Glycolysis
Glucose

Glucose-6-phosphate

Y
Y

2Glyceraldehyde-3-phosphate
glyceraldehyde- 2NAD™T
3phosphatel/i

dehydrogenase \; ONADH

2 1,3-Bisphosphoglycerate

Y

Glycolyse:

Oxidation von Glucose zu 2 Pyruvat

Energie wird konserviert durch:
Synthese von 2 ATP
Reduktion von 2 NAD* zu NADH

2Pyruvate
—— 2NAD*
pyruvate |
dehydrogenase \---._,_> 9ONADH
2Acetyl-CoA
2NADH .
T ‘\zo)(aloaceza’te& Pyruvatdehydrogenase und Citratzyklus:
il o Vollstandige Oxidation von Pyruvat zu CO,
Malate . . .
. Energie wird konserviert durch:
hepe, | Ctleedd [ | Synthese von ATP und Reduktionsaquivalenten
2FADH, “—\ succinate deh).d',zzce':,?slz _ — 2NAD*
7, dehydrogenase 5
AT pse 15 ~ 2NADH
ARADT B e, ctogutarate
2Succinyl-CoA
l"/ .\"\
' oNAD*

2NADH
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Stage 1

Amino Fatty Acetyl-CoA
acids acids Glucose production
Glycolysis

Pyruvate

Z_

pyruvate
dehydrogenase
e complex
CO,
‘ Acetyl-CoA
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b Acetyl-CoA
Stage 2
Acetyl-CoA
oxidation
Oxaloacetate Cltrgte
e Citric
acid cycle
e
e
CO,

( co,-’e‘
\ /
¥ NADH,,

FADH,
(reduced e—carriers)
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NADH,
FADH,
(reduced e —carriers) Stage 3
Electron transfer
and oxidative
& phosphorylation
v 2H+ v %02
Respiratory
(electron transfer)
chain H,0
ADP + P; ATP
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Step 1: Acetyl-CoA
C,+C,=C,

Oxaloacetate

Iso)‘ ate

o-Ketoglutarate

Succinyl-CoA
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@)
7
i H,0 CoA-SH CH2_C\O_
V4
CH;—C + O=C—CO0O \j > HO—C—COO ™
¥ | citrate
S-CoA CH2 —CO00~ synthase CH2 —C0O0~
Acetyl-CoA Oxaloacetate Citrate

AG'° = —32.2 kd/mol
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Step 1: Acetyl-CoA
C,+C,=C,

\
o)

o-Ketoglutarate

Oxaloacetate

Fu ate
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CH,—COO
HO—(ll—COO_
H—(ll—COO_
i
Citrate

H,0
J

N

aconitase

CH,—COO
(|)—COO_
(HJ—COO—

i

cis-Aconitate

Hy0 C|H2—COO_
N . H-(—CO00
aconitase |
HO—(ll—COO_
H
Isocitrate

AG'° = 13.3 kd/mol
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Citrate
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Step 1: Acetyl-CoA
C,+C,=C,

Oxaloacetate

Step 3:
C6' C - CS

o-Ketoglutarate

Succi / 1-CoA
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NADP)* NADPH + H”

CH,—COO™ CH,—COO™
_ \ / |
H—C—COO m ~ CHy
isocitrate | + COq
HO—C—COO~ dehydrogenase (HJ—COO_
H O
Isocitrate a-Ketoglutarate

AG'° = —20.9 kd/mol
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Step 1: Acetyl-CoA
C,+C,=C,

Oxaloacetate

Step 3:
C6' C - CS

o-Ketoglutarate

Succi / 1-CoA

Step 4:
C,-C=C,

Folie 8-12




CoA-SH NAD™ NADH

(|JH2—COO_ —COO™

CH, \\ \ j + COg
(lj_COo— a-ketoglutarate C S-CoA

” dehydrogenase ”

complex
a-Ketoglutarate Succinyl-CoA
CO,
0) 0 +
No”  CoA-SH NAD* NADH O  S.CoA

TPP, hpoate
(|3=O \\ \ / \C/

| pyruvate dehydrogenase |
CH;, complex (E; + E, + E,) CH;

