Chem 352 - Lecture 8
Carbohydrate Metabolism
Part IV: Electron Transport and
ATP Synthesis

Introduction

+ By combining the reactions of glycolysis
with the citric acid cycle we have seen how
glucose can be oxidized to CO2 with the
concomitant production of reduced
nucleotides (NADH + H* and QH.)

Glucose + 2H,0 + 10NAD* + 2Q + 4ADP + 4P, —

6CO, + 10 NADH + 10 H* + 2QH, + 4 ATP
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Introduction

+ The oxidation of the reduced nucleotides by
oxygen and other electron receptors is
tightly coupled to the the synthesis of ATP
from ADP + Pi.

> The process is called oxidative
phosphorylation.
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Introduction
TABLE 10.4 Standard reduction potentials of some important biological
half-reactions des by
Reduction half-reaction EM S
Acetyl CoA + €O, + ~0.48
Ferredoxin (spinach), 2 0.43 F ATp
2H® + 262 = H, (1l pH 7.0) 0.42
~038
poyl dehydrogenase (FADH,)  —0.34 o
S 023
922 029
U2 0.36
037
0.42
0.43
WP
150, + 2H® + 269 — H,0 02
Phatosystem T1 (P680) 11
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FABLE-104—Standardrechctiom-potentiafs-of somme-mportant-biotogicat

Pralstemtons
D&rértith b tHectiaximum number of ATPS that could'be

des| by

NABKb kbl 167: ¢© — Y
2H® + 268 — H, (at pH 7.0) —0.42
a-Ketoglutarate + CO, 1 2H® + 262 — Isocitrate 0.38
Lipoyl dehydrogenase (FAD) + 2 H® + 2¢© — Lipoyl dehydrogen: —0.34

2¢© — NADPH + H® -032
— NADH + H -0.32
-0.29

syathesizedofrom ARP -and:R: ifccoupled to the oxidatien off ATP

022
023

029

Photosystem 1
(s}

F& + e9 =k

150, + 2108 + 269 > 1,0

036
037
042
043
077

082
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FABEE-10-4—Stanchrct rectuction-potentiats-of some-important-biofogrcat
Probtemions s| by
i . TABLE 10.3  Standard Gibbs free en-
D&rrsiin Bt Hatiaximum num| ergies of hydrolysis for common
Syathesizedofrom ADP -and.R; | Metabolites ATP
NADH s htuby 6z = & AL
2H® + 260 — H, (at piI 7.0) Metabolite (kI mol™)
a-Ketogluarate + CO + 2 HO + 268 —Isod Phosphocnolpyruvate -6
Lipoyl dehydrogenuse (FAD) + 2 HE + 2© - 1.3-Bisphosphoglycerate 49 s
NADP® | 2H® + 266 —NADPH + H® | ATPto AMP + PP; —15 [
e Phosphocreatine 3 “;
- 5 Phosphoarginine -5 =
Lipoic acid + 2 H® \oe© = Dinydrolipoic a |
~ Acetyl CoA -32 &
ATPto ADP + P; =3y 37
Pyrophosphate -29 42
Glucose 1-phosphate -21 43
Glucose 6-phosphate —14 |
Glycerol 3-phosphate -9 9
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TABLE 10:4—Stardiard reductior potentiats of-some-fmyportant-botogicat

Priobtemions

D&terititnbtHactiaximum number of ATPS that could be

synthesizedofrom ARP-and.R: ifccoupled to the oxidatien

des| by

off ATP

NADK kb 10 z: o0 & —04
2 + 2¢9 —H, (al pH 7.0) -0.42
a-Ketogltarate + €O, + 2 HE + 269 — Isocitrate —-0.38
Lipoyl dehydrogenase (FAD) + 2 H® + 26 — Lipoyl dehydrogenase (FADH;) 034 o
NADP® + 2 H® + 268 — NADPH ~ HO 032 o
NAD® + 2H® + 2¢° —NADH + H® 032 029
Lipoic acid + 2H® +\2¢2 — Dihydrolipoic acid 0.29 o
—cu 037
©—-NOS + HO 0.42
0.43
077
082
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TABLE 10.4 Standard reduction potentials of some important biological
half-reactions des by
Reduction half-reac EY) g
Acetyl Coa + €O, + HO + 2 —048 f ATP
Ferredoxin (spinach), Fe~ 1 ¢© 043
2H® + 262 = H, (1l pH 7.0) 0.42
~038
—034 e
—032 o
NAD® + 2 032 o)
Lipoic acid + 2 HD +\2¢© — Dihydrolipoic acid -0.29 036
037
0.42
043
077
0.82
Phatosystem IT (P6R0) N
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Introduction

+ The oxidation of the reduced nucleotides by
oxygen and other electron receptors is
tightly coupled to the the synthesis of ATP
from ADP + Pi.

> The process is called oxidative
phosphorylation.
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The Mitochondria

+ For eukaryotes, the coupling of the
reoxidation of the reduced nucleotides to
the synthesis of ATP from ADP + P; occurs
in the mitochondria.

