycle to electron transport and oxidative phosphorylation) is about 54%.
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