A\ 4

Pyruvate Acetyl-CoA

AG'° = —33.4 kdJ/mol
Folie 8-13



a-Ketoglutarate — Succinyl-CoA —FADH,  pap*
Pyruvate — Acetyl-CoA e
LML) ) 5
dihydrolipoyl +
(I)H ? dehydrogenase NAlE bt
Y (Eg) —FAD
CO, CHy— C=—TPP 8:2 475
Hydroxyethyl- R B,
TPP Lipoamide it lS
HS
1 pyruvate 9 dihydrolipoyl
dehydrogenase transacetylase HS
Il 4 0)
Sl g 3
CH3—C C\ A TPP e _g_s ?I)
0 2 CH3—C—S—CoA
Pyruvate HS Acetyl-CoA

R CoA
Acetyl-dihydrolipoamide
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Step 1: Acetyl—CoA
C,+C,=C,

Oxaloacetate
Step 3:
Acetyl-CoA is fully C,-C=C;
oxidized to 2 CO,

o-Ketoglutarate

y1-CoA Step 4:
C-C=C,
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Step 1: Acetyl—CoA
C,+C,=C,

Oxaloacetate
Oxalacetate is
reduced to Ce-C= C
Succinyl-CoA

o-Ketoglutarate

y1-CoA Step 4:
C-C=C,

Folie 8-15



Step 1: Acetyl-CoA
C,+C,=C, |

Oxaloacetate
Step 3:
Acetyl-CoA has C,-C=C;
lost 8 electrons

o-Ketoglutarate

Fu ate

1-CoA Step 4:
C-C=C,
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10
Acetic acid: 8 electrons H:C:C.
H OH
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-0

Acetic acid: 8 electrons H:C:C.
H OH

CO,: 0 electrons 0:C::0
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Step 1: AcetY].-COA
C,+C,=C, |

Oxaloacetate
2 x 2 electrons

were transfered to
2 NADY,
4 electrons are
stored in
succinyl-CoA

Step 4:
C,-C=C,

Folie 8-17



Step 1: AcetY].-COA
C,+C,=C, |

Oxaloacetate

Remaining steps 5 - 8:
Succinyl-CoA o
is oxidized to regenerate
Malate oxalacetate and to
harvest 4 electrons

ate

Folie 8-18



Step 1: Acetyl-CoA
C,+C,=C, |

Isocitrate

Oxaloacetate

Step 3:
C6' C - CS

o-Ketoglutarate

Succifiyl-CoA Step 4:
C-C=C,

- Folie 8-19
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(|3H2_COO GDP + P; GTP CoASH 700
(|}I_12 \ / / T
ﬁ_S'COA ) succinyl-CoA CH,

O synthetase COO-
Succinyl-CoA Succinate

AG'° = —2.9 kdJ/mol
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O (©
\(I}/
CHy .
' Succinyl-CoA
CH,

Succinyl-CoA |
synthetase /C

N . . .
0" 'S-CoA Energiereicher Thioester

. ¢

@
“* CoA-SH
O, " IO Spaltung mit P; (nicht mit H,0)
C . . .
| Energie wird konserviert.
CH,
m Enzyme-bound
succinyl
phosphate
C Folie 8-21



Enzyme-bound
succinyl
phosphate
Hohes Gruppenubertragungspotential

& No—(® (gemischtes Saureanhydrid)

0 0]

S ¢ CH,—CHy—C
7 . 4=
0

Succinate

P. wird auf His ubertragen.
Phosphoenzyme

Folie 8-22
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O O

B SN \ /
. C—CH,—CH,—C
-0 0-

Succinate

Phosphoenzyme Hohes Gruppenubertragungspotential

ist in His-P konserviert.
GDP

GTP

P. wird auf GDP (ADP) Ubertragen.

@ Substratkettenphosphorylierung

(a)
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Step 1: Acetyl—CoA
C,+C,=C,