Outer membrane
Inner membrane !ntermembrane
space

Matrix

Cristae
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The Mitochondria

+ For eukaryotes, the coupling of the
reoxidation of the reduced nucleotides to

the synthesis of ATP from ADP + P; occurs
in the mitochondria.

PACE
(OUTSIDE)

INTERMEMBRANE

©]

| INNER MEMBRANE

MATRIX

atp (INSIDE)

synthase

ATP

+
P; H0
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The Mitochondria

+ For eukaryotes, the coupling of the
reoxidation of the reduced nucleotides to
the synthesis of ATP from ADP + P; occurs
in the mitochondria.

Outer membrane

Cristae
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Introduction

+ The mitochondria are believed to have
evolved from free living bacteria.

Outer membrane

Intermembrane
Inner membrane space

Cristae
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+ The outer membrane is quite porous to small
molecules (<10,000 Da).
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The Chemiosmotic Theory

*The chemiosmotic theory was first
proposed by Peter Mitchell in the
early 19605.

+ The theory explained how

the two process are
linked

Peter Mitchell
(1920 - 1992)
Nobel Prize in Chemistry, 1978
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The Chemiosmotic Theory

-Demonstration that the proton flow
across membranes is linked to ATP
synthesis.

Substrate ADP
/ ATP is
synthesized
/

Time

Oxygen concentration
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The Chemiosmotic Theory

-Demonstration that the proton flow
across membranes is linked to ATP
synthesis.

‘ Substrate ADP
'

(S}
OH 0 / @/
? ‘) oe
O
@
N / \e® (AN

2,4-Dinitrophenol Pk = 40

2,4-Dinitrophenolate anion

“‘I I

Time ‘
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The Chemiosmotic Theory
-Demonstration that the proton flow
across membranes is linked to ATP
synthesis.
Substrate ADP
c / ATP is
% synthesized
£ P
c
2
1
Time
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The Chemiosmotic Theory
‘Demonstration that the proton flow
across membranes is linked to ATP
synthesis.
Substrate ADP Substrate  2,4-Dinitrophenol
c / ATP is c No ATP is
'g Ymhesized '.2.. synthesized
£ S £ /
c c
o [
c c
8 &
3 8
Time Time
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The Mitochondria

+ For eukaryotes, the coupling of the
reoxidation of the reduced nucleotides to
the synthesis of ATP from ADP + P; occurs
in the mitochondria.

Outer membrane
Inner membrane

Imermembrane

Matrix
Cristae
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The Mitochondria

+ For eukaryotes, the coupling of the
reoxidation of the reduced nucleotides to
the synthesis of ATP from ADP + P; occurs

in the mitochondria.

INTERMEMBRANE
SPACE ()

(OUTSIDE)

INNER MEMBRANE

MATRIX )
atp (INSIDE)
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synthase
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The Mitochondria

+ For eukaryotes, the coupling of the
reoxidation of the reduced nucleotides to
the synthesis of ATP from ADP + P; occurs
in the mitochondria.

Outer membrane
Inner membrane

Intermembrane
spa

Matrix

Cristae
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The Chemiosmotic Theory

-The protonmotive force is analogous
to the electronmotive force (emf).

(a)

(b) e

X 2HO=2HO 120, X<|»2e27=12¢O~) 10,

XH, H,0 XH, H,0
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TABLE 10.4 Standard reduction potentials of some important biological

half-reactions y
Reduction half-reaction E” (V)

Acetyl CoA + CO; + H® + 262 — Pyruvate + CoA —0.48

analogous
(emf).

Ferredoxin (spinach), e~ + ¢ — ke ~0.43
2H® + 269 — H, (atpH 7.0) ~042

a-Ketoglularate + €O, + 2 H® + 269 — Isocitrate —0.38

Lipoy! dehydrogenase (FAD) + 2 H® + 26 — Lipoyl dehydrogenase (FADH,) 034

NADP® + 2 H® NADPH + H® 032

NAD® + 2 H®

i @ 03
NADH + H 032 H®

T 7

-] L B
S 2

u
MATRIX

H®
29=—12¢°

110, X 10,

XH, H,0 XH, H,0
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TABLE 10.4 Standard reduction potentials of some important biological L]
half-reactions
Reduction half-reaction ®
= Cytochrome ¢, F e 022
e R
Ferredoxin (spinach), Fe~ + ' Y totrome, 1@+ 0@ 029
SR 2D =D Chtutromer O # 0O 18 036
GG (34 @ 1 2D § 2D e @i s Bl 037
e AD) +2HO + 269 100 . 546 + 20+ NOP + HO 042
NADP® + 2 2 — NADPH + H® 0.43
NAD® + 2 H® + 202 — NADH ~ H® 077
9 140, ® - 208 5 H0 0.82
oy ,* 1 boso) 1

2e© 2H®
X 2H®=2H®- 20, X 269=2¢9-/- 1.0,

XH, H,0 XH, H,0
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The Chemiosmotic Theory

-The protonmotive force is analogous
to the electronmotive force (emf).

