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The structure of Acetyl CoA consists of two parts.

1. Acetyl group
2. Coenzyme A
*Beta-mercaptoethylamine

*Pantothenic acid (vitamin B5 derivative)

*Phosphate

*3', 5'-adenosine diphosphate
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Mitochondrial pathway for glucose
oxidation




Mitochondrial pathway for glucose oxidation

Glucose
* Complete oxidation of glucose occurs in both (glycolysis)
Cytosol (glycolysis) and mitochondria (Krebs’
OB i
CYCIG). - | (fzcrrzeitation)
Cytosol
* In the presence of O2, pyruvate (the end product of .
glycolysis 1n cytosol) passes by mitochondrial Mito

pyruvate carrier (MPC) into mitochondria (to enter

citric acid cycle)
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Mitochondrial pathway for glucose oxidation
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* Oxidative decarboxylation of pyruvate to Acetyl-COA.
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* Acetyl CoA is then oxidized completely to CO2, H20 through Krebs’ cycle.” &

* Pyruvate decarboxylation 1s the link between glycolysis and the citric acid
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Oxidative decarboxylation of pyruvic acid

* Oxidative decarboxylation of pyruvic acid 1s catalyzed by:

* Pyruvate dehydrogenase (PDH) complex

CYTOSOL | MITOCHONDRION




Pyruvate dehydrogenase (PDH) complex

—S\s (Y?SSQ"\/;
mitochondrial 1. Pyruvate decarboxylase 1.Vitamin B1 = Thiamin The irreversibility of this
matrix. 2. Dihydrolipoyl transacetylase pyrophosphate = TPP. reaction prevents the
3. Dihydrolipoyl dehydrogenase. 2.Lipoic acid formation of pyruvate
3.Coenzyme A = CoASH. from acetyl-CoA, explain
4.FAD. why glucose cannot be
5.NAD+. formed from acetyl-CoA.
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KREBS" CYCLE

* Definition: series of reactions in which acetyl CoA is oxidized into CO,, H,O and energy.
» Citric acid cycle (CAC), tricarboxylic acid cycle (TCA) or Catabolism of acetyl CoA
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* Site: The enzymes of the TCA cycle are found 1n the YCAcycle

enzymes

Outer
mitochondrial
membrane

mitochondrial matrix except succinate dehydrogenase

o . | | it
which is tightly bound to the inner mitochondrial p-odcator

-~ Intermembrane

membrane (forms complex II of the respiratory chain). ATP space

synthase -
= |nner

* During the reactions of the cycle, coenzymes (NAD+

= N mitochondrial
o Etlre;;rsc::) " membrane
and FAD) are reduced and subsequently reoxidized by chain

Matrix

the respiratory chain with the formation of A TP. M[i)t:j?ondfial

A

(%/(8 LE YA}N Permeablo membrane
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o
H>O + 0':% ClH
2 T e T2
—-O0C—C—OH
: | coo-
Citrate (|:H2 Aconitase H—J:—OH
O%C/COO_ synthase CcoOO— B [
I Citrate ooc—lc H
CH-> (|:H2
e - NAD+
NADH + H+ soe coo
Oxaloacetate Isocitrate
Malate » I—I‘s?lcitrate
e rogenase NADH + H*
SRS dehydrogenase ;4 g + CO»
—0O0C
coo- Pt
HO—¢—H JI:Hz
|CH2 (I:H2
COO— COO—
Malate «-Ketoglutarate
a-Ketoglutarate AR
Fumarase dehydrogenase
& AC(S)mplex
O o
TeeE NADH + H+
H>O H CcOO- I + CO>
T,
-00C H Succinate _ Succinyl CoA C|3H2
Fumarate dehydrogenase {©° synthetase coo-
<|ZH2 Succinyl CoA
FADH> |CHz GDP + P;

FAD CcCOO— aTP

TCA cycle steps

Once acetyl CoA is formed in the mitochondria,the Krebs cycle starts in 8 steps.
Steps: Our City Is Kept Safe And Sound From Malice.
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Acetyl-CoA 1s a crucial entry point for the
Krebs cycle (TCA cycle), and glucose 1s just
one of the many ways cells can generate it)

Fatty Acids, Ketone bodies (acetone, acetoacetate, and 3-hydroxybutyrate), Alcohol, and Amino Acids
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1-Condensation of acetyl CoA and oxalacetate

LA o

* Condensation of acetvl CoA and oxalacetate by citrate svnthase

to give citric acid
(HED)
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Acetyl-CoA Oxaloacetate Citrate

meﬂ Irreversible A &




WHermecione
2-Interconversion of citrate, cis aconitate to isocitrate:

* The reaction 1s catalyzed by aconitase enzyme.

* This reversible reaction represents the removal and addition of H,O to this

tricarboxylic acid

coo- coo-
T ey H—C H0  -00cC H;0 H—C—©OH
B3 off D (n OMEe BY 5 - / e N
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CH, -00C TH; CH,
(MM)“QOVLVZT Stbly Co0" Coo~ (delo)y

WLE YA}N Citrate cis-Aconitate I&:_citrate




3-Conversion of isocitrate to a-ketogluterate:

YooVl J H

*[socitrate ~ dehydrogenase  catalyzes the  1rreversible — oxidative

decarboxylation of isocitrate, yielding a-ketoglutarate, NADH and release

$
CO,. D599 @” |
T o sfifakiie S Y
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- B2 =2 coO 3 L e O
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H—C—COoO" gl > H—C—H
/\)HD"H "L NAD"Y NADH | ’
H—C—H + HT H—C—H
<I:oo‘ COO~
isocitrate alpha-ketoglutarate
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4-Conversion of o-ketogluterate to succinyl CoA

1. Oxidative decarboxylation of a-ketogluterate is catalyzed by a- ketoglutarate

dehydrogenase, similar to PDH, requiring the same 5 coenzymes (TPP, lipoic

acid, FAD, NAD+ and CoASH.).
2. The reaction releases the second CO2 and produces the second NADH of the

CH 2—CO0"~

NADH
\ A + CO,

a-ketoglutarate
dehydrogenase
complex

WL E YA}N - a-Ketoglutarate Succinyl-CoA

cycle.
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5-Cleavage of succinyl-CoR

A

. Succmvl-CoA synthetase (succinate thiokinase) cleaves the high-energy

bond of succinyl-CoA, yielding succinate. CHZ*-COOH EYMPAY
CH succmate thlokmzlse CHZ -COOH
o e’ CH2 ~COOH
Thio-ester Linkage 0~SCOA W
- It includes all of bonds between a carboxylic and the thi msA W 2P +
group of CoA /sicmyl CoA /GDP CoASH GTP\ suesni acid
] - <
CoO0 COO elo)
i CoASH I ape == [ €Vlmﬂ Solrcg
| / [ ./ | 2 |
CH, CH, CH, Hate leve
o= | ‘/Hz_@.SposH o:CI o=|? *substs ‘

@ | » Yl Slewger &2
SCoA OPOZ

o -
PP N Qgrg= ROP
WL E YA)N Succinyl-CoA Succinyl phosphate Succinate




6-Succinic acid to fumarate

Af o v

* Dehydrogenation of succinic acid to fumarate by succinate dehydrogenase:

('3H2--COOH succinate dehydrogenase
CH,—CO0H

E)Q\jf%gf\\f()”ﬁ)’mg X

AT\, oot J)
QA\O (\,91: %/ Conriéf FADH
~ Succinate FAD :
ToN\g Uy S 02N D[P g 9

U s 5

ﬁH-—COOH
HOOC—CH

Fumarate




7-Hydration of fumaric acid

WP —Qé \/l\_? n
Fumarate 1s hydrated to malate catalyzed by fumarase.

clzoo— ik COO~
CH L HO—CH

[ N s
HC|3 ~ fumarase HC—H
COO™ COO™
Fumarate L-Malate
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8-Oxidation of malate and regeneration of oxaloacetate

* This reaction catalyezed by malate dehydrogenase produces the third and
final NADH of the cycle.

* The oxaloacetate can further condense with another acetyl- CoA molecule

and the cycle continues. /\&
CO0—/1\1“;D+ NADH + H* (00"

AR (#¢y HO—C—H \\/ 0=C
CH2 = - CH2

M LEVN
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L-Malate Oxaloacetate




A

PROCESS: CITRIC ACID CYCLE

The two red carbons enter |.....--
the cycle via acetyl CoA A ‘::Hz aconitase «i:H-‘.
m
\ H,0 HO —?—ceO' 2 H(I:— c00- All 8 reactions
of the citric
citrate synthase ?Hz HO —?H acid cycle
, 1 €0~ €00~ occur in
= Citrate i Isocitrate the
Acetyl CoA \ s e— mitochondrial
e HS—CoA the cycle, the ::atmf, ;)ut5|de
i v bl e cristae
O=(|: carbons are Ve
cH, converted to <\
I CO2 co
coo- o-Ketoglutarate 2 J — -
Oxaloacetate NAD* > C V
The CITRIC ACID “ (:,
HS—CoA
o CYCLE
runs twice for each
8 NAD* glucose precursor coo-
|
T
c|:oo- CH,
HO—CH é_ o
| In the next cycle, l .
?Hz _| this red carbon HS—CoA S—CoA
coo- :::t:);\‘es a blue succinate thiokinase Succinyl CoA
fumarase g N
CcCOo0~ .
Witiahe " A | aTP —> Guo s2ly Y+ U
| FAD CH, 3 . UJ "
succinate DP eri’
H,0 ﬁH dehydrogenase (l.:l-lz orATP (S e e J
CH § |
o ; | co0o~ . substrate!
Each reaction is catalyzed|..-~ coo- )
by a different enzyme Succinate
Fumarage




Important Nots on TCA Cycle




Isocitrate Dehydrogenase (IDH) (Enzyme) : Isocitrate to a-ketoglutarate

* A Key Enzyme in the TCA Cycle

AN \ow QM‘BJ v By o0 G AT |5 0y Qav ochivity 3\

« IDH activity can be stimulated by a high ADP/ATP ratio.
* IDH 1s inhibited by both ATP (high energy levels) and NADH (sufficient electron
carrier).

* This enzyme 1s not under hormonal regulation, as the TCA cycle operates

continuously in both fasting and feeding states to meet the cell's basic energy

needs.
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o- ketoglutarate dehydrogenase (Enzyme): a-ketogluterate to succinyl CoA

* Example of oxidative decarboxylation reaction.

* Requires the 5 coenzymes (TPP, lipoic acid, FAD, NAD+ and CoASH.).

* Inhibited by: succinyl-CoA, NADH, ATP

M LEVN




Succinyl-CoA synthetase (Enzyme): succinyl-CoA to succinate

* Example of substrate level phosphorylation reaction as, it forms GTP by

high energy bond from succinyl-CoA.

* This reaction is accompanied by phosphorylation of guanosine diphosphate

(GDP) to guanosine triphosphate (GTP).