Isocitrate

Oxaloacetate

Step 3:
C6' C - CS

o-Ketoglutarate

Sucgifiyl-CoA Step 4:
C.-C=C,

Step s Folie 8-24




Oxidation of Succinate to Oxalacetate

COO
CH, CH,—COO~
| Oxaloacetate
COO™
Succinate

Folie 8-25



Oxidation of Succinate to Oxalacetate

COO0 Succinate to Oxalacetate:
4 electrons must be removed.
CH,
Two oxidation steps are required,
CH, each removing 2 electrons.
COO™
Succinate

Folie 8-26



Oxidation of Succinate to Fumarate

799 Fap  FabpE, 79
CH, ///f CH
\ N ”
CH2 ) succinate HC
COO™ dehydrogenase (|3 00~
Succinate (Flavoenzyme) Fumarate

AG'° = 0 kd/mol

Folie 8-27



Step 1: ACGtYl—COA
C,+C,=C, |

Oxaloacetate
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(llOO_ CcOO
CH o0 HO—CH
|| N
H(|3 " fumarase HC—H
COO™ COO™
Fumarate L-Malate

AG'° = —3.8 kd/mol
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Step 1: Acetyl-CoA
C,+C,=C, |

Step 8 Oxaloééetate

Succi
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HO—C—H \\ /\ O0=C
CH2 - ~ CHg

malate

COO™ dehydrogenase COO™

.-Malate Oxaloacetate

AG'° = 29.7 kdJ/mol

Folie 8-31



Step 1: Acetyl-CoA
C,+C,=C, |

Step 8 Oxaloééetate

Succi
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Stoichiometry of Coenzyme Reduction and ATP Formation in the Aerobic Oxidation
of Glucose via Glycolysis, the Pyruvate Dehydrogenase Reaction, the Citric Acid Cycle,

and Oxidative Phosphorylation

Number of ATP

or reduced
coenzymes directly
Reaction formed
Glucose —— glucose 6-phosphate —1 ATP
Fructose 6-phosphate —— fructose 1,6-bisphosphate —1 ATP Glycolysis
2 Glyceraldehyde 3-phosphate —— 2 1,3-bisphosphoglycerate 2 NADH
2 1,3-Bisphosphoglycerate —— 2 3-phosphoglycerate 2 ATP
2 Phosphoenolpyruvate —— 2 pyruvate 2 ATP
2 Pyruvate —— 2 acetyl-CoA 2 NADH Pyruvate
2 Isocitrate — 2 «a-ketoglutarate 2 NADH Dehydrogenase
2 «a-Ketoglutarate —— 2 succinyl-CoA 2 NADH
2 Succinyl-CoA —— 2 succinate 2 ATP (or 2 GTP) And .
2 Succinate —— 2 fumarate 2 FADH, Citric Acid CVCIe
2 Malate —— 2 oxaloacetate 2 NADH

Total
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Stoichiometry of Coenzyme Reduction and ATP Formation in the Aerobic Oxidation
of Glucose via Glycolysis, the Pyruvate Dehydrogenase Reaction, the Citric Acid Cycle,
and Oxidative Phosphorylation

Number of ATP

or reduced Number of

coenzymes directly ATP
Reaction formed ultimately formed*
Glucose —— glucose 6-phosphate —1 ATP -1
Fructose 6-phosphate —— fructose 1,6-bisphosphate —1 ATP -1
2 Glyceraldehyde 3-phosphate — 2 1,3-bisphosphoglycerate 2 NADH 3-5
2 1,3-Bisphosphoglycerate —— 2 3-phosphoglycerate 2 ATP 2
2 Phosphoenolpyruvate —— 2 pyruvate 2 ATP 2
2 Pyruvate —— 2 acetyl-CoA 2 NADH 5
2 Isocitrate — 2 «a-ketoglutarate 2 NADH 5
2 «a-Ketoglutarate —— 2 succinyl-CoA 2 NADH 5
2 Succinyl-CoA —— 2 succinate 2 ATP (or 2 GTP) 2
2 Succinate —— 2 fumarate 2 FADH, 3
2 Malate —— 2 oxaloacetate 2 NADH 5

Total 30-32

Folie 8-33



ATP synthase Outer membrane

(FoF1) Freely permeable to
Cristae \ o b small molecules and ions

2
n/ b
.

