Metabolism:

Energy Release
and Conservation of Energy



Metabolism

All biochemical reactions in a cell
Anabolism

Synthesizing complex molecules from simpler ones
Catabolism

Breaking complex molecules into simpler ones



Autotrophs - self feeders

Heterotrophs - other feeders

Chemoorganotrophs



Redox Reactions

Reduction

Gain of Electrons
Oxidation

|_oss of Electrons



H=>-2¢e + o2H"

Electron-donating half reaction

%OQ + 2e >0

Electron-accepting half reaction

oH" + 0 > H,0

Formation of water

Electron _— Electron
donor—H, + 0O, - H,0 acceptor

Net reaction



Reduction Potential: E’

Tendency of substance to donate electrons

1/20, + 2e- + 2 H* —»> H,0O (+0.816V)

2e- + 2H* — H, (-0.421V)

AE," ~ release of free energy



Examples of reactions Couple Ey (V)

BIET i85 ST 00 CO,/glucose (-0.43) 24 e™ — oot
——>> 2Ht/H, ((042)2e —— | -0.40
CO,/methanol (-0.38) 6 &~ /// o0
NAD*/NADH (-0.32) 2 e~
(1) Hy, + fumarate?” — succinate?®” (1) CO./acetate (-0.28) 8 &~ L _0.20
AG” = -86 kJ SUH,S (-0.28) 2 &~ s
SO,27/H,S (-0.22) 8 & |
Pyruvate/lactate (-0.19) 2 e~ - 0.0
S406°7/S,05% (+0.024) 2 &~ — 1010
> Fumarate/succinate (+0.03) 2 e~ 020
(2) Hy+NO,~ — NO, +H,0 (2) Cytochrome b, ey (+0.035) 1 €~
AGY” = -163 kJ Fe3*/Fe2* (+0.2) 1 €, (pH 7) — +0.30
Ubiquinoneg, eq (+0.11) 2 &~ | .0.40
Cytochrome ¢, /eq (+0.25) 1 €~ /
Cytochrome a,, /e (+0.39) 1 &~ - +0.50
—> NO,;/NO,~ (+0.42) 2 € 060
NO5 /%N, (+0.74) 5 & - +0.70
(3) H,+ %02 — H0 3) Fe3t/Fe?* (+0.76) 1 &7, (pH 2) — | +0.80
AG” = -237 kJ ——>1, 0,/H,0 (+0.82) 2 & —
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Stage I: Preparatory
reactions

Production of
glyceraldehyde-3-P

AT P  ADP AT P ADP
U \_/

Hexokinase Isomerase Phosphofructokinase
Glucose <—— Glucose-6- P <—> Fructose-6- P -~

P  Fructose-1,6- P

T Aldolase

f

Stage II: Oxidation 2 Glyceraldehyde-3-

Making ATP;
making pyruvate

P

Glyceraldehyde-3-P
dehydrogenase

2 P w > Electrons —> 2 NAD*
2 P 1,3-Bisphosphoglycerate” P > NADH

A

2 3-Phosphoglycerate™

2 ADP
lPhosphoglycerokinase (

P

2AT P



2 2-Phosphoglycerate™ P

jEnolase

2 Phosphoenolpyruvate™ P

A 2 ADP
Pyruvate kinase (

2AT P
Stage llI: Reduction

Making 2, Pyruvate~

: NADH Pyruvate:Formate lyase
fermentation

Lactate Pyruvate A = 3
N cetate™+ formate
products NAD dehydrogenase Y decarboxylase

_ Formate
Lactate Acetaldehyde + CO, Yhydrogenlyase
NADH H, + CO,
Alcohol
dehydrogenase

NAD*

Ethanol



- C-C % [SoCTRATE
N




NAD* + COA—»\ Pyruvate™ (three carbons)

NADH — ——f”//\“* CO,

Y

Acetyl-CoA

Key

CoA

) O €F 6
@ B

Oxalacetate?™ Citrate3"

NADH \
NAD* Aconitate®"

Malate?~ \

Isocitrate3~
NAD(P)*
Fumarate®™
FADH CO,
FAD : _
Succinate® a—Ketoglutarate®
NAD(P)H
Succinyl-Co CoA + NAD*
CoA
GDP + P, 50, TS

(@) GTP



el




Fermentations

e oxidation of NADH
produced by
glycolysis

* pyruvate or
derivative used as
endogenous
electron acceptor

 ATP formed by
substrate-level
phosphorylation

Glycolysis

Fermentation
pathways

Glyceraldehyde -3- ®
NAD NAD

NADH H NADH H

1,3-bi sphosphoglyce rate

Pvr
NADH H yu ate

NAD

Lactate x NADH + H

NAD

Figure 9.9




homolactic
fermenters

heterolactic
fermenters

food
spoilage

yogurt,
sauerkraut,
pickles, etc.