(@ ()
L, WO,
H® H®
DL
MATRIX
N Mo,
2¢© 2H®
XP2HO=2H® %0, X|~2e2=2¢2-%:0,|
XH, H,0 XH, H,0
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The Chemiosmotic Theory

‘The free energy for proton
movement across a membrane

AG,pspon = BT IN| == |+ 7 AY
[Houl:l

AGyy o =7 AW —2.303 RTApH

transport —
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Electron Transport

‘The electrons are transported from
NADH to O: through a series of
integral membrane proteins.

Cofactors in electron transport

o — rn — re-s— @ —[F05] — oy — e — e cnas—o;
Sucnate—s FAD — Fo-s—

Complxt £
e 5
N e H
B "
Complex V. 3

oo

S

110, 4240
08
G o
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‘The electrons are transported -
NADH to Oz through a series of .
integral membrane proteins. we
2697269~ %0,
Cofactors in electron transport XH, H,0
waon — i — re-s— @ — [£65] — e, — e o ey 0,
Succinate—s FAD — Fo-s—
0% waow
Aot N
) e _
S - © S
2 / w3
b . §
. 2
Lo
B
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*The electrons are transported | ‘wm
NADH to Oz through a series of
integral membrane proteins. e
2697=2¢2~- 0,
Cofactors i slectron ransport X, ) o
o — o e g (&3] — ane— enc—cnocnar—o,
0% waow )
NAD® 20
e N o
; £
Succinate. £
5 o2 fromen) ol
L o 2
U compcs 3
os e )
B
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oo\
2 \ [et— " p e
NADH A + N e
e f N
e H®
+ + H®
Gy 120 X 2697=2¢~/- %0,
Cofactors in electron transport xu, / H,0
> FMN —> Fo-s — Q@ — | F5 | cyt,— Cyte— Cyta— Cta,— 0,
Boruimtmuens B
0% waow
Mot ganons NG
. F
N - o g
;“» Fumarate - ‘oxidoreductase "W§
u Complex |
U o §
. =
- cole
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e 12-5
269 | H® HO
| INNERMEMBRANE ¢ o
20000000000000 | 0000000000000000 =
NADH—NAD* + H®' | e | MATRIX
'/lﬂzm i ...
- .
RS : f 4O
o I /\
+ + M@
B 10 X 2697260,
Cofactors in electron transport xu, H0
— N — Fo-s— @ —| P8 ey, — cyre— cpta— cptay— 0,
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e
R
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=
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Electron Transport Chain

The electron transport chain
comprises a series of electron
carriers.

+ These are located in the inner mitochondrial
membrane

+ They are arrange in the order of increasing

reduction potential (increasing affinity for
electrons).

Chem 352, Lecture 8, Part IV: Electron Transport and ATP Synthesis
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Electron Transport Chain
The electron transport chain
comprises a series of electron
carriers.
+ These are located in the inner mitochondrial
membrane
+ They are arrange in the order of increasing
reduction potential (increasing affinity for
electrons).
1% Chem 352, Lecture 8, Part IV: Electron Transport and ATP Synthesis
o | Table 14.1 Standard reduction potentials 1 4'2
Electron Transport Chain i
Substrate
of Complex E (V)
NADH -0.32
R
AN 030
Fe-S clusters —0.25to —0.05
Succinate +0.03
]
0 o0
Fe-S clusters. —0.26 to 0.00
QH/Q +0.04
Q% ~0.16)
(QHy/ Q% +0.28)
Complex il
Cytochrome by -0.01
Cytochrome by +0.03
FecS cluster w028
Cytochrome ¢; +0.22
Cytochrome ¢ +0.22
Complex IV
Cyowomea +021
au 024
Cytochrome a; +0.39
Cug +0.34
" Chem 352, Lecture 8, Part Iv: Electron Tra o, 082
o | Table 14.1 Standard reduction potentials 1 4'3
Electron Transport Chain e
- it Substrate
e R N of Complex E (V)
FMN e WS N0 NADH 032
™ Complex |
o (Hou FAD FMN ~0.30
HiC LN fHom Fe-S clusters ~0.25t0-0.05
e & WNo (o Succinate +0.03
L ™ Complex i
ol o #AD 00
S e ! Fe-S clusters. ~0.26 10 0.00
cHom N/ QH/Q +0.04
cH,0H Q%R 0.16)
(QHz/ QP +0.28)
Complex lll
Cytochrome by. 0.01
T
Fe-S cluster +0.28
Cytochrome ¢; +0.22
Cytochrome ¢ +0.22
ComplextV
Cyodwomea 1021
Cup +0.24
Cytochrome a; 4039
Cug +0.34
" Chem 352, Lecture 8, Part IV: Electron Tra o, (082




Electron Transport Chain

Table 14.1 Standard reduction potentials
f mitochondrial oxidation—
reduction components.