* The GTP thus formed then readily transfers its terminal phosphate group to

ADP forming an ATP molecule.
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Energy production of TCA:

Enzyme Method of ATP production No. of ATP
Isocitrate dehydroggmse Oxidation of NADH+H*
by respiratory chain 3 ATP
phosphorylation
a-Ketoglutarate I())xidation of NA}?H!«H*
dehydrogenase y respiratory chain
hosphorylation AT )
Succinyl CoA thiokinase | Substrate level
Ji phosphorylation 1 ATP
Succinate dehydrogenase | Oxidation of FADH by
respiratory chain 2 ATP
phosphorylation
Malate dehydrogenase Oxidation of NADH+H* 3 ATP
by respiratory chain
phosphorylation
Total = 12 ATP

WLEYA’N Oxidation of one molecule of acetyl CoA in TCA produces 12 ATP




Glucose

0 . 6or 8 ATP
CONQW S (Glycolysis|| 6 or
or
Pyruvate Pyru:mfe
AVEN IRV %
Pyruvate Pyruvate -|
NR?(\:; @13 ATP 13 ATP
Acetyl CoA Acetyl CoA }




Energy production of complete oxidation of one
molecule of glucose:

o Glucose oxidation < 36 or 38 ATP.

' .Pyruvate oxidation % 15 ATP. () ferebs Yot < ij'@c”}
» Acetyl CoA 9 12 ATP
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Amphibolic Nature of the TCA cycle

Citric acid cycle 1s an amphibolic (both catabolic + anabolic) in nature.

°The catabolic functions: 12 ATP for Acetyl CoA

It is the final pathway for complete oxidation of all food-stuffs CHO, lipids and

protein which are converted to acetyl CoA.

It is the major source of energy for cells except cells without mitochondria as

RBC:s.
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The anabolic functions (provides precursors for many anabolic pathways)

>
AT, \sWQ»M ln‘l'd'nfdﬂb’S"’

a-Ketoglutarate —Lransamipnation , glytamate.
Oxaloacetate —lransamination , acnratate.

% COOH
S_,- COOH COOH COOH
gww? CH " C=0 aminotmufcnie C=0 " CHNHZ
2 -
CH, CH, CH,
CH,
COOH CH, COOH
i oxaloacetic COOH aspartic
Glutamic  acid acid
acid a-keto
glutaric
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i 11. Glucose
j i Glucose 6-phosphatase

SyntheSIS Of glucose by e 10. Glucose 6-Phosphate

. . Phosphohexose
|| :
gluconeogenesis via T isomerase
oxaloacetate. o] i Fructose 1,6-phosphatase

P 8. Fructose 1,6-Phosphate N Aldolase

/. Glyceraldehyde 3-  —————Djhydroxy acetone phosphate

Glyceraldehyde 3- Phosphate 2NADH" + H* i
p dehydrogenase i 2NAD* Glycerol
3-Phosphoglycerate $. 1,3-Blspho?phoglycerate ADP + Pi
kinase s 3ph I“: : ; ATP
Phosphoglycerate ospg}og yeorase
mutase :
4. 2-Phosphoglycerate
Enolase I H,0
Phicestioanol 3. Phosphoe;\ol pyruvate "~
te carboxyl GTP
EYyHe xytase 2. Oxaloacetate s TCAcycle “ a- Keto acid
Lyl I CATP

WLE Y‘ZLN carboxylase 1. Pyruvate . Lactate
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Fatty acids and cholesterol: from acetyl CoA (synthesized in cytosol)

——————

* Acetyl CoA is produced in mitochondria. | B

Mitochondrla me  Od Cytosol
* The inner mitochondrial membrane 1s impermeable to e minbn
[ CoA o> Clirate ‘!.:4: Clrate
acetyl CoA. _ . ’ i X
L ySguh (2 b2 Vs e )/ il
* To overcome this impermeability, acetyl CoA combines @m‘} U
with oxaloacetate to form citrate (diffuses to cytosol). Ontonet m?m
\
] etmie
* Acetyl CoA becomes the building block for fatty acid 4 A Y
synthesis in the cytosol \. e’ '
Y

\
e citrate + ATP + CoA -> oxaloacetate + Acetyl-CoA + ADP + P, ‘

CufrClJrQ

MELE W"b




for perphyrine ang I

synthesis.

-
o) W
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Glycine + Succinyl-CoA
l(Enzyme 1) ALA-synthase

Delta amino levulinic acid (ALA)
l(Enzyme 2) ALA-dehydratase

Porphobilinogen (PBG)
(3) PBG-deaminase —» Acute intermittent porphyria

(Enzyme 3b) UPG-lll-co-synthase —» Congenital erythropoietic
= porphyria

v
Uroporphyrinogen (UPG)

~ (4) UPG-decarboxylase—® Porphyria cutanea tarda
Coproporphyrinogen (CPG)

~(5) CPG-oxidase —» Hereditary coproporphyria
v
Protoporphyrinogen (PPG)

- (6) PPG-oxidase— Porphyria variegata
v
Protoporphyrin

7 (7) Heme synthase —» Hereditary protoporphyria
v

Heme
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Importance of the Intermedintes of TCA Cycle
(Anabolic Fuuction)

{ Cholesterol |

|

Crtosohie /I_,__‘-,__,A-W_.
ATP - Ciate Lyase

il

ek 58 W et

T T T T Y e e e

A TP A g e

e
Clite >l Acctyl - CoA J
CoA Oxalvacctate \ R
ADP £ 1Y ] !
AP - ’ [ Fatty acids |
Transamination ‘ l
a-Ketoglutarate | <= - Glutamate !
v e
Succinyl-CoA > Heme |
v Cytosolic malic enzyme .
Malate 7 \ T l Pyruvate
NADP NADPH.H' - CO,
4 Cytosolic PEPCK.
Ol 7 o iy 2-Phosphoeno]pyruvate
uTe Ghe+ oy Gluconcogenesis
AST -
Aspartate l _ML'

s liinitn.. e i o i

sl o s
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Regulation of Citric Acid Cycle

1. The key enzymes: (Citrate synthase, Isocitrate Dehydrogenase, a-Ketoglutarate
Dehydrogenase)

 Stimulated by: ADP and NAD* 0(/\] (Vl@\f 9 ﬂ "\ﬁ M P
e Inhibited by: ATP and NADH + HJr % 9’% ATP\Q,C é@ \LL

2. The availability of O,: This is because in absence of oxygen, respiratory chain 1s

inhibited leading to increase NADH+H"™ — inhibition of TCA cycle.

M LEVN




Inhibitors of Citric Acid Cycle

a) Fluroacetate inhibits activity of aconitase. In the body, it is converted to fluoroacetyl-CoA,
which gives rise to fluorocitrate after condensing with oxaloacetate. The aconitase 1s

inhibited by fluocitrate.

b) a-ketoglutarate dehydrogenase is inhibited by arsenic compounds. Arsenite forms a stable

complex with the thiol groups of lipoic acid making it unavailable for the enzyme action.
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Oxidation of extra mitochondrial
NADH+H"*

1. Glycerophosphate shuttle

2. Malate-aspartate shuttle




Oxidation of extra mitochondrial NADH+H*

LS 2oy s byl

Q:I?:l po\a(@ J‘M’%M"E

) ‘ ) %\" Narle, g EF - Ablasins)d
. I : c  Qieols Sunle 295 - atliseslys
Cytosolic NADH+H+ Challenge: cyposel ¥ (& Qe A

L .iSau Z,GT Glycolysis
e It cannot directly cross the highly on. Extra mitochondrial NADH + H+ —

NADH + H+

POOOCCODVCEOROICCROOCCRRPOSHDRDISCODDLODFDOCCHOBDS 1]
selective inner mitochondrial

P200SCEOROCCCRV20CCOOOSORROORO0OSPCORS2C00PEOCOBRS I7T]
membrane.

POOORODBOE® L1111
ATP

Inner
synthase

membrane

Mitochondrial
matrix

\z;;,;gé' _NADH  NAD' FADH  FAD [+ 120, G2) — o] x2
. - d Keebs Cyel
G PApZ FIGEACA y oo et e‘,J ebs Cycle
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e,;;,e Zigime NS NADE 8 oxdatiow e ) easehit =P

NADH cannot pass into mitochondria %560 s wit s (v utin! 62 bisged 5 3 e >

NAS'S (dodesty glycpsale p 5> WP S AN ety SRS 804 G swume @5 b 38858 o e A5 S Eud)
1 . . E;T‘C%‘s’ ATP A 2 P,q_,\goﬁ,\:w (P,w

SO joarl>
a\wy—v f Carmned across the membrane
boap FAD FADH,
NADH + H+ ————s NAD+ NAD+ ———ty NADH + H+
Reduced Form Oxidized Form

1 3-BPG =S B SR Mitochondrial

Extra mitochondrial (Cytosol)
a3 BeE SMUE ey
N (ogenotoish P v

ol P dy NM;* L Electrons from NADH are carried across mitochondrial membrane
- - %
O (55 Ty NHO
lacie Q\Amva& n ®

ETC

ATP synthesis

NAD+ must be regenerated for glycolysis and other metabolic processes

to continue, so NADH must be oxidized NAD+

B * Don’t forget pyruvate to lactate
M LEVN




Oxidation of extra mitochondrial NADH+H*

* The Solution: Shuttles: To overcome this barrier and utilize NADH-+H+ for
energy production, cells employ special "shuttle systems." These shuttles act as
mediators, transferring the electrons from cytosolic NADH-+H+ 1nto the
mitochondria.

NASHH 3| SulfBs> & Rl Jr Q90 soshutledetisl &
1. Glycerophosphate shuttle

2. Malate-aspartate shuttle

M LEVN




Glycerophosphate Shuttle
Sie
v\
* It 1s important for muscles and nerve cells.

* Mechanism:
*Cytoplasmic glycerol-3-phosphate
dehydrogenase (GPDH) use{ NADZF/’ as its
coenzyme in the cytosol.

*Mitochondrial glycerol-3-phosphate

dehydrogenase utilizeas its coenzyme

within the mitochondrial inner membrane.
Loymioien AeTEON AR G 2 mulecule @ » SAD i

* The final energy produced is 2 x 2 ATP — 4 ATP 4 TAT®

NADH + H" NAD*
GH,0H \ 7 CH,OH
C=0 ¥ HO—C—H

' Cytosolic glycerol |
CH20_® 3-phosg:\ate de%));grogenase CH20—®
((Giycerol3phosphate |

Y yon, 0
CYTOSOL \ /‘)5 wg\ N Y22/

MITOCHO@AL MATRIX

’9’9 .)‘).Q‘//MI:M}’ 4

CH,OH a9 Ciochondrial glycerol CH,OH
| 3-phosphate dehydrogenase I

Dihydroxyacetone
phosphate
A

(|3=O 4 HO—(I:—H
CH,0—-> e \ CH0—B>
Dihydroxyacetone _ FADH, FAD Glycerol 3-phosphate

phosphate
ﬁ ETC
/ H,0

$



(IJOO— CliOO-

HO—(i‘,—II HO—C—H
Malate - Aspartate Shuttle - . o
(olelo ’ / 7) .‘\'-; . 0° CO0™
= Y TSV e ol
) R
) p malate— \} + malatt
c&-}bsol lCW'”/ale @ NAD* 4\‘ \‘ ‘55' o-ketoglutarate 2 q&‘% NAD /
malate dehydrogenase i 3 malate dehydrogenase
SRS aok 2 a-Ketoglutarate carrer —__ ;.ketoglutarat
H* + NADH = e(2:0110‘r i - \,.}’,e::ooa‘ i > NADH + H”
| |
cadl Wy @;etate> CH, o }‘s;\(i@’v cH,
An antiporter is a type of membrane e CH, o c,
(l3=0 C|=O B’ (|;=0
protein that transports two different CH, C00™ oo™
CcOO™
molecules or 1ons across a membrane in 2 el
opposite directions. - -~ | aminotransferase CHy cH,
MWP\J . (IJH Haﬁ—clu
CO0™ COO™
Aspart‘ = = Glutamate \_'/ Glutamate Axpeen L
Malate-a-ketoglutarate antiporter. e glutamate- M/ i
(I:H \aspartate carrier 4 H N — (|3H
. , 5 ;
Glutamate-aspartate antiporter. s i
COO™ COO™
Cytosol Inner Matrix

WL EY/LN " membrane




Malate - Aspartate Shuttle %‘\%
/T

* [t 1s important especially 1n tissues like the liver cells and cardiac muscle

cells

* The primary enzyme 1n this shuttle 1s malate dehydrogenase (mitochondrial

malate dehydrogenase and cytosolic malate dehydrogenase).