Inner membrane

Impermeable to most
small molecules and ions,
including H*
. Contains:
« Respiratory electron
: carriers (Complexes I-IV)
. % +ADP-ATP translocases
- .4 *ATP synthase (F,Fy)

=t |

XOther membrane

- . "\ transporters

b\
=\

o Matrix

Contains:

« Pyruvate
dehydrogenase
complex

« Citric acid
cycle enzymes

'~ «Fatty acid

B-oxidation

' enzymes

» Amino acid
oxidation

', enzymes

. . +DNA, ribosomes

« Many other enzymes

«ATP, ADP, P, Mg2*, Ca2*, K+

« Many soluble metabolic
intermediates

Ribosomes

Porin channels
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Glycolyse

u.v.a.
] Pyruvat
Cataplerotische und are g) o
Pyruvat- Pyrurest-
anaplerotische D A S
p . ADP + P, - S NADH+H'
Aminosdure-
Stoffwechselwege Oxidation und Acetyl-CoA . Fettsdure.
Biosynthese Oxidation
| ! u.v.a.
Oxaloacetat
NADI:HH' -
Gluconeogenese AR oo | /M " z f‘t""g’ e-
— B iosynthese
~ Ol 0L /
o o) % \\ O
R o % % “ou SN g Cholesterol-
%3. p 5 N Biosynthese
Asparaginsdure . 1y L'f,.,\‘ 4
:henﬂalanm ~ ) i, . ~
erSln Fumarat O % P o
oo oo cis-Aconitat
f !
FADH | I O
@ Sucdnat Aconiase @
! Dehydrogerase
|
FAD |'. ‘
/- L0
Succinat J R, o
oo “*\':"C;.: o"é ?"f. NO c:‘:o oditrat
\ o w8 %,
e £ 0% o NAD'
o, §# %%
Caa 2 - o %
oo §a§ﬁ %‘ GO .
Porphyrin- GDP+P_ &g % ©  NADH+H
810 nthese \ = ‘LC.A . ) - o= O Oxalosuccinat
sy Succiny!-CoA ___ = --__--
Valin NADH' o “** wo | H
Isoleucin t e co.
Methionin 1-Ketoglutarat

Oxidation

ungerader ‘

Fettsauren Aminosédure-
Oxidation und

Biosynthese
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Atmungskette
F.F,-ATPase



NADH,
FADH,
(reduced e —carriers) Stage 3
Electron transfer
and oxidative
& phosphorylation
v 2H+ v %02
Respiratory
(electron transfer)
chain H,0
ADP + P; ATP

Folie 9-1



Die Atmungskette

Intermembrane
space (P side)

NADH + Ht NAD* Succinate  Fumarate

Matrix (N side)

Elektronen werden in mehreren Schritten von NADH auf
molekularen Sauerstoff iibertragen.

Die Ubertragung von Elektronen wird von Enzymkomplexen katalysiert,
die in der mitochondrialen Innenmembran lokalisiert sind.

Die Ubertragung von Elektronen ist an den Transport von Protonen

iiber die Innenmembran gekoppelt.
Folie 9-2



Reduktion-Oxidations-Reaktionen

Reduktion: Aufnahme von Elektronen
Oxidation: Abgabe von Elektronen
Redoxreaktionen laufen gekoppelt ab.