14-4

" e R Substrate
r o of Complex £ (V)
FMN e N NADH -0.32
b Complex |
o qron FAD FMN -0.30
He Y | ossomane E::: Fe-S clusters ~0.25t0-0.05
e sk, - Succinate 10.03
L . b q Complex Il
dhow N FAD 0.0
cHOH. Rviol |HyC NSo Fe-S clusters ~0.26 t0 0.00
cHoM QH/Q +0.04
o FMN o FAD "B Q] -0.16)
(quinone form) O ] (@Hyf-Q® +0.28)
N NG N Complex i
M | Cytochrome by -0.01
" ——— Cytochrome by +0.03
| (semiquinone form) Fes cluster 1028
1 Cytochrome ¢ +0.22
u Cytochrome ¢ +0.22
Complex IV
Cytochrome a +0.21
H, or FADH, Cux +0.24
(hydroquinone form) Cytochrome a +0.39
Cup +0.34
“ Chem 352, Lecture 8, Part IV: Electron Tra| o, 082
o | Table 14.1 Standard reduction potentials 1 4'5
Electron Transport Chain  dipum e
reduction components
/ RN Substrate
/ of Complex E (V)
s/ NADH 032
[ Y S Complex |
\ /Fe\\\ /'Fe\ < VN 030
s S Sy Fe-S clusters ~0.25t0-0.05
Cys ) (Cys Succinate +0.03
& Complex Il
[2Fe-25] FAD 00
Fe-S clusters Fe-S clusters. —0.26 t0 0.00
QH/Q +0.04
-Q®Q -0.16)
(@QHy/-Q +0.28)
Complex Il
Cytochrome by. 001
Cytochrome by +0.03
FeS cluster +0.28
Cytochrome ¢; +0.22
Cytochrome ¢ +0.22
Complex IV
Cytochrome a 4021
cup +0.24
[4Fe-45] Cytochrome a; +0.39
Cug 4034
“ Chem 352, Lecture 8, Part Iv: Electron Tral o, 082
o | Table 14.1 Standard reduction potentials 1 4'6
Electron Transport Chain
reduction components
B (j Ubiquinone (Q) Substrate
HiC—0 -~ __CH; of Complex £ (V)
:ﬂ I cH, -
by ot H | NADH 0.32
HiC—07 "y (CH,— C=C—CHa)g ioH e
o PN 030
Fe-S clusters. —0.25t0 —0.05
+e® ”, o Succinate +0.03
Complex i
Semiquinone anion (-Q2) FAD o0
Fe-S clusters. —0.26 t0 0.00
HsC—O . CH; QH/Q +0.04
]\ /]: " THZ Q% ~0.16)
HyC—07 57 “(CH,— C=C—CH,)s10H (QHy/-Q° +0.28)
0. Complex I
Cytochrome by. -0.01
+2H® || 2H® Cytochrome by +0.03
+e@||-e@ FeS cluster +0.28
Cytochrome ¢; +0.22
OH Ubiquinol (QH,) Cytochrome ¢ +0.22
CH, Complex IV
Cytochrome a +0.21
(cH,— B cup +0.24
Cytochrome aj 4039
Cug +0.34
“ Chem 352, Lecture 8, Part Iv: Electron Tra o, 082

Electron Transport Chain

®

Cytochrome b
heme group

@

Cytochrome a
heme group

[N

H
CH— (CHy— C=C—CH,),—H

HC CH—OH

Cytochrome ¢
heme group.

Chem 352, Lecture 8, Part IV: Electron Tra|

Table 14.1 Standard reduction potentials
of mitochondrial oxidation-
reduction components

