Bioenergetic and oxidative
phosphorylation



» Is the study of energy changes 1
accompanying biochemical reaction which
explains why some reactions occur while

others not

» Biological systems conform to the general
laws of thermodynamics

» The free energy (G) predicts the direction
in which the reaction will spontaneously

proceed

Bioenergetics
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AG: CHANGE IN FREE ENERGY
e Energy available to do work.

e Approaches zero _as reaction
proceeds to equilibrium.

e Predicts whether a reaction is
favorable.

[ AH: CHANGE IN ENTHALPY
e Heat released or absorbed
during a reaction.

e Do i ther a
reaction is favorable.

AG = AH -TAS

—

N
AS: CHANGE IN ENTROPY

e Measure of randomness.

e Does not predict whether a
reaction is favorable.




Free energy change
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» The sign of AG predicts the direction of the reaction

» -AG: there is a net loss of energy, the reaction goes
e e sponatneously (Exergonic) A G: (B o) s Jelil Sy B 8 5L B3k

not spontaneously

» + AG: there is a net gain of energy, reaction needs energy to
preceed (energonic) + AG: (Bl ola) daylzal) 8o ] Jelad] glaoy (38Ual) Blo eua Jlia

» AG is zero: reactants are in equilibrium ¢ oue oo

» The AG of the forward reaction is equal in magnitude but opposite in
sign to that of the back reaction AG S8 B olan 5 latll ol ol Jlist AG sl Jeld

» AG depends on the concentration of the reactants and products at
constant temperature and pressure 0 TR s e e

\ where

[B] ' AG? is the standard free enrgy
AG =AG° + RT In — . Lis the absolute temperature (K°)

[A] . R the gas constant (1.987cal/mol.degree)

2 J [A] and [B] are actual conc. of reactants and products
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A Nonequilibrium conditions

\G IS negative

B Standard conditions

B - D ARA A

AG = AG® = +0.4 kcal/mol

\G IS positive




Standard free energy change, AG°

The energy change when the reactants and products are at
concentration of 1 mol/L 1.1 oo ot so on e s s s«

AGP° can predict the direction of the reaction only under standard
conditions (AG = AG®) but not under physiological conditions
At equilibrium Keq = [B]/[A] and AG = 0 so: D i S 46400

13 AG =05 (Keq =)B)A oIl e

This equation allows some simple predictions:

¥ 1f Keg = 1,then 4G°=0
AG® las dJluall OMelazd) { "Kn>1 !henAG°<0 |
+ 2GS BLoa sl W 1f Keq <1, then AG®>0 n
AGP° of consecutive reactions are additive

AGs of a pathway are additive

A » B » C > D
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As far as the sum of AGs of the pathway reaction is negative,
reaction proceeds even if the AG of the individual reaction is positive



ATP as energy carrier
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»  If the reaction or process has +AG (as movement of ions against
concentration gradient across cell membrane), it can be coupled
with the spontaneous hydrolysis of ATP to ADP and Pi

1. Reactions are coupled through common intermediate
2_ A + B > C + D A+ B - C+D Jyzies by S5 o O¥elad] bayy @y
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3. Energy carried by ATP (high energy phosphate compound)

ATP » ADP + Pi » AMP + Pi 2
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AGP® for each hydrolysis = -7300 cal/mol | r!\""\“”;. |
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Electron transport chain
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» In the metabolism of glucose to CO, and water, many metabolic
Intermediates donate electrons to specific coenzymes (NAD* and
FAD) to form energy rich reduced coenzymes NADH and FADH,

NAD: Nicotinamide adenine dinucleotide |
NAD: 354lSedl (S5 (sl agoligioSd

FAD: Flavin adenine dinucleotide FAD: 353545501 A3 il .03

» The reduced form (NADH and FADH,) donate a pair of electrons to
special set of electron carriers (Electron transfer chain)

(00xS0Yl Ja5 dldaw) 508031 8155 (1o dols- deganal SUgysIYl o zods & 3402 (FADHs NADH) Jisall ISl