NADH + H* = NAD* +2H* + 2¢-

120, + 2e'+ 2H* — OH + H* — H,0

NADH + H* + 1/20, _5 NAD* + H,0




Anderung der freien Enthalpie bei
Redoxreaktionen

Reduktionspotential und Fahigkeit
elektrische Arbeit zu verrichten:

AG0‘= -IIFAEO‘

n: Anzahl der pro Molekiil iibertragenen Elektronen

F: Faraday Konstante, 96,48 kJ V-1 mol!




Anderung der freien Enthalpie bei
Redoxreaktionen

Reduktionspotential und Fahigkeit
elektrische Arbeit zu verrichten:

AG0‘= 'HFAEO‘

1/2 0, + 2H* + 2¢" ---> H,0 0.816 V
NAD* + 2H* + 2¢" ---> NADH + H* - 0320 V
0.816 V- (-0.320 V)= 1.136 V

F=96,48 kJ V-1 mol’!

AG, = -2 x 9648 kJ V'1mol! x 1.136 V = - 219 kJ mol!



Elektronencarrier der Atmungskette




H O H H 0O H H 0
L . M C L C
Y OONH, o .Y N 7 TNH.
‘ | 'l 4 2 —*—}.” a ‘ L 4 2 or ’ ‘ * - + H
“ b )

R R
NADH
(reduced)
NH,
N Adenine
N

NAD*

(oxidized) OH OH "

In NADP"' this hydrox_vl. group

is esterified with phosphate. AEO ‘ — 320 mV
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FeS-Cluster are 1 Electron Carriqrs

Protein

s\m/s
S‘/ \S

(a) (b) (e)

Fe-S 2Fe-2S Cluster 4Fe-4S Cluster
Cluster e.g. Complex I, I1 e.g. Complex I
in bacterial and Complex III and Complex II
Complex II (Rieske)

Folie 9-4



FMN

FAD

FAD/FMN are 2 Electron Carriers

izoalloxazine ring

OH OH
Flavin adenine dinucleotide (FAD) and
flavin mononucleotide (FMN)

I l

O
Y
PO OS
(‘H( S \ /L\“O
R
FADH® (FMNH")
(semiguinone)

~

H 0
v CH,

S~ '/’*/"j\:\/ "NH

/\/L

R I |
FADH, (FMNH.)
(fully reduced)

FAD/FMN exist also
in 1 Electron Form
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Ubiquinon is a 2 Electron/2 Proton Carr

CH;
Q |
CH3O (CH2 —CH=C—CH2)10—H
Ubichinon (UQ)
CH;0 CHj oxidized
0
PH‘“ +e”
O.
CH;0 R
Semichinon
: (UQH"
CH30 CHjy radical
oS partly reduced
"P Hf + e~
OH
CH;3;0 R
Ubichinol (UQH,)
CH,O CH, fully reduced
OH
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CH;

CHj

Cytochromes are 1 Electron

CH;  CH=CH,

~ CH;
O \CHYy
2 S—Cys
CH;  CHCHCO  CHs  CHCH,
Iron- Protoporphyrin st—s |
N—Fe—N |
of, |/ crcH.c00"
e
cfi,  CH,CH,CO0-
Him C
(in Cytochrom c)
~ CH=CH,
PH :
y CHz CH_I] ‘___‘CH3
CH, -7 /CH, ,
i, |/ CHCHC00

cfio  CH,CH,COO~
Him A

(%)

absorption

100

50

reduced

Cytc

300

400 500 600

wavelength (nm)
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rotenone

®

NADH —> Q —> Cytb —> Cyt ¢, —> Cytec —> Cyt (@ + a5) —> O,

NADH

NADH

v

A4

antimycin A

Cyt b —— e S ———> O,

CN or CO

Cvtb - > Cvbe, = > Gyte o Oytla ta;) —— O,
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Treatment with digitonin

i et
”‘..‘ = 2\
N A% .
QOSmotlc rupture
N\ SR
j 0 ot |
Inner t “‘"‘4
membrane l f
fragments ‘
Outer membrane ¢ :.
fragments 0 8 0 Py
discarded [ ¢ 0 ‘/
@
ATP
synthase