Substrate
of Complex £ (V)
NADH 032
Complex I
FMN 030
Fe-S clusters ~0.25t0-0.05
Succinate +0.03
Complex Il
FAD 00
Fe-S clusters ~0.26100.00
QH/Q +0.04
Q%R 0.16)
(QHz/ QP +0.28)
Complex I
Cytochrome b. 001
Cytochrome by +0.03
Fe-S cluster +0.28
Cytochrome & +0.22
Cytochrome ¢ +0.22
Complex IV
Cytochrome a +021
cu +0.24
Cytochrome a +0.39
Cug +0.34
o, +0.82
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o | Table 14.1 Standard reduction potentials 1 5' 1
E le C-l-ro n Trans por-l- C h ain of mitochondrial oxidation—
reduction components
Substrate
of Complex )
NADH 032
Complex |
FMN -0.30
Fe-S clusters ~0.2510-005
Succinate 10.03
Complex Il
FAD 0.0
Fe-S clusters. ~0.26 t0 0.00
QH/Q +0.04
Q%Q -0.16)
(@H/-Q° +0.28)
Complex
Cytochrome by -0.01
Cytochrome by +0.03
Fe-S cluster +0.28
Cytochrome ¢, +0.22
Cytochrome ¢ +0.22
Complex IV
Cytochrome a 4021
Cup +0.24
Cytochrome a; +0.39
Ccu +0.34
s Chem 352, Lecture 8, Part IV: Electron Tra| o, 082
o | Table 14.1 Standard reduction potentials 1 5 '2
Electron Transport Chain = e
reduction components
Substrate
of Complex )
NADH -0.32
Complex |
Cofactors i electron transport N o030
w0k — pn — re-s— @ —[£5] — o — e oo a0, Fe-S clusters -02510-005
SUcnte=3 FAD" =EFe-S Succinate +0.03
-0 Complex i
aoH
NAD®. Path of 200 FAD 00
=0. electron Fe-S clusters. ~0.26 to 0.00
QHyQ +0.04
° | et 016
o2 5| @bra® +0.28)
2 1003 | Complexit
w04 g Cytochrome by. -0.01
;::":: ) Cytochrome by +0.03
L oxidase. Fe-S cluster +0.28
o8 Cv.n, +2HO Cytochrome ¢; +0.22
"0 Cytochrome ¢ +0.22
1.0 Complex IV
Cytochrome a 4021
Cus +0.24
Cytochrome aj 4039
Cug +0.34
15 Chem 352, Lecture 8, Part IV: Electron Tra| 082
o | Table 14.1 Standard reduction potentials 1 5 '3
Elortran Tranenart Chai of mitochondrial oigation-
Cofactors in electron transport reduction components
WAoH — i — Fe-s— @ — [£5] — e, — o oya— s, Substrate
Succinate—> FAD — Fe-s— of Complex E (V)
04 wow NADH -0.32
o ot 200 || Complexi
=02 Comples electron FMN -0.30
D ok uinonn! Fe-S clusters ~0.25t0-0.05
o 5
Succinate @ Complex il succinate 008
<02 ubiqunel tecrome ¢ Complex i
B wog|| F0 00
L 04 Fe-S clusters. —0.26 to 0.00
| Qi +0.04
06 oxidase Q% ~0.16)
110, 42O @Hy/-Q° +0.28)
o C:,u Complex il
1.0 Cytochrome by. —-0.01
Table 14.2 Standard free energy released in the oxidation reaction catalyzed by each complex | | <'°C"°™e b4 1003
FeS cluster +0.28
Efeductant Egxidant AE? act Cytochrome +0.22
Complex ) ™) ™) (k) mol™) presre— YTy
1 (NADH/Q) -0.32 ~0.04 +0.36 -60 Complex IV
1l (Succinate/Q) +0.03 +0.04 4001 -2 Cytochrome a +0.21
11l (QH/Cytochrome &) +0.04 +0.22 +0.18 35 Cun 2024
IV (Cytochrome ¢/0,) 40.22 +0.82 40,59 “116 Cytochrome ay H039
PAE* was calculated as the difference between Efequctant and Egidant. Cug S0
“The Glbbbs standard free energy was calculated using Equation 14.8 where n = 2 electrons, Al o, +0.82

Complex I (NADH-Q Oxidoreductase)

@
Transporter module _4H OUTSIDE
(14 subunits) [ 00A0000000000000000
fbb bbb 1
O f il I !
Connector & Fe 4H® INSIDE
module 2H Q&) =
FMNH, NADH dehydrogenase
2¢© module i
2HO FMN matrix
NADH + H® NAD®
Table 142
Ergocant Evudom 067 a
Complex 2 [ ™ () mol™)
10vOHIQ) 032 004 036 ™
W Gucinate/Q) ‘003 <004 00 2
(@y/Cyochrome ) +0.04 02 08 35
" o e s b o T " fnd ATP Synthesis
The b andard e enrgy s coced ing Eauaion 148 where - 2 lectron
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Complex I (NADH-Q Oxidoreductase)

(14 subunits)

[HQHaEN - o
i~

Connector i

module 2 H® ESpS]

FMNH,

—.

Transporter module _4H®

NADH dehydrogenase
‘/Q 262 module
2H®: FMN

OUTSIDE
~90000000003000000000
(it JTI.‘; AN Y
UL UL UL |
1E0000000000000000000

4 HO INSIDE

matrix

NADH + H® NAD®
142
Ereductant xidant AE ac®
Complex v v v () mol™)
T T D)
@y w004 0z o1 3
" Y (Cpoteome 0 "' ind ATP Synthesis
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]
Transporter module _4H OUTSIDE
(14 subunits) W
\e?e ,,.x” 1.“,‘.;‘!.1,”,.\‘,.1;‘ J.t“
{0O0O0OA0C0000T0N000
Connector | iz 4HO INSIDE
module 2H QO] po)
FMNH, NADH dehydrogenase
269 module
2HO®: FMN matrix
NADH + H® NAD®

View Model

Chem 352, Lecture 8, Part IV: Electron Transport and ATP Synthesis
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Complex I (NADH-Q Oxidoreductase)
FMN
+ FMN is a l1-or 2-electron carrier (Chapter 7.5)

o
e w \;‘/ko —HO, —e®
R
0

FMN or FAD

H
(quinone form) HC e S
HyC N \Q/Lo
® X
+H \
+HO ]
FMNH- or FADH-

(semiquinone form)
" o
HsC ¥ NH ©_.0
L —HO—
HaC NN o
i
R

FMNH, or FADH,
(hydroguinone form)

Chem 352, Lecture 8, Part IV: Electron Transport and ATP Synthesis
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Complex I (NADH-Q Oxidoreductase)

Protein

Iron-Sulfur

Centers

+ Some of the
complexes contain
iron-sulfur centers
+ Iron-sulfur centers
are l-electron
carriers.

