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Introduction

Oxidation and Phosphorylation are coupled
by transmembrane proton fluxes:
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Oxidation A Phosphorylation
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1. Mitochondria

Oval-shaped
organelles
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B respiratory assembly




1.1 Structure of Mitochondria

Mitochondria are bound by a double
membrane
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Intermembrane space

‘;\/\-}\. Matrix

Inner membrane



Reactive site




Voltmeter

Solution of 1M H" in equilibrium
1M X and 1M X~ with 1 atm H, gas




TABLE 18.1

Oxidant

Succinate + CO,
Acetate

Ferredoxin (oxidized)
2H"

NAD"

NADP*

Lipoate (oxidized)
Glutathione (oxidized)
FAD

Acetaldehyde
Pyruvate

Fumarate
Cytochrome b (+3)
Dehydroascorbate
Ubiquinone (oxidized)
Cytochrome ¢ (+3)

Fe (+3)

Q4 2 H"

Reductant

o-Ketoglutarate
Acetaldehyde
Ferredoxin (reduced)
H,

NADH + H"
NADPH + H*
Lipoate (reduced)
Glutathione (reduced)
FADH,

Ethanol

Lactate

Succinate
Cytochrome b (+2)
Ascorbate
Ubiquinone (reduced)
Cytochrome ¢ (+2)
Fe (+2)

H,O

Standard reduction potentials of some reactions

2
2
1
2
2
2
2
2
3
2
2
2
1
2
)
1
1
b

Eo (V)

Note: Ej 1s the standard oxidation—reduction potential (pH 7, 25°C) and n i1s the number
of electrons transferred. E|, refers to the partial reaction written as
Oxidant + e — reductant




Problem

Using the data given in Table 18.1, calculate

the standard free energy change for
transferring 2 electrons from NADH to 1/20,

to form water.

Matrix

Membrane



2.2 Formation of Proton Gradient

The oxidation of NADH by O, drives

formation of a proton gradient across the
mitochondrial inner membrane



Problem

If the pH of the mitochondrial intermembrane space
is 6.8 while the pH of the mitochondrial matrix is
8.2, what the free energy change for transporting

one proton (H") out of the mitochondrial matrix if
the membrane potential is 0.14 V?
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Q <« Succinate-Q
reductase

Cytc

Cytochrome c
. oxidase
0,




Oxidant or reductant

Matrix Membrane Cytosolic
Enzyme complex  Mass (kd) Subunits  Prosthetic group side core side

NADH-Q 34 FMN NADH
oxidoreductase Fe-5
Succinate-Q FAD Succinate
reductase Fe-S
Q-cytochrome ¢ : Heme by Cytochrome ¢
oxidoreductase Heme by
Heme ¢,
Fe-S
Cytochrome Heme a Cytochrome ¢
¢ oxidase Heme a;

Cup and Cupg
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CH+ 3 OH
Oxidized form of coenzyme Q Semiquinone intermediate Reduced form of coenzyme Q
(Q, ubiquinone) (Q) (QH,, ubiquinol)
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3.1 NADH-Q Oxidoreductase

High-Potential electrons of
NADH enter the respiratory

chain at NADH-Q
Oxidoreductase

NADH + Q + G5H?*
I8

—> NAD® + QH, + 4H"‘cytosol

matrix



Semiquinone intermediate Flavin mononucleotide (reduced)

(FMNH,)

CH,0P0Os?"

Flavin mononucleotide (oxidized)
(FMN)




3.1 NADH-Q Oxidoreductase

The electrons from FMNH2 are then
transferred to a series of iron-sulfur centers.

Single Iron 2Fe-2S 4Fe-4S

20
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3.1 NADH-Q Oxidoreductase

NADH
—FMNH,

— Series of 3 4Fe-4S
— bound QH,

— 4Fe-4S center
— mobile QH,

NADH + Q + G5HT

matrix . NAD+ + QHZ

centers

+ 4H +cytoso|



3.1 NADH-Q Oxidoreductase

The electrons from 4Fe-4S centers are
transferred to Q.

Intermembrane space

272
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1. Electron transfer to Cug 2. Electron transferto Fe 3. Both Cug and Fe 4. Binding of O,
in heme a; in heme a; in
Cytochrome ¢ reduced state

o
.00

H* HY

8. Release of water 7. Reduction of the 6. Cleavage of 5. Formation of
ferryl group 0-0 bond peroxide bridge




Cyt Creduced Cyt Coxidized

4H"  4H"
Pumped  Chemical
protons protons




3.6 Protective Enzymes

B The ability of the Fe/Cu center to hold the
partially reduced oxygen intermediates is
important because of the cellular toxicity of these
intermediates:

O, +e — 0O,  (superoxide radical)

2_

O, +e —O0, (peroxide ion)

B These toxic intermediates are scavanged by the

enzymes superoxide dismutase and catalase
2 02-_ +HT - O, + H,0, (superoxide dismutase, SOD)

2 H,0, = O, + 2H,0 (catalase)
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Rhodospirillum rubrum Paracoccus denitrificans
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4. Proton Gradient and ATP Synthesis