* The coenzyme involvement (NAD+) for both enzymes

NACK s

* Energy Yield is 2 Xx3ATP - 6 ATP + 24P j
S \_ )

2 pyruvale 3 ( -
M LEVN A
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Essential Electron Carriers for Energy Production

* Essential electron carriers are molecules capable of accepting and
donating electrons 1n biological redox reactions, facilitating energy

transfer and ultimately ATP production
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Essential Electron Carriers for Energy Production

1. NAD+: nicotinamide adenine dinucleotide soluble molecule used by dehydrogenases
(ae GX Y Hon- prelien.  componeyt — frmag-L gpy) tc%vqy/l,zf aboyp wal
2. FAD: Flavin Adenine Dinucleotide acts as a prosthetic group in flavoproteins.

3. FMN: Flavin Mononucleotide also acting as a prosthetic group in flavoproteins.

4. Ubiquinone also known as coenzyme Q lipid-soluble molecule with isoprenoid chain

5. Cytochromes — proteins that contain a heme prosthetic group

6. Iron-sulfur proteins — Contain iron-sulfur clusters for electron transfer
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Niacin
NADH -
(reduced)
o2 2OV (ellular cnpshet(z o) . o
Lop wboic §
e NAD-+ is soluble electron carriers used

by enzymes called dehydrogenases

* Niacin (vitamin B3) 1s a precursor to

NAD+

NAD* Niacin Niacinamide
(Oxid i Zed ) (Nicotinic Acid) (Nicotinamide)
0O
In NADP' this hvdroxyl group X OH XX NH;
is esterified with phosphate, | 3 | 2
N
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FAD

isoalloxazine ring — Sl A

FMN

CH, N
|
CH, Iil
CH,
neon
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HCOH

O

H #¢ CIIs
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CH,

] JFG ffa vive (iamine gb)

1 (b"{\\'o}\(‘&\(m owal. veduchion H

S : P
\ iH H" +¢ CIIa |kaNH
N O CH, bll r?x/go
R LI
FADH" (FMNH"®) FADH, (FMNH.}

(semiquinone} o <, e/ g 0 ifully reduced

{éALlC/IbW Q) /L,_ow’
1 Nuclestiod -
&

Mono

* Some enzymes use flavin nucleotides for

oxidation-reduction

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

/}12*3 = /Vuc{eo}.‘o{e

Y

1 Nucleotiole + 1 p/ueleatcle




Flavoprotein

* Flavoproteins are a class of enzymes that
contain a flavin coenzyme, either FMN
or FAD, tightly bound to the protein

structure.

* Flavoproteins are capable of accepting or

donating one or two electrons.

* Example: succinate dehydrogenase.
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4Fe

Iron-sulfur (Fe-S) centers
NN S 57 (Je G b5 A G087 W9 STy
Iron—sulfur clusters occur in many biological systems, often as components of electron transfer proteins.

Fe atom coordinated to sulfur atoms of Cys residues in the proteins. Each Fe is surrounded by four

sulfurs. Sy sdine

The Fe atom is oxidized or reduced
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Te coointate uiph. HIS
W nikogon odem HMom | s

HIsS

Iron-sulfur (Fe-S) centers

The iron-sulfur (Fe-S) centers range from
simple structures with a single Fe atom
coordinated to four Cys groups to more
complex Fe-S centers with two or four Fe
atoms.

Rieske iron-sulfur center (named John S.
Rieske) are a variation on this theme, in
which one Fe atom is coordinated to two

His residues rather than two Cys residues.

% et



CH;

Ubiquinone (coenzyme Q, or simply Q). Lipid-soluble CH,0 (CH,— CH=C—CH)1g—H
i
molecule with a long isoprenoid side chain. e 552 Coenzyme Q (CoQ) or ubiquinone
CHsO CHs (qxldlzed or qumone'form)
Diffusible in the membrane. o
P H* + e”
o.
Can accept one electron to become coenzyme QHe or  ¢cn,0 R A ‘
CoQH *
ubisemiquinone ( semiquinone or radical form). CHo0 oy, \fadicalor semiquinone form)
3 3
A A molecul  contuin. one fffe dleciin OH
L. P HY + e
Can accept two electrons to become ubiquin
OH
coenzyme QH,. CH30 R
y Q 2 ( imb (eolu(l?dg /EO‘(VY)\ COQH2
(reduced or hydroguinone form
oK CH30 CH3
OH

L \'\50(6\0(7/“”’@“6 iﬁ)ﬂ“) Figure 19-3

‘ Lehninger Principles of Biochemistry, Sixth Edition
LE YA)N © 2013 W. H. Freeman and Company
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Cytochromes are
proteins that contain
heme prosthetic groups

Heme is a metalloporphyrin (porphyrin + Fe ion)

Porphyrin is a cyclic structure consists of four pyrrole rings
(five-membered, nitrogen containing rings) linked by four

bridging carbon atoms



Cytochromes are
proteins that contain
heme prosthetic groups

The four nitrogen atoms are coordinated with a central Fe

ion, either Fe2+ or Fe3+. Eem’c
e

All heme derivatives have the same basic structure formed
of a cyclic tetrapyrrole found in a b-type heme (or
protoporphyrin 1X). The four rings of the porphyrin
macrocycle and the different substitutions at various side
chains are indicated as A, B, C and D and R1, R and R3,
respectively. The different chemical moieties occupying the
R1, R and R3 positions of different hemes are listed in the
next slide.

P

COOH
Prop

ionic ac

.
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Cytochromes are proteins that contain heme prosthetic groups

Vo
Lo Thioether linkage s_.
. . |
e [ron protoporphyrin IX is found CHs CH=CH, &y cHs  CHCH,
p porphy Vinyl groups Cyi—s
. . CHy=CH ] N/ CHs CHsCH || "W ETH
1n b-t tochromes and 1n = Ethyl grou N
b-type cytochromes and N )_F;e i vigroup= 1
: : T _ NG T _
hemoglobin and myoglobin ciy LN\ Temaacoon i LN aachacoo
o Propionic acid -
@ CH CH,CH,COO~ Q\r\? CH3 €H2CH2COO_
Irop protoporphyrin IX Hmy, {, Heme C
(inype cytochromes) (in c-type cytochromes)
QL

CH; CH=CH, \/inD\ 9*‘7“F

N -
N/ 1 CH3

N—Fe—N

hydroxyethylfarnesyl " /N _| “chych,coo-
Heme A
(in a-type cytochromes) CHO CH>CH>CO00™
Figure 19-4a Qﬁ' FormYI group

‘ Lehninger Principles of Biochemistry, Sixth Edition
LE Y N © 2013 W. H. Freeman and Company
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Respiratory Chain

14

H al
4 H H

, 4. YA J8 WAL YA AVAVAVAY Inner mitochondrial
‘ : ‘ ‘ membrane
FADH
NADH  NAD+ 2 FAD 2H2+1/202  H:0 /\

ADP +Pi + ATP ) ) )
H+ Mitochondrial matrix

Complex | Complex i Complex llI Complex IV ATP Synthase

Oxidative Phosphorylation

Oxidative phosphorylation is made up of two closely connected components: the electron transport chain and
chemiosmosis.

v
st @%@
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 Mitochondria contain two membranes, an outer
membrane permeable to small molecules and 10ons
and an impermeable inner membrane.

* The inner membrane contains components of the
respiratory chain for transfer of electrons to O,.

* The mner membrane also contains ATP synthase,

an enzyme that synthesizes ATP.

M LEVN

ATP synthase
r 93\ (FoF,)

Cristae
/ww

Outer membrane 4/"0 /[01

Freely permeable to >

mall molecules and ions (,ﬂa K
\ Inner membrane

Impermeable to most
small molecules and ions,

including H*
‘ | Contains:

~/| *Respiratory electron
carriers (Complexes I-1V)

e ADP-ATP translocase
* ATP synthase (F_F,)

e Other membrane
transporters

< <\ Matrix
Contains:
* Pyruvate

dehydrogenase
complex
e Citric acid
cycle enzymes
/ e Fatty acid
‘5 B-oxidation
enzymes

oxidation
enzymes
Ribosomes e DNA, ribosomes
e Many other enzymes
Porin channels « ATP, ADP, P, Mg2+, Ca2t, K+

e Many soluble metabolic
intermediates

Figure 19-2a
Lehninger Principles of Biochemistry, Sixth Edition
© 2013 W. H. Freeman and Company




Electron Transport Chain/Respiratory Chain

Glucose
Fructose
Galactose Fatty aclds
* Dehydrogenases produced NADH and FADH, )\
| Glycolysls B-Oxldation
* What happens to the electrons stored in NADH and NACH FAOH,
il - aceple!
FADH,? . o o NADH /\
G QST TS DNyl o 2t D g SN O AeetvwoA
* They get transferred to O, through a series of electron carriers
located in the inner membrane of mitochondria. 3
Cic  \*— :‘3‘;?
* Definition: It is the final common pathway in aerobic cells by ore :;'::,
which electrons derived from various substances (carbohydrate,
amino acids and fatty acids) are transferred to oxygen to form 5 NADH
Oxiditave o ADH,
water. o ) AL phosphorylation
g 8 o A oy b T LY \‘l'\
| N ap M0

WL EYA}N prtton O QU




Electron Transport Chain Components

1. Protein complexes:

I NADH-Q reductase
Il. Succinate dehydrogenase
lll. Cytochrome Creductase

IV. Cytochrome C oxidase

2. Bridging components:

Coenzyme Q and Cytochrome C

M LEVN

Free energy relative to 0, (kJ mol ™)

I
n
(=)

—100

—150

—200

aoi)

Succinate dehydrogenase
" _Fe

NADH- Q
reductase Ublqulnone (Q)
complex Cytochrome c reductase

complex

Cytochrome c

Cytochrome c ‘
oxidase complex \__/




Complex I; NHDH to Ubiquinone

05\ ex\olaﬁ@w Qe > S:eduaww Vi

* Names: Complex I, NADH:ubiquino oxidoreductase or NADH dehydrogenase.
CO ol M(jg& Z2nY

* Def: It 1s a large enzyme (flavoprotein), L-shaped, with one arm embedded in the inner

membrane and the other extending into the matrix.

e Composition: It i1s composed of 45 different

Intermembrane
space

polypeptide chains, including an:
1. NADH dehydrogenase
2. FMN

Matrix

. Iron-sulfur centers.