» The flow of electrons leads to the loss of of free energy which can
be captured and stored by the production of ATP from ADP and Pi
(oxidative phosphorylation)

lgmissg bl (ySay 31 8yodl @8UIl oylazd | &ligysIdl 3315 o8 <
(aauSTal 5300)l) Pi g ADP oo ATP zls! gayb oo



Bectron
shuile across

mambrane

Glycolysls P Krebs
R A (L Cycle Eleciron Transport
Chain and Oxidative
Phasphorylation
| +2 ATP +2 ATP + about 32 ATP
By substrate level By subsirate level By oxidative
phosphorylation phosphorylation phosphorylation

Cytosol Mitochondrion



Oxidative phosphorylation occurs In
mitochondrion

INNER MEMBRANE |
Impermeable to
most small ions,

small and large ’
» The outer membrane is permeable for most of
substances

molecules.
Outer '
membrane Intermembrane |

l space | |
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» Oxidative phosphorylation occurs in the inner
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» ATP synthesizing structures are present at the % "A oy =
n electron
end of the e transport assembly SSISpON ssdsimbly
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\ ' ATP synthesizing
> Different enzymes for TCA cycle, fatty acid || membrane particies
oxidation, mtDNA, mtRNA and ribosomes are ‘~ ‘ 7
present in the matrix.
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MATRIX
® TCA cycle enzymes

¢ Fatty acid oxidation enzymes
* MtDNA, mtRNA

LO Mitochondrial ribosomes




Organization of the chain

> Present in the inner mitochondrial membrane LpaigSozall 511 il 29290

» Consist of 5 separate enzyme complexes until e- combine with O, to
form water (Respiratory Chain) (il ) sl 525530 g st i S il S50 5 50 1555
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Reactions of the electron transport chain
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All components of this chain are proteins except coenzyme Q
Some of them contain metals (iron and copper) to function

Formation of NADH: needs dehydrogenase which transfers 2e-
and One proton to form NADH + H+ *NADH +H (205 1319 Ugiosg ool Ja cumg3au0 &30 I zlimy INADH o3

NADH dehydrogenase: NADH + H* is complexed with NADH
dehydrogenase which has tightly bound flavin mononucleotide
(FMN) which accept 2e- and 2 H* to become FMNH,,

NADH dehydrogenase has iron-sulfur center necessary for the
transfer of H* to coenzyme Q

Coenzyme Q: is quinone derivative which can accept hydrogen
atoms from FMNH2 and from FADH2. = o oo obs st o s 00 st sl

.FADH2 ;09 FMNH2
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Reactions of the electron transport chain

4. Cytochromes: the rest of electron transfer chain are cytochromes
with heme group (iron) (s222) e smms 23 Ol St o 1955 U85t £ 0l 550 4

(posSsread! 3lasusSl) @ + a3 posSozadl 5

5. Cytochrome a + a3 (cytochrome oxidase) 082 Sy ol 00> 922 o 09350] J31 0

clall Y (il (rumeaSYl g0 Byalio Jeladl

- Is electron carrier in which the heme iron has a free ligand that can
react directly with molecular O, to produce water

- contain bound Cu atoms required for complex reaction to occur
sgnall Jelad] Ggand dyygys dadya ulos Gl Lo gaund
6. Site specific inhibitor:

Some compounds prevent passage of e by binding one of the
components of the chain which blocks oxidation/reduction and
Inhibit ATP synthesis OligSa ol by 3ok e 955 sosa S0l sy g

ATP 34539 guagg J13e331/800uSY giay laa dlududl!



Release of free energy

Free energy is released as electrons are

transferred along the electron transport chain Redox pair Eo
from an electron donor (reducing agent or |
reductant) to an electron acceptor (oxidizing | NAD"/NADH -0.32
agent or oxidant) ..o s e b s s s s | FMNEMNHS -0.22

(238 Jale) o003l Ltz J (320 Jale) ol Pyruvate/lactate -0.19

_ _ Cytochrome ¢ Fe**/Fe?” | +0.07
The electrons can be transferred in different 1/2 04H,0 +0.82
forms, for example, as hydride ions, as hydrogen |
atoms, or as electrons ... ... .o i o s
Clpsl o mmne Sl
. . : NADH FMN
Oxidation of one compound is always +H
accompanied by reduction of a second
substance. 20 Bale udsin Ll coslod Lo wSye 5 o] NAD* FMNH,
Component redox reactions