A proton gradient powers the synthesis of

ATP

025 .
g‘J e

0 e .
Matrix

Membrane
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Proton Motive Fprce o
+ +
H matrix H cytosolic

4. Proton Gradient

Electron Motivef\gfr_g + ++ +

NADH + H* + |'}/,0, —> H; NAD*
) g _—52_.6'kc_al/moll

y 02 3

H,0 H /[AFA kecal/mol
ATP = E y

. Matrix
ATP Synthesis

Membrane
ADP ~+ P, ——» AP

AG®' = +7.3 kcal/mol



Protons are pumped across this

membrane as electrons flow

through the respiratory chain. Outer mitochondrial
membrane

Inner mitochondrial
membrane

Intermembrane space

Matrix




4. Proton Gradient

. . Bacteriorhodopsin in
The Chemiosmotic
Theory of Peter synthetic vesicle

Mitchell
B Proposed in 1961

Mitochondnal
ATPase
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ADP + P;

ATP




4.3 Molecular Motors

The world’'s smallest molecular motor
B Rotational catalysis

54






Subunit ¢

Cytosolic half-channel

Matrix half-channel

Subunit a
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4.4 ATP Synthesis and Proton Flow
The combination of the H”
a and c¢ subunits
provide a path through
the membrane




4.4 ATP Synthesis and Proton Flow

Cannot rotate
in either
direction




5. Shuttles

The inner mitochondrial membrane is

impermeable to most substances

B Shuttles are required to move materials into and
out of the mitochondrial matrix.

NADH + H" NAD*

\—/ Malate

Aspartate /; \ > Oxaloacetate <

a-Ketoglutarate Glutamate

Matrix \ o-Ketoglutarate Glutamate

Aspartate < \—/ Oxaloacetate < /-\ Malate

NADH + H*  NAD*
59 :




5.1 Electrons from Cytosolic NADH

B The NADH produced in glycolysis is on the
wrong side of the inner mitochondrial
membrane.

B There are two ways to get these electrons
into mitochondrial matrix where they can

feed into the electron transport chain

B Glycerol 3-phosphate shuttle
B Malate/Aspartate shuttle

60



NADH + H"  NAD?

Cytasolic
glycerol 3-phosphate
dehydrogenase CH,OH

CH,OH
HO—C—H
%

Dihydroxyacetone Glycerol
phosphate 3-phosphate

- "\ Mitochondrial

| glycerol 3-phosphate
Cytosol E-FADH, E-FAD dehyrogenase
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NADH + H* NAD”

Aspartate W Oxaloacetate AL Malate

o-Ketoglutarate Glutamate

Matrix o-Ketoglutarate Glutamate

Aspartate# Oxaloacetate <7T Malate

NADH + H* NAD*




Cytosolic side
++ + 4+ +

ADP, ADP
M u -
—

Matrix side

3 ; 2408

ATP
Eversion
ATP

ATP,




6. Regulation

The regulation of cellular respiration is
governed primarily by the need for ATP



ATP yield
per glucose
Reaction sequence molecule

Glycolysis: Conversion of glucose into pyruvate
(in the cytosol)
Phosphorylation of glucose
Phosphorylation of fructose 6-phosphate
Dephosphorylation of 2 molecules of 1,3-BPG
Dephesphorylation of 2 molecules of phosphoenolpyruvate
2 molecules of NADH are formed in the oxidation of
2 molecules of glyceraldehvde 3-phosphate
Conversion of pyruvate into acetyl CoA
(inside mitochondria)
2 molecules of NADH are formed
Citric acid cycle (inside mitochondria)
2 molecules of guanosine triphosphate are formed from
2 molecules of succinyl CoA
6 molecules of NADH are formed 1n the oxidation of
2 molecules each of 1socitrate, ae-ketoglutarate, and malate

2 molecules of FADH, are formed in the oxidation of
2 molecules of succinate

Oxidative phosphorylation (inside mitochondria)

2 molecules of NADH formed in glycolysis; each vields 1.5
molecules of ATP (assuming transport of NADH by the
glvcerol 3-phosphate shuttle)

2 maolecules of NADH formed in the oxidative

decarboxylation of pyruvate; each yields
2.5 molecules of ATP

2 molecules of FADH, formed in the citric acid cycle;

each yields 1.5 molecules of ATP

6 molecules of NADTI formed in the citric acid cycle;
each yields 2.5 molecules of ATP

NET YIELD PER MOLECULE OF GLUCOSE
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NADH-Q
oxidoreductase

Blocked by
rotenone and
amytal

Blocked by
T antimycin A

Cytochrome c;

\

Cytochrome ¢

\

Cytochrome c oxidase

- Blocked by
CN-, N5~, and CO

0,



6.3 Uncoupling of Oxidative Phosphorylation

Electron transport can be uncoupled from
ATP synthesis by allowing protons to move
back into the matrix by alternative
pathways.

NO,

/
on—{ Yo
TN/ v

2,4-Dinitrophenol (DNP)

08



6.4 Regulated Uncoupling

Sometimes uncoupling is done intentionally
as a means for generating heat.

L M HY e
UCP-1 N Electron
N\ _transport
Fatty acids 5255449
activate ﬁ M 1 ..
ucP-1 il

channel  ACCO

ATP
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