QM&E VAN




(o} H 0o 4H+
i z 26420 HyC ' Intermembrane
HaC | S o HC e 00000 IFYTA ] P HOQROCoo0000000
CH, R . / / \ ‘ m @ é$\&f
H OH Flavin mononucleotide (reduced) ¥ }(L A : ; “ QH2
(FMNH,) l‘
H———0OH : .
ooooi*/':)‘wv& Oy A COCOOOCO0
H—1—OH ‘\ I Q
£ / ‘(99)/ 7 !
CH,0P0;%~ .
Membrane arm 2H* e

Flavin mononucleotide (oxidized)
(FMN) Matrix (N side) 790.€ 3\ Bl
Wi bnoase R

Ax @ wlples Series

Complex I transfers a the electrons from NADH corformational oppes  of Fe-S
L] L] — . \ R (\
to ubiquinone and pumps 4 protons across the @*" <= G/Mf’:b centers
1 . " ) L C(H"' M’
inner mitochondrial membrane 9;;’( " biand

uncion o4 the complex. | NADH + H* +Q — NAD* + QH,

ﬁ/—\ f %
NADH + 5H5H+ Q — NAD' + QH, + 4}1@3 y NAD* NADH +H*
/; oyidofind=” @

Aoolh DR T gy 1 sidle

WLEYA}N P for the positive side (the intermembrane space), N for the negative side (the matrix)




H™ are pumped out of
the mitochondrial matrix.

Therefore a H" gradient is
being built up.
. o) .
Y. The matrix becomes
N \2\)‘\ .
negatively charged and
the intermembrane space
becomes positively charged

Crista
Matrix

Ribosomes

Inner membrane

Outer membrane

SUELEMN N




Complex Il: Succinate to Ubiquinone

. G 3N G ol
* Names: Complex II, succinate- Succinate Fumarate
coenzyme Q reductase , succinate
MATRIX —
20 Nz N
dehydrogenase - ok v 2" Q
LU INEN SRR ITEAN ConfuntIOIE N\
Def: the only membrane-bound o
® . _ oY <
ef: the only mem j%nib% | Gacieate G
. R dehydrogenase 2
enzyme in the citric acid cycle and

INTERMEMBRANE (Complex Il)
SPACE

participate in electron transport chain

M LEVN




Complex II: Succinate to Ubiquinone  intermembrane

space (p side)
Phosphatidylethanolamine

CoOCfog B COCO000O00

* Composition
. . QH2
1. subunits C and D are integral membrane

/ Ubiquinone
proteins, they contain heme b, and binding site .."( onse . LUOOOOLOO0

’ ’ Fe-S centers
Matrix A
(N side) & :
fOI‘ Q (| JW
®

2. Subunits A and B extend into the matrix; they / \
\ A -
6 FAD '\)e /)

Succinate

contain Fe-S centers, bound FAD, and a

g . : binding
binding site for the substrate, succinate 7 dite

Figure 19-10 \Q\\Q' 3

Lehninger Principles of Biochemistry, Sixth Editio .\, Q\O
L! YA) © 2013 W. H. Freeman and Company / A%




Complex Il: Succinate to Ubiquinone

* Electron transfer through Complex II 1s not accompanied by proton pumping
across the inner membrane, although the QH2 produced by succinate oxidation

will be used by Complex III to drive proton transfer.

* The heme b of Complex II 1s apparently not in the direct path of electron transfer;

Qz S SAD 30 sluo o s

it serves instead to reduce the frequenc\lgﬂiat:}“lj which electrons “leak’ out of the » -
. . ey 2 .
system, moving from succinate to molecular ogzygen to produce the reactive

oxygen species (ROS) hydrogen peroxide (H202) and the superoxide radical ( -O
=2), oL, dimce A2 \opg L pyphions 0¥ 5 PR S vy e

e | T —



/Complex lI: Succinate to Ubiquinone

- . - \ N( . N
I oy suvunis ) gl WGt St ¢ {we 2w s \40)(01046 (Bpuct> 2o
” - 9 md//'Cl'//_s

* Some 1ndividuals with point mutations in Complex II subunits near heme b or the

ubiquinone-binding site suffer from hereditary paraganglioma, characterized by

benign tumors of the head and neck, commonly in the carotid body, an organ that
senses O, levels in the blood. These mutations result in greater production of ROS,
which cause DNA damage and genome 1instability that can lead to cancer.
Mutations that affect the succinate-binding region in Complex II may lead to
degenerative changes in the central nervous system, and some mutations are

associated with tumors of the adrenal medulla.

M LEVN




Complex Il of ETC

Y oxladion @Y% wation
29

g d
* Names: cytochrome bcl complex or CoQH,-cytochrome ¢ oxidoreductase,

cytochrome reductase.

* Transfers electrons from ubiquinol (QH,) to cytochrome c

M LEVN




Complex Il of ETC

—————

Intermembrane / Cytc \  Rieske iron-.
space (p side) ! I sulfur proteins

s gl CHNE s e
S 53 LO0 - g
The complex 1s a dimer of identical monomers, each with 11

different subunits. 22 %e chmar o) S «
C{"‘—:&Pé‘ s -

The functional core of each monomer consists of three

G GG 1502

nits:
subunits Low «edoX Mg edok

cq - por-entiol @araeN
1. cytochrome b [with its two hemes (b, and by)]

Matrix

id
2. The Rieske iron-sulfur protein (nside)

3. Cytochrome cl [its heme]

M LEVN




Complex Il of ETC

Heme bL (Low potential):

*Reduction Potential: Heme bL has a lower redox potential
than heme bH. This lower potential allows it to facilitate
electron transfer earlier in the Q cycle within Complex lll.
Heme bH (High potential):

*Reduction Potential: Heme bH has a higher redox potential
compared to heme bL. This higher potential is necessary for its

role in accepting electrons within Complex IlI.

Figure 19.12
Biochemistry: A Short Course, First Edition

C © 2010 W.H.Freeman and Company




Complex Il of ETC

B
e 5’\@/%
Intermembrane _----. B Q\N&?
* In the transfer of electrons, coenzyme QH, has  space (pside) " cytc C

’
I
1

\

two electrons to transfer, but
Heme ¢,

cytochrome ¢ molecule can accept 1 electron. Cytc,

* Each QH, donates: QOO -

' QH, _\_,-) QH, : 4-‘-> Q
1. one electron (via the Rieske Fe-S center) to Hemeor =

Heme by
cytochrome c1 then cytochrome c. Q.

ses el

2. one electron (via cytochrome b) to a molecule of Q.  matrix &
. o™ / \A (N sid&a) - .
o \ Cytochrome
: \Q)vi © ;3) T @
WLE VAN W > v, 031 A"




The Q Cycle of Complex Il

/ Intermembrane _.---. .

* In the first stage, Q on the N side 1s (p. spacelpsidel 4 cyrc
4\/‘2» /
reduced to the ubisemiquinone o 4?7

NS,

. : N
(semiquinone), which moves back o'

into position to accept another e R

Matrix
(n side)

electron.

Cytochrome b St owi noné

/\€ .)l\l.lﬂ/
QH, M ¢, (oxidized) —
Q+'Q” +AZH$ + cyt ¢, (reduced)

(V'/(ELE YA,N N "’ ® o



The Q Cycle of Complex Il

,,,,,

* In the second stage, the semiquinone /- oe

radical 1s converted to QH2.

{K& Pum/)—f 5\%» Yan g“ , N
‘ . ' H
EURATESTIRNE -l NS

. x
QH, +'Q ™ + 2Hy + cytc, (oxidized) —>
Q + 2H{ + QH, + cyt ¢, (reduced)

M LEVN




The Q Cycle of Complex Il

 Meanwhile, on the P side of the
membrane, two molecules of QH2 are
oxidized to Q, releasing two protons
per Q molecule (four protons in all)

into the intermembrane space.

ML LEW

Intermembrane _----. e
space (Pside) " cytc °

Matrix
(nside) *
Cytochrome b 2H
QH, + 9/+ cyt ¢, (oxidized) — Q’(z +°f + 2Hy + cytc, (oxidized) —
Q + 'Q/’+ 2H7 + cyt ¢, (reduced) /§+ 2H; + QAZ + cyt ¢, (reduced)

Y

Net equation: QH, + 2 cytc, (oxidized) + 2H; —> Q + 2cytc, (reduced) + 4H}




Complex IV of ETC

Complerlll pn zn 1 Ytechront C Y- oxidppop 320
T
* Names: Cytochrome oxidase Intermembrane

space
(p side)

Subunit Il

Subunit Il

* Carries electrons from cytochrome c to
Tnal € aaeptor o
molecular oxygen, reducing it to H,O.

» Complex IV is a large, dimeric enzyme

Matrix

of the inner mitochondrial membrane, Matix

ecach monomer having 13 subunits Subunit IV

M LEVN




COITIPIEX |V Of ETC & Sw\oum}ﬂ et

fow, P orenkial Hign poren af
i 4 g7 prent
Subunit | has two heme groups (a and a;)

near a single copper ion, Cug. Heme a; and intarisiambrane

space (p side)

Cug form a binuclear Fe-Cu center.
\gime

Intermembrane space

sybuniF

Bnuckaar

Z— UCu
His gs CUA/CUA
CO(bb) .Coys His

},; 7
3 His‘\"
"'.“ ..*‘.. b~
g | Fe - -
>4 f,:__-. B Matrix
< % (n side)
 His
Y."
<.
reduction site
Figure 19-14

Subunit

—

\
4H*
(substrate)

4H*
(pumped)

Lehninger Principles of Biochemistry, Sixth Edition
© 2013 W. H. Freeman and Company

Cu,

Subunit

2H,0




- -

Complex IV of ETC

. . . Intermembrane
* Subunit Il contains two Cu ions and cytochrome ¢—  space (pside)

f/\ P

binding site.

* Subunit Il is essential for rapid proton movement.

* The roles of the other 10 subunits in mammalian

Complex IV are not fully understood, although some

Matrix
(n side)
function in assembly or stabilization of the complex.

Figure 19-14

Lehninger Principles of Biochemistry, Sixth Edition
LEY N © 2013 W. H. Freeman and Company
. &




o @y T (w82 p QUAETTORY 71 L0nS Qo &
; | aoe | NoOw, Gy AW
Path of electrons through Complex IV e | de é@u\ s

Intermembrane Subunit

space (p side)

* The three proteins critical to electron

flow are subunits I, II, and III.

* Electron transfer through Complex IV Subunit |
begins with cytochrome c (top). Q
 Two molecules of reduced el
cytochrome ¢ each donate an electron - ::‘II\ |
4+ 2H,0

to CUA. (pumped)

Figure 19-14
Lehninger Principles of Biochemistry, Sixth Edition

C LE Y N © 2013 W. H. Freeman and Company
i




Path of electrons through Complex IV

From here, electrons pass through heme a to

the Fe-Cu center (heme a; and Cug).

1.Two molecules of cytochrome ¢ sequentially
transfer electrons to reduce Cug and heme a:

2 Cytochrome ¢

Q?L 5\\7;7\

@UC\M{@ sy

- N

Intermembrane Subunit

space (p side)

Cu,

Subunit
]}

Matrix
(N side)
4H*
(substrate) | 7
4H+ 2H20
(pumped)
Figure 19-14

Lehninger Principles of Biochemistry, Sixth Edition
© 2013 W. H. Freeman and Company



Path of electrons through Complex IV

* Oxygen now binds to heme a3 and 1s
reduced to its peroxy derivative (O, 2) by

two electrons from the Fe-Cu center.