Redox pairs differ in their tendency to lose NADH+ 'y | | FMN 4264 24"
electrons, which is a characteristic of a particular |
redox pair, quantitatively specified by a constant, |
E, (the standard reduction potential) in volts NAD*+ 2™ + 2H* FMNH,




Standard reduction potential (E,)
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The standard reduction potentials of various redox pairs can be
listed to range from the most negative E  to the most positive.

The more negative the standard reduction potential of a redox pair,
the greater the tendency of the reductant member of that pair to lose
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The more positive the E,, the greater the tendency of the oxidant
member of that pair to accept electrons.

Loyl Yo Il zaill el b auSaall sasll Jue culy dglanl 381 E 1S LS

So electrons flow from the pair with the more negative E_ to that with
the more positive E,.

dybal 353 Eo 48 (3 o))l I duls S E 408 (63 ol (oo OUgysIYl g8 ol <



NADH and FADH?2

» Oxidation of one mole of NADH results in free energy sufficient to
produce 3 ATP ATP 3 L8 251550 51 NADH o 1015 Jon 8l .

» Oxidation of one mole of FADH2 and FMN results in free energy
sufficient to synthesize 2 ATP

4315 5y> @l FMN9 FADH2 0 2>ls Jgo 8ausl e
ATP 2 35



ATP synthase (ATPase)

The enzyme complex ATP synthase synthesizes ATP, using the
energy of the proton gradient generated by the electron transport
chain.
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The chemiosmotic hypothesis proposes that after protons have been
transferred to the cytosolic side of the inner mitochondrial
membrane. they reenter the mitochondrial matrix by passing through
a channel in the ATP synthase complex, resulting in the synthesis of
ATP from ADP + Pi and, at the same time, dissipating the pH and
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Oligomycin binds to the stalk of ATP synthase, closing the H
channel, and preventing reentry of protons into the mitochondrial
matrix leading to stop in electron transport H L3 3lass ATP synthase 5] 8lus passesidl b

lao LyyaigSozall @ gtmn JI SUgigndl Joss Bale] puang
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Electron transport and phosphorylation are tightly coupled
processes and inhibition of phosphorylation inhibits oxidation.
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Uncouplers of oxidative phosphorylation
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» Are substance that inhibit the biialing s eidiala
oxidative phosphorylation by ETC. “proton leak," allowing protons
. . ) . to reenter the mitochondrial
» They dissociate oxidation from matrix without capturing any
phosphorylation 830l e BauSYl Ladi < energy as ATP. |

» The oxidation of hydrogen with O, Mncoupiing
to form water proceed while there '»
IS no conversion of ADP to ATP

» The free energy librated during
reaction is librated as heat leading
to increase in body temperature.

» Billirubin, high Ca level,
hyperthyroidism, toxins from
bacteria, some drugs (warfarin,
aspirin) and 2,4-dinitrophenol.

ATP JIADP Ji955 00 elall 3953 (ST (pemg340)] BaaaST Sass

(““‘9‘” Byly> dys &La)ﬂ Sl RSS! las 3yly> IS e Jeladl 2Ll 3yl Bl gla

(‘)ij‘ ‘L‘)g)Lé)b”) Qo oy LSl pgaw a8yl sasll blas bys ‘pwl&‘ R iLaJﬂ s 0kl
Jomd oy Hld-2.49




Drugs that inhibit ETC

» CO, CN-, sodium

fatal

» Rotenone used insecticide

» Amytal as hypnotic

azide inhibit the cytochrome oxidase which is

>CO0: CN- J518 55 3lasuSal poySoren s pgasgall 1y
(G 3aS paseiy erdeyll <
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» Antimycin A as antibiotic
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Blocking electron transfer by

any one of these inhibitors

stops electron flow from substrate
to oxygen because the reactions of
the electron transport chain are
tightly coupled like meshed gears.
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Summary
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