Protein

Fe3* + le- & Fe?*

Chem 352, Lecture 8, Part IV: Electron Transport and ATP Synthesis

18




Complex III (Q-Cyt ¢ oxidoreductase)

Cytochromes are proteins that contain
heme groups; they are l-electron carriers.
(Chapter 7.17) o groetlan

S00c
Cytochrome aheme group

Fe3t + le” & Fe?*

@ .
i

Wy

Cytochrome b heme group W,

.
e
oo
o0¢ s

Chem 352, Lecture 8, Part IV: Electron Transport and ATP Synthesis
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Complex I (NADH-Q Oxidoreductase)

@
Transporter module _4H OUTSIDE
(14 subunits) I
e% ,,.1:‘.‘,.1,.1,.‘,,,“‘%‘
/00000000000000000000
Connector | i 4HO INSIDE
module 2H & L2
FMNH, NADH dehydrogenase
269 module
2HO. EMN matrix
NADH + H® NAD®
View Model
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Carriers Between Complexes 21
pac—o [ o Ubiquinone (Q)
-Coenzyme Q Hac_om(m,-'é:i"_’mm“
(Ubiquinone) carries .
the electrons from el

0@  Semiquinone anion (\Q°)

Complexes I & II to hc—o A,
Complex III (Chapter |uc—o N au—t=t- o

0

7.14) o Hﬂ"@

+ Like FMN, ubiquinone is *oll-°

carrier. e

H
H;C—0 (CHy— C=C—CHalg 1oH

either a 1- or 2-electron OH  Ubiquinol (QH,)
H;C—Oﬁc";

OH
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Complex II (Succinate Dehydrogenase)

Complex i OUTSIDE
| QH, < il
I ,,r,.v,,,“:.g‘. eee@ BRI

Fe-S
2H® 25 1S

/CADHZD 262 matrix
2H® /FAD\

Succinate Fumarate

INSIDE
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Complex II (Succinate Dehydrogenase)

OUTSIDE

OUTSIDE

..j.‘j.‘».;.‘;.,‘,/‘, il

INSIDE

matrix
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Complex II (Succinate Dehydrogenase)

Complex Il OUTSIDE

GGG
0000000000C000000000

INSIDE

@e
FADH,

/( 260 matrix
2H® /FAD\

Succinate Fumarate
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Complex III (Q-Cyt ¢ oxidoreductase)
+ Also called cytochrome bc
+ Location of the “"Q"-cycle
Cytochrome c(X2)
v
e@,e‘?‘/ 28 |sp4
st \iiﬂ Cytochrome
ructure ﬁ {
N
Cytochrome b INSIDE
2H® matrix
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Complex III (Q-Cyt ¢ oxidoreductase)

INSIDE
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Complex III (Q-Cyt ¢ oxidoreductase)

+ Also called cytochrome bc
+ Location of the "Q"-cycle

Cytochrome ¢ (X2)
cT
a8
Ree Br
Fes_ 00 OUTSIDE
Vi s o 2R
lew Cytochrome ¢; \./ 2
Structure

f?s;*‘?‘}i'f i

Cytochrome b INSIDE
H matrix
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3. Carriers Between Complexes

-Cytochrome c¢ is a small
heme protein that carries | o *o4*
the electrons from
Complex III to Complex IV | %,

\f“ <
Reduced
Chem 352, Lecture 8, Part IV: Electron Transport and ATP Synthesis
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-Cy{-nhkrnmn ric A emall
(c)

CHy

hen
the
Cor

So0c
Cytochrome c heme group

Reduced
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-Cytochrome ¢ is a small
heme protein that carries
the electrons from
Complex III to Complex IV
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Complex III (Q-Cyt ¢ oxidoreductase)
The "Q-cycle"

+ Converting from a 2 electron carrier (QHZ) to
a1 electron carrier (Cyt c)

Oyte 2H* ./' S 2H" ./
e’ Pe s | e
onn | @y — AL - — . QLZZ
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Complex IV (Cyt ¢ oxidase)

OUTSIDE

View
“ Membrane| Structure

INSIDE
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Complex IV (Cyt ¢ oxidase)

View
Structure
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Complex IV (Cyt ¢ oxidase)