M LEVN

1.Two molecules of cytochrome ¢ sequentially
transfer electrons to reduce Cug and heme a;.

2 Cytochrome ¢

\./

) (

Cu,/Cup ‘

Hemea

Cug
Hemea,

\. J/ \ J
2 H2014
' N

N AN

2H*

4.The addition of two more
protons leads to the
release of water.

2.Reduced Cug and Fe in
heme a3 bind O,, which
forms a peroxide bridge.

2 Cytochrome ¢

o G —

(" )

HO,

oH @D

AN

2H*

3.The addition of two more
electrons and two more protons
cleaves the peroxide bridge.




Path of electrons through Complex IV

* Delivery of two more electrons from cytochrome
c (top), for a total of four electrons, converts the
0,72 to two molecules of water, with
consumption of four “substrate” protons from

the matrix.
00

Rt ?A]Dﬁg NADY W\ (50 g\\l N)j\/ﬂb\
oS Ulog Qas gl aztpior N v 7))

M LEVN

1.Two molecules of cytochrome c sequentially
transfer electrons to reduce Cug and heme a;.
2 Cytochrome ¢

2.Reduced Cug and Fe in

heme a3 bind O,, which
forms a peroxide bridge.

s

~N

o <&
eo,o®

|

2 Cytochrome ¢

2H* 9 Cg{—ochfﬁmﬁ oe

4.The addition of two more
protons leads to the
release of water.

1é.._? QJ"‘O ch
10t s matrit

2H* matrig S oo

3.The addition of two more 1/‘

electrons and two more protons
cleaves the peroxide bridge.




- -

Subunit

¢

* At the same time, four protons are pumped from the Intermembrane
space (p side)

Cu,
matrix for every four electrons passing through Complex

IV.

\
4H*

(N side)

¥\

(substrate) 7
4H+ ZHZO
(pumped)

Figure 19-14

C Lehninger Principles of Biochemistry, Sixth Edition
LEY N © 2013 W. H. Freeman and Company
¢




A simplified reaction sequence is presented here

4 cytc (red) + O, + 8H*

"
ARt

Yum@ﬂ}\ oy

molecalGh

matie. 4 cyt ¢ (ox) + 2H,0 + 4H*,

Fei* —gFe>* ar
~ _a s :
Intermembrane space

Qg?ooooco

< ) / J . Cu, \2!.' ?OOOO??

4H* 4H*
Pumped Chemical
protons  protons

M LEVN
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Cyt Creduced Cyt Coxidized
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----------
.......

¥ (2><)

Intermembrane < &
space (P side) 4H+ PoﬁH\\/Q/ QCI \ I <'
‘ Q< 5 - : J 3~oooooo %)

Matrix (N side)
AN

N%qw

CQ\\\&R\‘W\“ NADH + H* | NAD* 8\0'\@

Figure 19-16 .
Lehninger Principles of Biochemistry, Sixth Edition %Q‘&Q\
© 2013 W. H. Freeman and Company
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Mitochondrial Electron-Transport Chain Components

Table 19.2 Components of the mitochondrial electron-transport chain

Oxidant or reductant

Enzyme complex Mass (kd) Subunits Prostheticgroup Matrixside Membrane core Cytoplasmicside

NADH-Q oxidoreductase =900 46 FMN NADH Q
Fe-S

Succinate-Q reductase 140 4 FAD Succinate Q
Fe-S

Q-cytochrome c oxidoreductase 250 11 Heme b, Q Cytochrome ¢
Heme b,
Heme c,
Fe-S

Cytochrome c oxidase 160 13 Heme a Cytochrome ¢
Hemea,
Cu, and Cu,

M LEVN
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Chemiosmotic Model

Cyt (4 e ~o
Intermembrane e
space (P side)
+ + + + + y 2 ++++++ 4|+ A+
CLOOOOOOOOOOX e S K . X g OC ) COOOCOOOOOOOOC Y OOCOOLOOOCO000
FO
CLOOCOOCO0OOO0 OOOOOOCOOCOCK 7 COOOOCOO000000
Matrix
(N side) . ADP
" F, +P,
Succinate Fumarate ATP
NADH + H*
Proton-motive force
Chemical potential Electrical potential ATP synthesis driven
s ApH : + . Ay 2 by proton-motive force
(inside alkaline) (inside negative)
Figure 19-19

Lehninger Principles of Biochemistry, Sixth Edition
© 2013 W. H. Freeman and Company
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ATP Synthesis via a Proton Gradient

ADP +P;,  ATP

H+
Matrix \

ATP synthase
s The two major 20" century biological
space H* Proton-motive di .
s iscoveries:
DNA structure and
ATP synthesis

: Electron-transport chain
M LER "




Mitochondrial ATP synthase complex

Complex V, also known as ATP synthase, 1s a
complex molecular machine that catalyzes the
synthesis of ATP from ADP and inorganic

phosphate (P1) using the energy stored in a proton

gradient across the inner mitochondrial membrane.

cgto ¢y
+ : : i
H (cq0in yeast mitochondria)

Figure 19-25a
Lehninger Principles of Biochemistry, Sixth Edition
© 2013 W.H. Freeman and Company
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Structure of ATP Synthase

A ‘Q OO ;& ‘a

N X X K

* ATP synthase 1s composed of two main
components:

1. Proton-Conducting (F,) complex

2. Catalytic (F,) complex

M LEVN




ATP Synthase

FO0 complex: Embedded in the imner mitochondrial membrane and

consists of a, b, and ¢ subunits

* C subunit (ring) is embedded in the membrane, comprising 8-15

buni . SPvhes vios A2 o S el
subunits, % Q’\ (sro2h s

QA 2 Ze tngon ;
* A subunit binds to the outside of the ring, , it forms a proton channel

* B subunit is an extended arm to f1 complex to stabilize it.

M LEVN




ATP Synthase

F, contains: ¢ cons o, pOENL S
DSE/DQ/ @ -0 |
a3, B; heximeric ring, central stalk (y, €), and o

Some texts: central stalk and C-ring form the rotor and

remaining molecule 1is the stator




* The F1 subunit of ATP synthase has 3 o and 3 3

subunits.

* Alternating o and 3 subunits are arranged in a

hexamer.
* The y subunit 1s a central shaft.

* Each of the B subunits has a catalytic site for

ATP synthesis.
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The three [ subunits are each in a different conformation,

B'GTPW; B-ADP, or B-,?TP.
) V

. douni T- Sqbuni-

O —M\M\\‘c’( LSt q
(oPU\) _ .
Each 3 subunit alternates between conformations,

/|

loo‘;l}j —\-\DW

B-empty = B-ADP + Pi = [3-ATP.
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Proton Motion Across the Membrane Drives C-Ring Rotation @ "

e o>
//&?cﬁb-«c &7 S . M @/9”}\ C’//>\r9/.<\/o
T AW oL, 18V
H™ enter the a subunit through proton entry AT, AT
L - o g Y 9 Y I',SC%/\

channel, this allows the H" to access to c-subunit

. “
..
OO )
00000’00‘
3 e

The c-ring rotates 120 degree and expose new
H™ binding site

Proton exit channel: This channel allows protons

to exit the a subunit into the mitochondrial
‘ o\(:q

. )" _ SN
matrix. INTERMEMBRANE vy O

SPACE . (o
/) +
7 Rt P
\\

SUELEnN _




C-Ring Tightly Linked to y and € Subunits

The rotation of the c-ring drives the rotation of
the central stalk (y and ¢)inside the o,f3;

hexamer unit of F,

Thith 0 subunits (prevent rotation of the

05 ,,q B3 hexamer unit




Y-Rotation Induces a Conformational Shift in the 3 Subunits

B ADP + Pi

ADP + Pi

1. When protons pass through F, the c subunits rotate and rotate the attached y subunit along with them.

2. With each 120° rotation of the y subunit, they comes in contact with another  subunit, forcing it to release ATP and
enter the B-empty conformation.

3. The empty subunit then binds ADP and Pi and catalyzes the synthesis of another ATP molecule.



ATP Synthase
Mechanism

C Copyright © W.W. Norton & Company, Inc.
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Electron Transport Chain Inhibitors ——SwEh
'(Y)Wb')% CONQ\U\ \ oxicl!iArle):t;?tase

Blocked by
rotenone

* Rotenone is a naturally occurring compound found in several ~
v
) . ) . QHz
plants. It has been used for centuries as a natural insecticide and
|
Q-cytochrome ¢
piscicide. oxidoreductase

+0 MY L antnsiat
* Antimycin A is a natural antibiotic produced by Streptomyces Cytochrome
bacteria. It 1s a potent inhibitor of Complex III in the electron Cytochrome c axidase
T
transport chain. 0 nidtx \,

SUCLENN "y




Ol i < -
igomycin - m@\“ y o ij& i

 Oligomycins are antibiotic created by Streptomyces that are strong
antibacterial agents but are often poisonous to other organisms,
including humans.

 This drug binds to the Fo of ATP synthase, closing the H+ channel

and preventing reentry of H+ into the matrix, thereby inhibiting
phosphorylation of ADP to ATP.

* Because the pH and electrical gradients cannot be consumed in the
presence of this phosphorylation inhibitor, electron transport stops
because of the difficulty of pumping any more H+ against the steep
concentration gradient. This dependency of cellular respiration on
the ability to phosphorylate ADP to ATP is known as respiratory
control and is the consequence of the tight coupling of these
processes.
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Thank you

| know it's too long lecture but this is what is called medicine
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Ketone Bodies

DEFINITION: These are 3 compounds formed by the liver and include:

ocetie aciol acerake
Acetoacetate Q U\‘ c\, (o \'l
CH,-C 7 CH, - COOH C\L] — —://
OH Q \\ - o \L 6 h\\
> CA
Acetone CH, -é -CH, %
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Ketone bodies are used as a source of energy

S~
* They are converted into acetyl-CoA which is oxidized in tricarboxylic acid (TCA) cycle.

» Skeletal muscles, cardiac muscles, kidneys and most of tissues can use ketone bodies as a

source of energy in prolonged fasting and starvation.
* Brain tissue can also oxidize ketone bodies within 5 to 6 days of starvation.

* Liver does not contain enzymes for ketone bodies oxidation (ketolysis). Thus liver cannot

oxidize them.
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Synthesis of ketone bodies (ketogenesis):

*Site:
* Organ location: Liver

e Intracellular location: Mitochondria.

*Precursor: Acetyl CoA
&

\%\é"’“‘) (/9‘)\ 5>\W))
v p
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ketogenesis

The first step in the formation of acetoacetate,
occurring in the liver, is the enzymatic
condensation of two molecules of acetyl-CoA,

catalyzed by thiolase; this is simply the reversal of

the last step of B oxidation.

