ICU3 Lectures 19 & 20: Bioenergetics [1] & [2]
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ATP is a very common metabolite and is present in high concentration (~6mM) in most cells.
2. ATP is often described as a “high energy” compound, but hydrolysis of ATP to ADP or AMP yields only modest amounts of energy. Although small, this additional energy tips the balance and is sufficient to drive many unfavourable processes in the required direction.

3. ATP carries small packets of energy from place to place. It is the energy currency of the cell. If glucose molecules were £5 notes, then ATP is small change.

4. There is roughly 75g of ATP in the average human. A reasonably active person (12MJ diet) turns over about 75 kilos of ATP every day, so a typical ATP molecule is broken down to ADP and resynthesised 1000 times each day. In rapidly metabolising tissues the lifetime of each ATP molecule is only a few seconds.

5. The concentration of free ADP is normally much lower than that of ATP – about 200 times lower in the cytosol of eukaryotic cells. [This situation is clouded by large amounts of bound ADP permanently stuck to the actin cytoskeleton.] A low concentration of free cytosolic ADP is essential for metabolism to work properly. Diffusion rate is proportional to concentration, making it difficult to recycle ADP quickly in rapidly metabolising tissues such as cardiac muscle. Shuttle systems have evolved which accelerate ADP transport within cells: 
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6. About half the total energy available from food oxidation is “captured” in the form of ATP. Of this ATP, about half the free energy can be converted into useful work, such as muscle contraction. Engineering / industrial processes such as electricity generation and motor cars achieve comparable overall efficiencies.

7. Under aerobic conditions 95% of the cellular ATP is produced within the mitochondria, which actively scavenge the cytosol for ADP, exporting ATP in exchange.
8. The energy available from splitting ATP depends on how far the hydrolysis reaction is displaced from equilibrium. The lower the ADP concentration, the more energy is available. Eukaryotic cells increase the energy yield from each molecule of ATP by transporting ATP and ADP between cell compartments.

[image: image2.png]AG “+ve AG favours reverse reaction

GIBBS equation: chemical reaction:
[P].[Q]
AG=AG"+RTIn A+B€&>P+Q

[A]. [B]

more reactants more products

AG" is measured with all [P].[Q]

R.T.In ——
reactants and products at B
1 molar concentration so [A] - [B]
that the log term is zero.

at equilibrium, AG = 0.0

-ve AG favours forward reaction




9. Mitochondria have two membranes, which are very different. The outer membrane is smooth and highly permeable. It contains porin, an integral membrane protein that self-assembles into “grommets” with a central hole. Molecules under 5000 daltons have free passage. There are no ionic or electrical gradients across the mitochondrial outer membrane.
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10. The inner membrane thrown into folds called cristae which increase the surface area. It is selectively permeable to small molecules. About a dozen metabolites can cross the inner membrane using highly specific protein carriers, but all other movements are blocked. It has a unique lipid composition which is an excellent electrical insulator. There are very large ionic and electrical gradients across the inner membrane, which are exploited for the synthesis and export of ATP.

11. [image: image11.png]


The interior of the mitochondria is called the matrix space. It holds Krebs cycle enzymes, and the later stages of carbohydrate, fat and amino acid breakdown. In liver (but not in other tissues) the matrix space also contains glutamate dehydrogenase, carbamyl phosphate synthase and part of the urea cycle, plus the enzymes used to make acetoacetate and the ancillary enzymes needed to transfer material between the major divisions of metabolism.
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12. The inner membrane has more protein than lipid. It contains numerous respiratory enzymes used for oxygen uptake, proteins involved in metabolite transport and proteins required for the manufacture and export of ATP. A unique phospholipid cardiolipin improves the electrical insulation.

13. The intermembrane space between the inner and the outer membranes contains cytochrome c. It also contains creatine kinase and nucleoside diphosphate kinases which share out the energy from ATP and make it available to the remainder of the cell.