OUTSIDE

3 View
), FMembrane Structure
5
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Complex IV (Cyt ¢ oxidase)

0 Cuy 2. Electron transferto Fe 3. Both Cup and Fe 4. Binding of O,
in in heme ay in
reduced state

1. Electron

.0 1 *
eﬁbil» (-5

Fe?* Cut | Fe** Cu*
|

— |

<*
o, .

o |
o @ | «<—
Fett quit | Fe* cutt
T
i
8. Release of water 7. Reduction of the 6. Cleavage of 5. Formation of
ferryl group 0-0 bond peroxide bridge
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Electron Transport

-At this point, glucose has been
completely oxidized to CO. and H.0

glucose (CeH1206) + 602 — 6CO2 + 6H.0
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Electron Transport

Energy change
+ AG®'= =220 kJ/mol = -0z [
2e
-45.7 kcal/mol .

+ This is more than M- T R
enough energy to S e C;“H”“”“"‘
make 2.5 ATP's & \cm\;
(3 x 32 kI/mol = - ona,
96 kJ/mol) =

108 precmr
+0.8 O
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ATP Synthesis

‘The enzyme ATP Synthase couples
ATP synthesis to the movement of
protons across the membrane
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ATP Synthesis

‘The en S SEE ouples
ATP syn nt of
protons

O
Cytoplasm

and ATP Synthesis

@
3
4

30-2

Fo Membrane
INSIDE

matrix
Fqi4

esis
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ATP Synthesis

‘The enzyme ATP Synthase couples
ATP synthesis to the movement of
protons across the membrane

OUTSIDE

INSIDE
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ATP Synthesis

‘The enzyme ATP Synthase couples
ATP synthesis to the movement of
protons across the membrane

H*

++++
H,0 . ADP
H . )
Matrix A{l\ +P

Membrane

A proton gradient powers the synthesis of ATP
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ATP Synthesis

4+ H®
Xl 262269~} 20,

- XH, H,0

ozv
H,0

A proton gradient powers the synthesis of ATP

-
+

ADP
H ATPKl\ +Pi

Matrix

Membrane
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ATP Synthesis

+4++ H®
X 262= 262~ 20,

- XH, H,0

ADP
ATpgl\ +P;

Matrix

Membrane

A proton gradienkpowers the s esis of ATP
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ATP Synthesis

=l R H®
1 X 262==2¢2-)- 20,
|
I - XH / H,0
0, y 2 K
I

Matrix ~ ATP

Membrane

A proton gradienkpowers the s
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ATP Synthesis

X 269=2¢9)- 1.0,

0, - XH, H,0

Matrix ~ ATP +Pi

Membrane

A proton gradienkpowers the s esis of ATP
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ATP Synthesis

Protons are pumped across this

membrane as electrons flow . )
through the respiratory chain. Outer mitochondrial
membrane

Inner mitochondrial
membrane

High [H] , . \/m
Intermembrane space

- Low[H1] Matrix

Gy = FITIn[ [H.]
[He]
AGpapon =7 AY —2.303 RTApH

J+47A‘l‘
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ATP Synthesis

Protons are pumped across this
membrane as electrons flow ) )
through the respiratory chain. Outer mitochondrial
membrane

High [H] \ H* Inner mitochondrial
e / membrane
Intermembrane space
_ _ Low[H1] Matrix
+ o+
H .
AGypepor =RTN 1), out = in
[Hsu] ApH=0.5

AGepon =7 A¥ —2.303 RT ApH AY = 017V
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ATP Synthesis

The Chemiosmotic Bacteriorhodopsin in
synthetic vesicle  H*
Theory of Peter

Mitchell
+Proposed in 1961 p

Mitochondrial

ADP + P;
ATPase (
ATP
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ATP Synthesis

‘ -ATP synthase is composed
of a proton-conducting
unit and a catalytic unit

View
Structure
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ATP Synthesis
*ATP is synthesized on B subunit

5
. s 5 A H = >
0Q 07 Q 0?2 Q PpQ o9 Q00 00 0
SIS TS S W ey § S
o S50 P o o \O/;O 07 o7 N0 %0
ADP P Pentacovalent intermediate ATP
Sn2 reaction
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ATP Synthesis

‘The turning of the y-subunit leads
to the synthesis and release of ATP

A:;K um ; /"P
)

Nucleotide = &0
&
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ATP Synthesis

*The turning of the y-subunit leads
to the synthesis and release of ATP

+ Rotation of the y-subunit is coupled to
proton movement down the proton gradient
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ATP Synthesis

‘The world's smallest molecular motor
+Rotational catalysis
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ATP Synthesis

Proton flow around
the ¢ Ring powers ATP
synthesis.
+ ¢, v and ¢ subunits
constitute the rotor.
+ a, b2 and & subunits
constitute the stator

Chem 352, Lecture 8, Part IV: Elect
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ATP Synthesis

Proton flow around 6f
the ¢ Ring powers
ATP synthesis.
+ ¢, vy and ¢ subunits
constitute the rotor.
+ a, b2 and & subunites
constitute the stator