M LEVN

) )
Y
+ CH —C/

\a S-CoA

2 Acetyl-CoA

=\ N 2N ]
Qpw g = BN
QA — | ;Co; \-SH )

Acetoacetyl-CoA
Acetyl-CoA + H,0

HMG-CoA
synthase CoA<SH
OH
O\ | /O
/C—CHZ—C—CHZ—C\

-0 GH S-CoA
B-Hydroxy-B-methylglutaryl-CoA
(HMG-CoA)

HMG-CoA
e Acetyl-CoA
29)
N\ i
/C—(.,r.k 7—\§—CH3
-0

Acetoacetate




7 A
CHy—C_ + CHy—C_
S-CoA S-CoA

kEtogenESiS 2 Acetyl-CoA
thi"'”]& CoA-SH

0 0
CH3—|CI—CH2—C<
The acetoacetyl-CoA then condenses with another 5-CoA
Acetoacetyl-CoA
molecule of acetyl-CoA to form B-hydroxy B L }
g .
methylglutaryl-CoA (HMG-CoA). I/ | N i 0
g l ﬂrwenccj:d }ue—- /C—CHZ—C|:—CH2—C\
At Weowp = :
\-Xr B _é \ 2 i&;“ . Hyd CH3h gl ISCC:A
52, (¢ ~ = roxy-f3-met taryl-
C N Sisn TEREET
HMG-CoA
O lyase k Acetyl-CoA

il
Cls=C {s00-4] @OH P, |
SUCLEY m————




TS
0) O

7 4
S-CoA S-CoA

ketogenesis w

(@]
CH3—|C|—CH2—C/O
The HMG-CoA is cleaved to free acetoacetate and S-CoA

Acetoacetyl-CoA
Acetyl-CoA + H,0

_ HMG-CoA
acetyl-CoA. e . ames

CHs
B-Hydroxy-B-methylglutaryl-CoA
(HMG-CoA)

- HMG-CoA
e Acetyl-CoA

N ‘
—CQ-ECHs
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ketogenesis

0 0
N\ |
_ C—CH,—C#-CHs
Formation of B- hydroxybutyrate and 7
acetone: Acetoacetate is either: D, 355
] ] [ D-B-hydroxybutyrate
a) decarboxylation into acetone. @jfﬁjjffjfil dehydrogenase J
b) Reduced by hydroxybutyrate /& CO, NAD*
] o I
' - A
dehydrogenase into B-hydroxybutyrate. CH—C—CH, Y—CH,—C—cr
-0
Acetone D-,B-Hydroxalty-;rate

\
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Conditions that increase ketogenesis:

T SN——

1. Starvati
2. Diabetes mellitusy, ———> 0955 ICe Suray)

3. Low carbohydrate diet.

* Regulation of ketogenesis:
o After meal,Meted, and this Inhibits lipolysis and in turn Mits

ketogenesis. / N I

* During fasting anti-insulin hormones are secreted e.g. glucagon. This stimulates
lipolysis and In turn ketogenesis.
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OXIDATION OF KETONE BODIES (KETOLYSIS): Site:

BAR ISl g e\
e N 2 S R Y Do) BRE Y i e /%Ce.l((j]‘fg/) 3 eton Boofes 372 G2 Reum N S Qs A

: : : AP \2 Qs gos VA, 0=
e Intracellular location: Mitochondria

* Organ location: Extra hepatic tissues as muscles /ﬂ/ﬂ///

* Noto: Ketolysis does not occur in liver because it does not contain

enzymes for it

<
e | ———



OH

D-B-Hydroxybutyrate

Acetoacetate

Acetoacetyl-CoA

| 0
CH3_C|_CH2_C<
. . 0
KETOLYSIS: Steps: "
D-B-hydroxybutyrate @
dehydrogenase NADH + H*
. . . 0
* Acetone is volatile and removed in the || s
CH3_C_CH2_C\
expired air. ©
B-ketoacyl-CoA Succinyl-CoA
. ] transferase ——
* B-Hydroxybutyrate is converted in to
0
|| A
acetoacetate by hydroxybutyrate CHy—C—CH—C_
S-CoA
dehydrogenase enzyme. N YCOA-SH
thiolase
0 0 .
ch—C” + =’ -
S-CoA °

M LEVN
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OH 0
I 4
CH3—$—CH2—C\ p-B-Hydroxybutyrate

KETOLYSIS: Steps: H o

reeman ond Compony

NAD*
D-B-hydroxybutyrate ¢
dehydrogenase KNADH + Ht E
* Acetoacetate is then activated into g
CH;— C —CH,— Acetoacetate ?
acetoacetyl-CoA by in the presence of s;
B-ketoacyl-CoA Succmy E
. transferase :
- Succinate
succinyl-CoA - A%—ﬂm ucci
/
CH;— C —CH,— C\ Acetoacetyl-CoA
S-CoA
. kCoA-SH
thiolase
0 0
% Y4 | -

NN\

| S-CoA S-Co
&'/(E LE YA}N 2 Acetyl-CoA !




OH 0 ;
I / §
CH3—$—CH2—C\ p-B-Hydroxybutyrate ';‘
. : . ;
KETOLYSIS: Steps: H °
NAD*
D-B-hydroxybutyrate <
dehydrogenase KNADH +H E
* Acetoacetyl CoA is split into two molecules || A :
OGNS CH3—C—CH2—C\ Acetoacetate ?
of acetyl CoA which are oxidized in citric acid 0
B-ketoacyl-CoA Succinyl-CoA E
. ransferase . 2
cycle; Each gives 12 ATP eI N Succinate
0
| { A
CH;— CHZ—C\ Acetoacetyl-CoA
K S-CoA
. CoA-
thiolase

CH c/o + CH c/o "
3TN 3TN :

| S-CoA S-CoA
(g]'/(g LE YA}N 2 Acetyl-CoA
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Fatty acids oxidation

Among the different foodstuffs, lipids give (through fatty acids oxidation) the maximum amount of energy. 3
Different pathways for fatty acid oxidation are present: o,  and Q.

M LEVN
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B-Oxidation

 Site:

* Intracellular location: Mitochondria.

* FA. Are oxidized to acetyl-CoA, which may be further oxidized

completely in the TCA

* Organ location:
* Liver, kidney, heart and skeletal muscles.

« B-Oxidation never occur in brain and RBCS. mixemagio (¥&5 "
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B-Oxidation steps

1. Activation of fatty acid and transport inside the
mitochondria:
A. Catalyzed by fatty acyl CoA synthetase
enzyme and carnitine shuttle.
B. 2 high energy bonds are utilized:
ATP —+>AMP+ PP,

S
-
—
I=

Repeat steps begining from step @ losing aech time 2 carbons (in the form of acetyl CoA)

p-carbon

CHj- (CHp)~CH »- cuz-c S CoA
Fatty acyl CoA

FAD
[ Acyl CoA]
dehydrogenase
(unsaturation) @ FADH,

CHa- (CH,),- CH=CH -C- SCoA
A2rans-Enoyl CoA

(o and B Unsaturated acyl CoA)

Engyl CoA H,0
hydratase
(Hydration) @
ow 0
CHj- (CH,),~ CH - CH,-C- S CoA
p-Hydroxyacyl CoA
NAD*
[n-mwmw coA]
I (p- Oxidation) (4) NAD H+H"
1 Q
CH3- (CH,),~ €-CH,-C-S CoA
B-Ketoacyt CoA
AgdG:A.] CoASH
acyfiransferase
[ (“thiolase®)

(Splitting) @

Jauu|

camitind

Yadsls 2L atfivahion BN yWgVP W,

Japodsuey) aupjused ueIquIaW [eppUoOYIopw

S 15 S5 SIS ST S eacmiro e ' momsmimiem o e e i i i serrarmomamttoirn = Womimtm

CH,- (cuz),,c SCoA + CH -G- SCoA

(]/Wy /‘
HO +AMP 'l' Acyl CoA
symhetase

CoA-SH + ATP

| i 034

O &ow

CH;- (CHp),~ CH; - CH, - C S~ CoA

auyacyl CoA

@ (Activation)

CHj3-(CHy)~ CHy - CH, - 0 OH
Fatty acid

)

Cytosol

B- Oyidation
il



_— B-carbon

CHg- (CHp),~CH2- CH3-C- S CoA
@ Fatty acyl CoA

; 3’," ’é FAD
(unsaturatton) @ anz =

( mlam“fj

| @
CHg- (CH,),- CH=CH -C-SCoA
M\t“’;'* Az-u-ano-EnoylcoA

a¢b %a and B Unsaturated acyl CoA)

CH;- (CHp),~ CHy- CH, - c S-CoA
Fatty acyl CoA

HO +AMP + PPI Acyl CoA
synthetase

CoA- SH + ATP @ (Activation)

B-Oxidation steps

l

2- Unsaturation of fatty acids:

A. Catalyzed by fatty acyl CoA dehydrogenase
enzyme. $AD £ (,cotvnjmts

B. This enzyme is one of flavopro{elns and its
reduced coenzyme (FADH, ) gives 2 ATP when
oxidized in the respiratory chain.

Jayodsuey aupjused ueiquiaw feppuoyooyu | Jsuuj

Engyl CoA Hy0
hydratase

CHy- (CHp) - CHy- CH, - C OH
Fatty acid

)

Cytosol

|

C=C UW%

. Q
CHg- (CH,),~ G- CH,-C-S CoA
B-Ketoacyl CoA

o

(Splitting) @

ca-n-_,(cnz),,c SCoA + CH cscu's e
‘Fatty acyl CoA A“MOM v @«ﬁs'

S 15 S5 SIS ST S eacmiro e ' momsmimiem o e e i i i serrarmomamttoirn = Womimtm

B- Oyidation

Repeat steps begining from step @ losing aech time 2 carbons (in the form of acetyl CoA)
M)
i3




B-Oxidation steps

3. Hydration :

A. Catalyzed by enoyl CoA hydratase enzyme.

B. It helps the addition of water to saturate double
bonds.

Repeat steps begining from step @ losing aech time 2 carbons (in the form of acetyl CoA)

e
:
I=

=

p-carbon
CHj3- (CH,)~CH - cuz-c S CoA
Fatty acyl CoA
FAD
(cenycropenase)
dehydrogenase
(unsaturation) @ FADI’I:

CHa- (CH,),- CH=CH -C- SCoA
A2rans-Enoyl CoA

(o and B Unsaturated acyl CoA)

Encyl CoA Hy0

Lm
{Hydration)
M/S'& ~ & u\; <

4 on *+~" O
CHa- (CH3),~ CH - cnzc SCoA

p-Hydroxyacyl CoA
NAD*
[P o
dehydrogenase
I (p- Oxidation) (4) NAD H+H"
o Q
CH3- (CH,),~ G- CH,-C-S CoA
B-Ketoacyl CoA
Acyl CoA: CoASH
[y
(thiclase®)
(Splitting) @
O

Jauu|

CH,- CH,~ C S-CoA
Fatty acyl CoA

Acyl CoA
synthetase

@ (Activation)

CHs- (Cﬂz)

H,O +AMP + PPI

CoA-SH + ATP

Japodsuey) aupjused ueIquIaW [eppUoOYIopw

CHy- (CHp) - CHy- CH, - C OH
Fatty acid

B- Oyidation

5 S 55 IR 5555, B emammom e . i R0 it . s imsn e mom omeromeremrmarmirase = 7 s

L1
CH;- (CH,),~C-SCoA + CH,-C- S CoA




B-Oxidation steps

4. Oxidation:
Catalyzed by B-hydroxyacyl CoA dehydrogenase

enzyme.

Its reduced coenzyme (NADH+H*) gives 3 ATP when
oxidized in the respiratory chain.