14. Mitochondria cooperate with other organelles in order to achieve the complete breakdown of foodstuffs to CO2 and water. The initial stages of fatty acid activation are performed in the cytosol, and complex lipids are degraded in peroxisomes before the fragments are passed to the mitochondria for final processing.

· Do you know what is meant by -oxidation?
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15. Subcellular compartments increase the controllability and efficiency of eukaryotic cells by segregating key metabolites and keeping related processes together. Conditions within each compartment are separately optimised for the task in hand. Toxic or reactive metabolites are kept away from fragile components.
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16. Small organic anions are readily transported between subcellular compartments. Most of the membrane transport proteins catalyse electroneutral exchanges with other anions or hydroxide ions, so the resulting anion distribution is largely determined by the intracellular pH gradients.

Use the website EMQs to revise metabolic compartmentation between different tissues and between the various organelles. We will revisit these topics during the next few lectures. We are not expecting perfect recall, but you should understand that there is a precise division of labour, and have some idea of where these processes are going on. 

17. Coenzymes (such as ATP, NADH, NADPH and CoASH) do not move easily between cell compartments. This allows cells, for example, to keep their cytosol more oxidising than their mitochondria, which suppresses lactate production under aerobic conditions. There are very few coenzyme transporters, and elaborate metabolite shuttle networks are used instead to move material from one compartment to another.
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18. In general, oxidative energy-yielding processes are concentrated within the mitochondria and use NAD+/NADH coenzymes, while reductive biosynthetic processes are mainly located in the cytosol and utilise NADP+/NADPH coenzymes. Both types of coenzyme are found in all cell compartments. Throughout the cell, the NAD+/NADH pair is largely in the oxidised form, whereas the NADP+/NADPH couple is almost entirely reduced.
19. Mitochondria have their own circular DNA, RNA and protein synthesis, which are all built on bacterial rather than eukaryotic lines. They have 70S rather than 80s ribosomes. They are susceptible to some anti-bacterial drugs. Mitochondrial ATP synthesis is almost identical to the bacterial system. This suggests that mitochondria are descended from captured bacteria that were enslaved by our eukaryotic ancestors – the endosymbiont hypothesis.
20. The mitochondrial chromosome is very small, but there are hundreds of copies in a typical cell. Mitochondrial DNA is subject to maternal inheritance. Nucleic acid processing is less reliable in mitochondria and it is a mystery how these copies are normally kept in synchrony. Mitochondrial mutations can cause serious diseases.

21. Almost all the ancestral bacterial genes were long since “ripped” from the mitochondria and copied into nuclear DNA where they are easier to control. Most mitochondrial proteins are synthesised on cytosolic ribosomes, and laboriously imported across the outer and the inner mitochondrial membranes. Other eukaryotic organelles may have been acquired in a similar fashion, from other free-living precursor organisms that joined the eukaryotic federation.
22. The only protein coding genes remaining on the mitochondrial chromosome specify about a dozen sticky hydrophobic proteins located at the oily core of the mitochondrial inner membrane. These integral membrane proteins spontaneously insert into the first phospholipid bilayer they encounter, so the only safe place to express them is in the interior of the mitochondria where they cannot miss their target.
23. The mitochondrial organisation is destroyed in the membrane permeability transition, which is a key event during apoptosis, or programmed cell death. Various membrane components are reorganised to form a large pore which permits the escape of cytochrome c. This is a key signaling event in the apoptotic cascade, which is used to destroy tumour cells and invading viruses, and to reshape the body during embryogenesis and growth.

[image: image8.png]granzymes FAS ligand

L perforin

extracellular space
FAS

receptor plasmalemma

cytochrome ¢

free radical
damage

PARP

‘@@ gaSpase pro-caspase 9
l caspase 8

PARP

pro-caspase 3

proteolysis caspase 3 (active)

unknown
granzymes mechanism  inactive DNA active DNA
fragmentation fragmentation
cytotoxic irreparable p53 tumour factor
drugs > >

factor
DNA damage suppressor




ICU3 Lecture 20: Bioenergetics [2]
1. Mitochondria can be prepared from tissue homogenates by centrifuging for a few minutes at about 10,000g. It is important to chelate calcium ions and to provide osmotic support. The preparation is pale pink, showing the presence of haem proteins and flavoproteins within the organelles. The spectrum contains three strong haem absorption bands labeled a, b and c.