Figure 9.10

o CDQ 9
NADH NADH
Lactate Pyruvate Acetaldehyde —- Ethanol
Pyruvate
CoASH
Oxaloacetate G Acetolactate
NADH Acetyl- CoA Formate g CO,
NADH
: COA CO,
Malate Acetyl- @ Acetaldehvde Acetoin
ADP NADH
H,0 -4 ATP NADH
/ Acatate Ethanol \
Fumarate {1 O 2,3-Butanediol
Acetoacetyl-CoA
NADH
y CcO
Succinate Acetone Butyryl-CoA
NADH '
e NADH }’COA FCC'A
; ! Butyraldehyde Butyryl-@
NADH ADP
Propionate Isopropanol ATP
Butanol Butyrate

1. Lactic acid bacteria (Streptococcus, Lactobacillus), Bacillus

2. Yeast, Zymomonas

3. Propionic acid bacteria (Propionibacterium)

4. Enterobacter, Serratia, Bacillus

5. Enteric bacteria (Escherichia, Enterobacter, Salmonella, Proteus)

6. Clostridium

alcoholic
fermentation

alcoholic
beverages,
bread, etc.



Reduction potential (V)

—0.40

—-0.30

—0.20

—0.10

0.0

+0.10

+0.20

+0.30

+0.40

+0.50

+0.60

+0.70

+0.80

Substrates

!
NAD*/NADH

!

Flavoprotein

v
Iron-sulfur
pl;oteins

Qyinone
Cytochrome bc,

Cytochrome ¢

Cytochrome aa,




Electron transport system
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(a) Substrate-level phosphorylation

Energized
membrane

pS X
* X
Phdd gt ¥

ADP + /P,

Less energized "
membrane

(b) Oxidative phosphorylation



Overall
reaction: Pyruvate™ + 4 NAD* + FAD— 3 CO, + 4 NADH + FADH

(1) Substrate-level GDP + P,—>GTP
phosphorylation GTP + ADP—»> GDP + ATP

- 15 ATP
(2) Electron transport 4 NADH —12 ATP
phosphorylation FADH =2 ATP
(3) Sum: CAC plus glycolysis —> 38 ATP per glucose

(b)



Metabolic strategies

Pathways |Final e-

involved  |acceptor ATP yield
Aerobic Glycolysis, |O, 38
respiration | TCA, ET
Anaerobic Glycolysis, |NO;-, SO,2, | Variable
respiration | TCA,ET |CO;7 34 — 36
Fermentation | Glycolysis | Organic 2

molecules .




Organlc compound Carbon o O,

ATP <_Proton Electron
g?;[g/e jlow“r Biosynthesis

S NO;~ SO, Organic e Aeroblc respiration
| acceptors |

Anaerobic respiration
(@) Chemoorganotrophic metabolism



Inorganic compound CO,

ATP —<—— Proton EIeotron Carbon
motive | flow flow
force \
Y Y Y
s O, NO;g S0, Biosynthesis

(b) Chemolithotrophic metabolism



Coyight £ Thes Mol s H Compan s, |na Pamiseian mequirss ar spepaeotion of d spleyg

o H MHs H
0 0 NADH 0, P
?c—'c-c:-u + NH4" e Se—c—c-n| == | HO
0oH ,!| CIH lrl Ii-l
Pyruvic acid B-alanine
(a) Amination
KH, H MH; H H o H
o J%] o o, I [ a) 0
Je—c—c—c? + Ye=c F=gg G Se=C-g-c?
OH W W OH aH H H OH ,L E-,H
Aspartic acid (4C) a-ketoglutaric acid (5C) Glutamic acid (5C) Oxaloacetic acid (4C)
(b) Transamination
H O 0 H H
TT’? NAD i1l 2 o B
|: O e [ e -|: I‘.a"‘ T .-"h.
of b bl o — of Lk o !
2
Glutamic acid a-ketoglutaric acid

(c) Deamination
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i s structure

Macromolecule

Building blocks

Deamination Beta oxidation

Metabolic
pathways

TCA
cycle

g 00 procuct
fe0
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