Eﬁz
[—
™~

.
I=

p-carbon

Jauu|

CHg- (CHp),~CH2- CH3-C- S CoA

y Y

Japodsuey) aupjused ueIquIaW [eppUoOYIopw

Fatty acyl CoA
Acyi CoA FAD
[dehydmgerme]

(unsaturation) @ anz =

CH;- (CH,),- CH=CH -C- SCoA
A2rans-Enoyl CoA

(o and B Unsaturated acyl CoA)

Engyl CoA Hy0
hydratase

(Hydration) @

ﬂ"l ?
CHy- (CHo),~ CH,-C-SCoA
p-Hydroxyacyl CoA

[p-mwwcw\] i
dehydrogenase

Ty

I (p- Oxidation) (@) NAD H+H"
AP okedesly ETC WQmy

ﬁ e
CHg- (CH,),~ - CH,-C-S CoA
B-Ketoacyl CoA
Acyl CoA: CoASH
[romaies
(“thiclase®)

(Splitting) @

CHs- (cnz),,c SCoA + CH,-C- SCoA
Fatty acyl CoA lecok :

Repeat steps begining from step @ losing aech time 2 carbons (in the form of acetyl CoA)

CHay- (CHz);~ CHo - CH,-C- S- CoA
Fatty acyl CoA

HO +AMP + PPI Acyl CoA
synthetase

CoA-SH + ATP @ (Activation)

CHy- (CHp) - CHy- CH, - C OH
Fatty acid

)

Cytosol

B- Oyidation
o



—_—— S B—carbon

Q - (CHy),; —cuz-cu,-c S CoA

Jauu|

o ° Fatty acyl CoA
B-OXIdatIOII StepS Acyi CoA CHg- (CHp),~ CHa- CH,y~C- S CoA
[dehydmgefme] Fatty acyl CoA
(unsaturation) @ FADH, =

o
CH;- (CH,),- CH=CH -C- SCoA
A%-trans-Enoyi CoA

(o and B Unsaturated acyl CoA)

HO +AMP + PPI Acyl CoA
synthetase

itti CoA- ATP (Activation)
5. Splitting (cleavage) step: SH + @

Catalyzed by thiolase enzyme.

Japodsuey) aupjused ueIquIaW [eppUoOYIopw

DA = o e T e e SRR W S S S S SRS e & e R e R e TR e S e s et

Enoyl CoA Ry CHg- (CHp),~ CHa- CH- C OH

It splits B-hydroxyacyl CoA into acetyl CoA and agyl ) ‘:’"’""’” Fatty acid
CoA (shorter than the original one by 2 carbon (yarstion ()
atoms). on * m
CH3- (CH3),~CH - CH,~-C-S CoA c :
ytoso
p-Hydroxyacyl CoA
(jﬂ.'UI @;}aj\) ZIBJ’ . :
beelyl CA Mg vl [p du:ym:gag::] ‘R B s ::%
I (B- Oxidation) @ NAD H+H"Y -

4.9.2025 2\ @‘”)ﬁ‘é’—
‘.‘)g) 9: 54 L\ (}iA.U\ (e
Wi P IS Wy
Callnsgs (' pppd CENANS
R A
‘Vy)}&;:ﬁ, Uy S Osps
U oidvie Ty 00 Az
GV X Bl J TS 058

@RI

SUCLEAN s

\V\\‘ é IE Cop

i ot
CHs- (CHo)x -/%-z-C-scoA\

idation
Nehi
6""&&‘

5 S 55 IR 5555, B emammom e . i R0 it . s imsn e mom omeromeremrmarmirase = 7 s

-(CH,),~C-SCoA + 5—-5Col

Repeat steps begining from step @ losing aech time 2 carbons (in the form of acetyl CoA)




Energy production of B-oxidation:

B -oxidation of palmitic acid will be repeated 7 times (turns) to
produce 8 acetyl CoA.

In each turn. one molecule of reduced FADH2 and one
molecule of reduced NADH+H+ are produced.

They are oxidized in respiratory chain to give 5 ATP.

FADH2 gives 2 ATP

NADH+H* gives 3 ATP

7 turns x 5 ATP = 35 ATP.

Oxidation,of one molecule of acetyl CoA in Krebs' cycle gives
12 ATP. 95 O,

8 Acetyl CoA x 12 ATP = 96 ATP

Two high energy phosphate bonds are utilized in the first
reaction (catalyzed by acyl CoA synthetase) which occurs for
one time only. “Tis‘“ uhgy Rond

Net energy gain = Energy produced - Energy utilized =(35 ATP +
96 ATP) - 2 ATP =131 ATP - 2 ATP = 129 ATP

M LEVN

C}(W %) %;5

4 Krebs*
cycle
/@ PADI, ¢ MADH + #* =P (RESPITAtory Chain) ——P 5 ATP

2/

C/H; GHQGHQ g'ﬁCOA )\ch*/j’;(

MW
otunu.u' — (ﬁespiratory chain) =P § ATP

“‘"“"“’ £ =i frobs’

Df A\cycle
@ kmnunuou' =3 (Respiratory chain) «——p 6 ATP
Aoety Cak ﬂ Krebs®

cycle
@ FADN, * NADM + H® === (Respiratory chain) = 6 ATP
@ kmomm.m — (ﬁespiratory chain) =P 6§ ATP
£oaty) CofA  m———

( ycle
@ km * NADN o H® =D (ﬁesplratory Cchain) e & ATP
Acstyl Cof ﬁ

cyclo

. kmomou’ —p (RESPIratory chain) ——p- 6 ATP
Acetyl CoA ﬂ

> 12 ATP

> 12 ATP

> 12 ATP

—3e 12 ATP

> 12 ATP

> 12 ATP

Acstyt CoA >

Krebs*

Acetvi CoA cycle
I Krebs® e

> LIS

Palmitic acid (16 C) => 128 ATP

-3 12 ATP

=12 ATP

ODraldry




Energy production of B-oxidation:

B -oxidation of palmitic acid will be repeated 7 times (turns) to
produce 8 acetyl CoA.

In each turn. one molecule of reduced FADH2 and one

molecule of reduced NADH+H+ are produced.

They are oxidized in respiratory chain to give 5 ATP.

FADH2 gives 2 ATP

NADH+H* gives 3 ATP

7 turns x 5 ATP = 35 ATP.

Oxidation of one molecule of acetyl CoA in Krebs' cycle gives
12 ATP.

8 Acetyl CoA x 12 ATP = 96 ATP

Two high energy phosphate bonds are utilized in the first
reaction (catalyzed by acyl CoA synthetase) which occurs for
one time only.

Net energy gain = Energy produced - Energy utilized =(35 ATP + N
96 ATP) - 2 ATP =131 ATP - 2 ATP = 129 ATP Q\U

M LEVN

o
x\&

*‘ﬁ (Ok

Activatien

9,
@ FADM, * NADH ¢ H® e (ﬁﬁpiratory chain) —)@ATP

eyde

@ kmn&m.u’ — (ﬁespimtovy chain) e 6 ATP
cyele
@ kmom.m —p (Respiratory chain) =3 6 ATP

ACEtyl COA e .

( : ) kMOMQW —p (ﬁespiratory chain) =P 6§ ATP
. yc!e

@ km * NADI ¢ H® e (ﬁesplratory Cchain) e & ATP

Acstyl Cof ﬁ
cyclo

. kmom.u’ i (ﬁesplfatory chain) =3 6 ATP
cycle

PADM, -_» (Respiratory chain) ) 6 ATP
5\»

> 12 ATP

> 12 ATP

> 12 ATP

—3e 12 ATP

> 12 ATP

> 12 ATP

y VTR cmd- (Kr@bSS -3~ 12 ATP
Acard Cos cycle
Krebs®
I = - 12 ATP
~
s cycle i \
ODraldry

Palmitic acid (16 C) => 128 ATP




Energy production of B-oxidation:

Q(D?ﬁljx\ 52
 Calculation formula of energy production of oxidation of any fatty acid: /L]_

/‘L—\ _
falmwwf%@ @ 2 M\\L -2 kT = 100 //

=[(§—1)xsaw]+[ leATP] zm'p

+ Where N = Number ofcarbons of fatty acid (}\\ (_LM\
pA -
o




Fo b A {;&-/%-g{cu
° ° ° otidation \5
B-oxidation of odd number fatty acids: " ™7 |\ Feeewice

odd y. S CO,
fa.u(j ac ww ‘w
Blotin
* They are oxidized by B-oxidation for multiple cycles till the last SO Q:%PL ADP + P,
Ca‘bo‘}\a\
Three carbons (a propionyl CoA) is produced. oo 0
-CH - -
* Then propionyl CoA is converted to succinyl CoA in the o L'L_ 3 CoA
following steps: Methyimatonyl CoA
o i i - ichi Coenzyme form
propionyl CoA is carboxylated to methylmalonyl-CoA which is [ o‘ﬂ e "
converted to succinyl-CoA ; mutase needs B12 as coenzyme Sy wi\;\@ (m}‘;’)‘“
3Y L
* Fate: 1) Glucose synthesis (gluconeogenesis). 2) Heme synthesis. £ Q ®
: CHhChChCH,OSDh T2 %
3) Oxidation in citric acid cycle. \3\ % . LO h % s %4@,..
o P QteL e Y succtnyivon

WLE AN e N S o




o-Oxidation

* A. This type of oxidation occurs in a position

* [t is a mechanism mainly for oxidation of branched chain fatty acid, which are methylated at 8

position.

=
* |t is specific for oxidation of phytanic acid, a long-chain fatty acid (3, 7, 11, 15

tetramethylpalmitic acid), is derived from the phytol side chain of chlorophyll. &\:\4"”)‘3&)?’9"@%

W\&COOH Phytanic acid
M LEVN




a-Oxidation

* The presence of a methyl group on the B carbon of this fatty acid prevents the
formation of a B-keto intermediate, making its B oxidation impossible. Humans

obtain phytanic acid in the diet, primarily from dairy products and from the fats of
C AN BV @ Sl

/'ruminant animals; microorganisms in the rumen of these animals produce
wt . . O
hytanic aci they digest plant chlorophyll.
phyta cid as they digest plant chlorophy N kermediat

t\&g C
)\MCOOH Phytefl: cid
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a-Oxidation

*|n o -oxidation, there is one carbon atom removed at a time.

*.It does not require CoASH and does not generate high energy

phosphate. hion o
s 0y
- CHCh Ry CC%@L;
% Cl#;{ 3,,;:& M) coz
B Y




a-Oxidation

*In a -oxidation, there is one carbon atom removed at a time.

* |t does not generate high energy phosphate.

GNJWAW/ /

é Q/@ ewpve, as (s
4 - CH CH, @u

CH 3 R\\%
e P
SPON: /{0 OK\

CEp\ipG O=5\ i o mefhy g -5 \e P%L\\ Q\é‘ - \Q \ g7
__£& oxclatron l \ ‘
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LS
\

M LEVN




a-Oxidation Steps:

C_V\ dS—OH ’a"ﬂ\"?\s

Y B o Y o
R- CHy- CH - CH,~COOH @";—:‘“—L > R.CH,- gn -CH -COOH
CH;, (0] co-l3 OH
Branched fatty acld & Hydroxy fatty acid
¥ {DENYDROGENASE )
gLQ J ‘ [2H]
\L Xidative
decarboxylation T p @ ég
R.cH, cH -COOH\ € 7 S R-CHy-CH -C - OCI/
CH3 coz [01 CM° (e I ’o‘),;’/\f
Lower ch o, - Keto acld ®
Q57
. \W A I
pontor)  , Eomawn) {
a
- Oxidation of fatty acids. Craly ‘ S




Refsum's disease:

*Refsum disease, resulting from a genetic defect in the

enzymes responsible for a oxidation of phytanic acic

(hydroxylase), leads to the accumulation of very high blooc
levels of phytanic acid, causing (by unknown mechanisms)
severe neurological deficits, including blindness and

deafness.