2. In addition to the cytochromes a, b and c, mitochondria also contain copper, non-haem iron proteins, flavoproteins and ubiquinone, all of which participate in the transport of electrons from substrates to oxygen. Many of these components change colour when they are oxidized or reduced, and this helped to reveal how they work. 

3. Mitochondria, bacteria, blue-green algae and plant chloroplasts have numerous features in common. They are generally constructed to a similar plan.
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Intact mitochondria incubated with respiratory substrates and inorganic phosphate take up oxygen very slowly in the absence of ADP.

5. Subsequent addition of ADP causes a rapid burst of respiration, which continues until all the ADP has been converted into ATP. This is called coupled respiration: because oxygen consumption is coupled to the obligatory manufacture of ATP.
6. The ADP effect on respiration can be repeated until all the oxygen has gone. The amount of extra oxygen consumed during each burst is proportional to the amount of ADP added. The P:O ratio is about 2.5 for NAD-linked substrates, or 1.5 for succinate.

7. A small group of compounds called uncoupling agents cause unrestrained oxygen uptake in the absence of ADP. None of the energy released during oxidation is captured, it is all dissipated as heat. Mechanical or other damage to mitochondria also causes uncoupling.
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Most of the electron carriers in the respiratory chain are organised into four huge multi-enzyme complexes that are embedded in the mitochondrial inner membrane. They penetrate the membrane like rivets and stick out on both sides of the lipid sheet into the aqueous phase.

9. Two small molecules: coenzyme Q and cytochrome c ferry electrons from one multi-enzyme complex to the next. Coenzyme Q works within the lipid bilayer while  cytochrome c is in the inter-membrane space.

10. Many compounds inhibit mitochondrial respiration. There are associated spectral changes as mitochondrial respiratory components become oxidised or reduced. The precise pattern of inhibition can be very revealing and differs from one compound to the next.

11. Important inhibitors are cyanide, antimycin, rotenone and TTFA, all of which block different locations in the electron transport chain. This allowed the sequence of carriers to be determined. This group of inhibitors are not affected by uncoupling agents.
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Oligomycin blocks the normal burst of respiration in response to ADP, but in this case uncoupling agents can still stimulate respiration. This suggests that oligomycin blocks ATP synthase, which is separate from the electron transport chain.

13. If the respiratory chain is blocked with antimycin at cytochrome b, energy from ATP hydrolysis can drive reverse electron transport, pumping electrons backwards up the chain, from succinate, which is a poor reducing agent, to good reducing agents like NADH. This showed that there must be a common respiratory intermediate (coenzyme Q) between succinate and NADH on the substrate side of cytochrome b.

14. Reverse electron transport is sensitive to oligomycin when driven by ATP. However it can also be driven by energy captured from cytochrome c oxidation, in which case ATP is not needed and oligomycin has no effect. Either way, the process is sensitive to uncouplers. Therefore a common high energy intermediate, sensitive to uncouplers, exists between the respiratory chain and the manufacture of ATP. 

15. [image: image15.png]Reversed electron transport from succinate to NADH

P succinate
(artificial ascorbate
electron TMPD (poor_
donor) FAD reducing
i antimycin agent)

cyf(ochrome(— cyt. ¢ (—|~ cyt. b -- energy input
oxidase hecessary to
high energy intermediate

reverse flow
oligomycin

FMN

(good
reducing NADH
agent)

ATP



Attempts to find a chemical intermediate were unsuccessful, and Peter Mitchell suggested that it was a proton and electrical gradient across the mitochondrial inner membrane.