/_ Aspartic acid

Subunit ¢

Cytosolic half-channel

Matrix half-channel

Subunita
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ATP Synthesis

‘The combination of H*
the a and c
subunits provide a
path through the
membrane
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ATP Synthesis

H
[T

W e e

Intermembrane -

space wo Ton

e se's
Matrix ‘Cannot rotate
1 in either
direction
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ATP Synthesis

Proton flow around
the ¢ Ring powers ATP
synthesis.
+ ¢, v and ¢ subunits
constitute the rotor.
+a, b2 and § subunits
constitute the stator
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. 44
ATP Synthesis
‘Proton flow through ATP synthase
leads fo the release of tightly bound
ATP
— bR
4 Nucleotide 5 &,
S €
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Electron Transport/ATP Synthase Structures
INTERMEMBRANE
Complex | Complex Il Complex IV H. SPACE ()
. (OUTSIDE)
0000000000000 L
il > = \: INNER MEMBRANE
NADH—5 NAD* + H® H;0 i e m;%@
10, 1 synthase
E |
2H® -
H® H®
ADP ATP
View View View P View wio
Structure Structure Structure Structure
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Electron Transport/ATP Synthase Structures

INTERMEMBRANE
SPACE

Complex | Complex

Complex IV H®.
(OUTSIDE) @
300000
. INNER MEMBRANE
200000,
MATRIX

rp (INSIDE)

synthase
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Electron Transport/ATP Synthase Structures

INTERMEMBRANE
Complex | Complex Il Complex IV HE. SPACE
. (OUTSIDE)
Wd 90008 '
i 2.e | INNERMEMBRANE
'
200000, H
e ' MATRIX
NADH NAD™ + Hf H;0 : atp (INSIDE)
%20, L synthase
+ '
2H® -
HO HO
ADP ATP
N X R + 4 +
View View View p, View 0
Structure Structure Structure Structure
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Electron Transport/ATP Synthase Structures
INTERMEMBRANE
Complex | Complex Il Complex IV HE. SPACE ()
(OUTSIDE)
%0000 x0000 |
““““ 262 | ) INNER MEMBRANE
/ pioiuny :
, o2 Sertofe 3bomCupendfe 4 BmdngolO,
NADH—5NAD* + H® [omamec T ) Teducea e O
e MM\ 7S S ase
W mee | — o_..eon;.gs"o
;Z Cu Fe? Cu Fe Cu Fe Cu
View b
Structure 2“0-1
P <*
0o —
Fe | Cu
T hnesis
45 e~ -G 1 > e rdge
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Electron Transport/ATP Synthase Structures
INTERMEMBRANE
Complex | Complex Il Complex IV H. SPACE ()
(OUTSIDE)
0000000000000
(il 2 <S5  INNER MEMBRANE

NADH—5 NAD* + H®

MATRIX @
atp (INSIDE)

H,0
%20, synthase
+
2H®
H® H®
ADP ATP
: ) s [ +
View View View p, View h0
Structure Structure Structure Structure
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Electron Transport/ATP Synthase Structures

Complex | Complex il ]Complex w

INTERMEMBRANE
SPACE

(OUTSIDE)

262

20000
2000000

Complex

NADH—5NAD* + H®

H
HO

View Vi)

Structure Stru)

Chem

OUTSIDE

INSIDE

matr
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Electron Transport/ATP Synthase Structures

INTERMEMBRANE
Complex | Complex il Complex IV H®. SPACE
" (OUTSIDE)
 0OOCCO0000C000C '
2¢9 1| e memerane
w%. '
i
' MATRIX
NADH—5 NAD™ + H® H0 J o insioe©
20, 1 synthase
& '
2H® -
H® H®
ADP ATP
. X ; ] +
View View View p, View 0
Structure Structure Structure Structure
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ATP Transport In/Out of Mitochondria

“Transport of ATP, ADP and P; across
the inner membrane is driven by
both the proton and electropotential
gradient.

® €} @
ADP P; H @ 'NTERMEMBRANE
SPACE
cooc00r 200000000 MMM

Y A m,.Y,,h,.i,.\,.x.‘,‘,.l,..‘.‘

000000 0000000
S MATRIX

ATP
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Shuttles

‘The NADH + H* that is produced in
glycolysis is on the cytosolic side of
the mitochondrial inner membrane.

== Glycerol 3-phosphate
= dehydrogenase
Dihydroxyacetone - complex
NADH + H® __phosphate s/
Cytosolic FADH>
glycerol 3-phosphate
dehydrogenase
FAD
NAD® Glycerol
3-phosphate -
2
INTERMEMBRANE ‘Q MATRIX
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Shuttles

‘The NADH + H* that is produced in
glycolysis is on the cytosolic side of
the mitochondrial inner membrane.

NADH, HO'
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Next Up

-Lecture 9 - Photosynthesis
Chapter 15 in Moran et al.
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