Solubilization with detergent
followed by ion-exchange chromatography
1

A

I I 1 v

7N\ 7N\ N N
NADH Q@ Suc- Q Q Cytc Cytc Og ATP ADP + Pj
cinate

Reactions catalyzed by isolated
fractions in vitro
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Protein Components of the Mitochondrial Electron-Transfer Chain

Mass Number of Prosthetic
Enzyme complex (kDa) subunits* group(s)
| NADH 850 42 (14) FMN, Fe-S
dehydrogenase
|| Succinate 140 5 FAD, Fe-S
dehydrogenase
[l Ubiquinone: 250 11 Hemes, Fe-S
cytochrome ¢
oxidoreductase
Cytochrome ¢! 13 1 Heme
IV Cytochrome 160 13 (3-4) Hemes; Cu,, Cug

oxidase

“Numbers of subunits in the bacterial equivalents in parentheses.

'Cytochrome c is not part of an enzyme complex; it moves between Complexes Il and IV

as a freely soluble protein. .
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Die Atmungskette

NADH Cytochrome Cytochrome ¢ ATP synthase
dehydrogenase bcy complex oxidase

Intermambrana
space

Cytochrome ¢ Folie 9-11



4H*

Intermembrane
space (P side)

Complex I

Matrix | ° | | Matrix (N side)

NADH NAD®
Folie 9-12



Complex Il

o

-;.
-
.
L
I
.

”
1

3
A
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Cytochrome c,

2Fe-2S

Rieske iron-sulfur protein
Cytochrome b

Intermembrane
space (P side)

Matrix
(N side)

Folie 9-14



Complex III

_&T? Stigmatellin
STG™ |
| !

Ubiquimon

QH, +2Cytc(Fe*) — Q+2Cytc(Fe*) +2H_ *
Folie 9-15



Complex III

‘&j‘? Stigmatellin
STG* |
[#,7

Ubiquimon

2Q11, +Q +2 Cyt c(Fe**) + 2H;* —2Q + QH, + 2 Cyt c(Fe?*) + 411 *

0

Folie 9-15
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Cytochrome C

Folie 9-1




Intermembrane 4H*
space gy
(p side) /4Cytc

‘ 4

 de
\
S

i

4H* 4H* 2H,0 Matrix
(substrate) (pumped) (N side)
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H413

Folie 9-18a



P side N side

[H"lp = C, Hly = C4
HT OH™
H* OH™
HT OH™
HT H™ OH~™
HT OH™
Ht Proton OH™
12 i OH"™

AG = RT In (C,/Cy) + ZFAY
= 2.3RT ApH + FAY

Folie 9-19



Proton

Folie 9-20



O, consumed

respiratory chain

Add

ADP + P,

Add
CN-

Inhibitor of

Add

succinate

Time

ATP synthesized
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Oy consumed

Add Add

enturicidin DNP
. lt,rl . Uncoupled

oligomycin

Add
ADP + P,

Add

succinate

l

ATP synthesized

Time
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OH o

NO, NO,
ncoupler:
Uncoup i
NOz NO2
2,4-Dinitrophenol
(DNP)
e, A o A
SR N
T |
%I )
NH N~
_ + H
<.> i
F—(|3—F F—(lj—F
F F
Carbonylcyanide-p-
trifluoromethoxyphenylhydrazone
(FCCP)
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ATP synthesis is
coupled to
proton flux

into the matrix

Matrix H']=10"M
[Kt]=I[C1"]1=0.1M

HT]1=10"%M

@‘g ﬁ/ Intermembrane . &@

space

. pH lowered from 9 to 7;
l valinomycin present; no K+

Kt <] H1=107"nm

N
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Junge, 11, Lill & S. Engelbrecht

1l
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TIBS 22, 420 - 423 (1997)



Actin
filament

His residues

residues

Ni complex
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