16. The respiratory carriers are organised into multi-enzyme complexes which are plugged right through the mitochondrial inner membrane, drifting like protein icebergs in a lipid sea. As electrons flow from one carrier to the next, these complexes pump positively-charged protons across the inner membrane from the mitochondrial matrix into the inter-membrane space.
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17. The linkage is strict: no proton pumping without electron transport, and no electron transport without proton pumping. The requirements are built into the design of the protein molecules.

18. This H+ pumping creates both pH and electrical gradients across the inner membrane, which have been measured. The pH component is small, ~0.5pH units, inside alkaline. The electrical gradient is enormous: more than 150mV (inside –ve) or 30,000,000 volts per metre across the phospholipid bilayer between the mitochondrial matrix and the intermembrane space. The inner membrane lipids are among the best electrical insulators known.

19. Energy stored in the pH and potential gradients drives the manufacture of ATP.
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Instead of supplying energy for ATP manufacture, these ionic gradients can alternatively drive movement of charged molecules across the inner membrane. Cells separately exploit the pH differential to move inorganic phosphate and Krebs cycle acids across the inner membrane, and the voltage gradient to export ATP for ADP. A few compounds, such as glutamate and aspartate use both components. Cations can also be transported in this way.

21. In the absence of ADP to recycle, the pH and potential gradients across the inner membrane increase to the point where further proton expulsion becomes impossible and electron transport grinds to a halt. Uncoupling agents carry protons uselessly back across the membrane, wasting the stored energy, collapsing the gradients and allowing respiration to restart without manufacturing any ATP.
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ATP synthase is a large enzyme which can be visualised in the electron microscope as stalked particles attached to the inner face of the inner membrane. Each head group (F1) has a stalk and a protein base piece (F0) extending right across the inner membrane, which allows protons to return in a controlled fashion to the matrix space.

23. Protein subunits within each F0 base piece are forced to rotate, like a water wheel or turbine, as protons re-enter the matrix space. Driven by the huge transmembrane gradient, these molecular motors generate a considerable turning force, which is applied via delicate protein drive shafts to the F1 head groups bordering the matrix space.

24. Each F1 head group has three active centres, which work 120 degrees out of phase. ADP and phosphate bind to an active centre, forming ATP, which binds very tightly to the protein. The energy needed for ATP formation comes from its tight binding to the active site. Rotation of the drive shaft [ subunit] forces conformational changes in the protein and compels the reluctant enzyme to release its product to the outside world.

25. Overall, three protons re-enter the matrix to lever each ATP from the F1 enzyme, and another proton is required to drive phosphate uptake and ATP/ADP exchange. [i.e. four protons overall for each ATP delivered to the cytosol.] Ten protons are exported for each pair of electrons that traverse the chain, giving an overall P:O ratio of 2.5 for NADH oxidation.

Proton balance sheet for ATP manufacturing:
	credits (per NADH oxidised)
	debits (per ATP synthesised)

	machine
	protons
	charges
	machine
	protons
	charges

	complex 1
	4
	4
	ATP synthase
	3
	3

	complex 3
	4
	2
	phosphate carrier
	1
	0

	complex 4
	2
	4
	ATP/ADP carrier
	0
	1

	total credits
	10
	10
	total debits
	4
	4
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26. The ATP synthase reaction is freely reversible, so ATP hydrolysis can spin the drive shafts and turbines backwards, pumping protons from the matrix into the inter-membrane space. This may have been its original function, to create the proton and electrical gradients necessary for substrate uptake by anaerobic bacteria before there was any oxygen to breathe.

27. As photosynthesis by green plants slowly oxidised the biosphere 2500 million years ago, the respiratory chain components evolved one by one, from the substrate end towards the oxygen end, to exploit the stronger and stronger oxidants that were gradually becoming available. 

28. ATP synthase is almost identical in plants, animals and bacteria. It evolved very early in our planet’s history, was quickly perfected and has changed very little since. Every living thing has depended on it for over 3000 million years: it is among the oldest, the most important and the most active enzymes in the universe.

Visit our website at http://www.bmb.leeds.ac.uk/teaching/icu3/lecture/19/index.htm