M LEVN
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CO-Oxidation @9?‘5\
CH,-(CH, )n- COOH

* |t is oxidation of terminal CH3 group (© - Oxidation)
((CO) carbon) of fatty acid.
* This produces dicarboxylic fatty acids. By HOOC- (CH, ) ~ COOH
B oxidation they are converted to adipic Dicarboxylic acid
acid (6 carbons) and suberic acid (8
carbons _ (Acatyl Coh)
) ‘A Qo }P) Yepte s s Repeated P~ Oxidation|
* (D-Oxidation is a minor pathway for fatty s, « ot
acid oxidation and catalyzed by eed) & HOOCACH,)-COOH Adipic acid
hydroxylase enzymes of cytochrome or HOOCH{CH,),-COOH Suberic acid
P450.

® - Oxidation of fatty aCif'Q Ovaluy
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CO-Oxidation

*The primary products of omega oxidation are dicarboxylic
acids, such as adipic acid and suberic acid.

*These acids can be further metabolized to produce acetyl-
CoA, which can enter the citric acid cycle for energy
production.

2 S
e | ———



CO-Oxidation

* Adipic and suberic acids are among the major products of
omega oxidation.

*Elevated levels of these dicarboxylic acids in the blood or
urine can be indicative of impaired beta-oxidation or other
metabolic disorders. .o

Carmmiyie 33?3 ‘Lﬁ% =N

T S
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Role of Omega Oxidation
—

' ’ —
OS82 Foriduing 9 i Qbfy s

* Omega oxidation becomes more prominent when beta-oxidation is

impaired, such as in conditions of mitochondrial dysfunction or
carnitine deficiency.csse oo s on 95 B

* |t can also be activated during fasting or low-carbohydrate diets.
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General catabolic pathways of amino acids ¢..0. . -
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* Most catabolic reactions are preceded by cleavage of the amino acids into 4 |

& . g
amt%%nia and the carbon skeleton (usually in the form of anla-keto acidZ}. R ~C - Coo#

U\'(Qotfjde I\ /"Q),'JF A
* The ammonia is mostly converted to urea, which 1s excreted in urine.

—_—

e [ittle ammonia 1s also excreted in urine.

* The carbon skeleton may be converted to glucose or ketone bodies, or may be

oxidized to carbon dioxide and water.
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General catabolic pathways of amino acids

1. Transamination.
2. Deamination
3. Transdeamination

4. Decarboxylation.
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General catabolic pathways of amino acids

Deamination:

1. Oxidative deamination.
2. Non-oxidative deamination.

3.  Hydrolytic deamination.

M LEVN




Deamination:

* Definition: It is the removal of amino group from amino acids in the form of

ammonia (NH;).

H
* Site: Mostly liver and kidney. |
\ i A C —cood
* Types: <
* Oxidative deamination. b}
* Non-oxidative deamination. \ g —>omm BYwoL
* Hydrolytic deamination: e —

M LEVN




General catabolic pathways of amino acids

e Deamination:

1. Oxidative deamination.

M LEVN




Oxidative deamination

w >

* By oxidative deamination reaction both oxidation (removal of hydrogen) and

deamination (removal of ammonia, NHj;).
. ©
\’-X o )&\‘OM Hon ( 1 Z/j) { deaminou t'ov'\..)

NYs B

\
P
Yg/\J S C — C@G 9},&/\] = C ——C@@H~>R~§~C60H
« (

R R

& _J

< K- Tymino aCfV( X—<®to CBfGio(
(" O 116
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There are three main enzymes involved in oxidative
deamination

1. L-glutamate dehydrogenase
2. L-amino acid oxidase

3. D-amino acid oxidase

e | T ——



-
Oxidative deamination bg{i—glutamate dehgdrogenase}

* It 1s highly active enzyme catalyzes the deamination of L-glutamate amino acid.
* This enzyme 1s present in both cytosol and mitochondria of most tissues.

e Its coenzyme is either NAD+ or NADP+.

e | P —



Oxidative deamination by L-glutamate dehydrogenase
U(}L)) COX(‘D@/I@OB

02
HN-CH-coOH | ’HN=C -COOH
CHy  fmaasiiomate debycrogencse 2 cH,
' ‘:“:vtna T TOIDC SR A8 AT 50 0] PR IV T UL MRS 2 .‘:|| )
Glutamate  \appy*  NADPHH' | a=Iminoglutaric acid
Ccc-enzgmeé, \
g HON
HN
Amonia
[+] =(.3 -COOH
2
CHa-COOH
a -Ketoglutaric acid
L-Glutamate dehydrogenase. Eraly
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Regulation of L-glutamate dehydrogenase:

* ATP, GTP and NADH + H" allosterically inhibit L glutamate dehydrogenase.

« ADP, GDP stimulate it .

* Thus, its activity 1s increased when energy 1s required 91% 6TP- N ADH+}«|3
— — \"/% \_é o = VAA D! //
Ap\b N2 aedy L2y 7b e S [Glutomote Dehydrogenase |
_ R < 3{ liMHﬂVL
p s ATP a2 B e v W2 L \
0.5 A ADP adlll GDPP\ VAT
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L-amino acid oxidase (LAARO): &‘iﬁ”

*LAAO is a flavoprotein enzyme that can deaminate a wide
range of L-amino acids.
*Its coenzyme is FMN.

® @ S

*The reaction produces alpha-keto acids, ammonia, and hydrogen

perox1de (H202) as a side product .1t is highly toxic to the cells.
It 1s hydrolyzed rapldly by catalase into H20 and O2.

[ AAO is primarily found in the liver and kidney.

(¢ LEVAN




L-amino acid oxidase (LARQ); &/ 73 25

2H &3
R- CH / COOH - - Amino acid ox.dogei
NH,_
L-Amino acid FMN

Hydrogen peroxcde

'Cotol : H2°2 =5

Cwuely

(« - Keto acid )
4 0z)




Oxidative deamination by D-amino acid oxidase:
Digtk I ol\gale ¢yt

* D-amino acids are found in plants and in cell wall of microorganisms.
* They are not used 1n the synthesis of proteins inside the human body.
* D-amino acids present in diet are deaminated in the liver by D-amino acid oxidase.

* Its coenzyme 1s FAD .
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General catabolic pathways of amino acids

e Deamination:

2. Non-oxidative deamination.

M LEVN




Non-oxidative deamination 205 he e s
(Y=o 5\ Q) ?/5)9 FIE G ol U s
[

* This occurs for hydroxy amino acids e.g. serine, threonine, without removal of

hydrogen (non-oxidative) =—» Pyruvate.

* Its coenzyme 1s pyridoxal phosphate. o -
-0—||>=o _O—'ID=O
<'3 ?
|
5 P
dhamin B8 == oab{ % Hﬂ_%@@
OH CH, 8 gh CH,
Pyridoxal phosphate Pyridoxamine
(PLP) phosphate

C?'/(&LEYA}N Pyridoxal phosphate (PLP) and its aminated form, pyridoxamine phosphate




Non-oxidative deamination

w b oW

3

Serine

Cruby

Non-oxidative deamination

Serme dehydrotqse

H AR O AL MRS YA S0

PLP

Pyruvate

n_\ceto OLi

N1~ GOlAHAN




General catabolic pathways of amino acids

e Deamination:

3. Hyvdrolvtic deamination.
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C

g\ IS5 QL dicorbetrlic ac
H20, -

/, i | )
AR oc:— CH,— CH —COO
Aspartic acid -~ _, | -
08 Y Foe . NH;

3 ik 57 < HaN— C[— CH,=CH=—C00™
Asparagine S  NH* |

"OOC—CH,-CH,—CH —COO™
. - S )
Glutamic acid CH, 105 0o i

l
l NH;* |
HoN— ﬁ: —CH,-CH, — ?H—:.-C"OO‘T
Glutamine o i

'
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Hydrolytic deamination “\Puslp,.
2O

* For glutamine and asparagine:

* Both are hydrolytically deaminated by glutaminase and

asparaginase respectively.

* Glutaminase enzyme i1s [present in kidney.\ |

H
* It produces ammonia (NH3), which 1s used in regulation of acid (c‘:H:
base balance by kidneys. HCNH,
?’ — s A6 F (vpolUl il &) COOH
awﬂg@wé%yﬁwg e e
g 3(. ;S St Hydrolysis of glutamine to form
S ammonia.

r
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General catabolic pathways of amino acids

 Transamination
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Transamination:

* Definition: It is the f amino group from

\

a-amino acid to a-keto acid to

7 : ’ :
a new o -amino acid and a new a —keto acid.




Mechanism:

* Enzymes called transaminases (or amino transferases) catalyze transamination
reactions.

* PLP is the coenzyme for all transaminases. CLj ”‘“Pg 5

+ All amino acids (except lysine, threonine, proline and hydroxyproline) may
undergo transamination.

» All transamination reactions are reversible.

« All transaminases are present either in cytosol or in both cytosol and mitochondria
of most tissues.

« Among all transaminases, 3 are present in most mammalian tissues and they are of
clinical importance. These are: ALT , AST and glutamate transaminase .
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e s\e ey ,
Alanine transaminase (ALT): AX cwc*‘f’

0))>
o s@\\”%\ J?
* ALT also called glutamate pyruvate transaminase /‘\ﬂ
\ B CSC“} (i NH, 0=C-COOH
S sewm >@~m\w) CH3- CH -COOH {-uz
« ALT is present in the cytosol of the cells. Ianine
ITi hat catalyzes the ymmuleng | 1os A'“"s;f | >
» ALT is an enzyme that catalyzes the transfer o inotronsferase >~
=5 x-GMINO a(‘?/, X —leefo aciof (AU’) - z/d
amino group from alanine to a-ketoglutarate to CH2
et U R Agnng ) ,_ -COOH CH2-COOH
form glutamate and pyruvate. S| © (Pyruvate) (Giutamate)
. ]‘ﬁl\g k})eavic—thgﬂilaé’g{ eversv']ébi)ew amifo & Tronsommanon by alenine transaminase (ALT).
onisr ible. g
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Aspartate transaminase |

s

* AST is also called glutamate oxaloacetate transaminase
‘ HaN- CH -COOH 0+¢-COOH -
(GOT). ot @6()—\—) CH2-COOH ¢H2
Aspartato CH2-COOH
* AST is present in both cytosol and mitochondria of the Aspartate ] v-Ketoglutrato
tronsaminase| |PLP
cells _(457_)__ - HoN . CH -COOH
0:C-COOH é'uz
*ASTisane that catalyzes the transfer of amino CH2-COOH >\»  CH2-COOH
IS an enzyme atalyze SR-COM 2% o
group from aspartate to o ketoglutarate to form ‘:’;;n;;mimﬁw by Aspartate transaminase
. Craby

glutamate and oxaloacetate.

* The reaction is
MU LEN




Glutamate transaminase:

* This enzyme catalyzes the transfer of amino

group from any amino acid to a-ketoglutarate.

M\ZCS@
gOOH 0=C-CO0OH
CH-NH, CH2
: B
R Jele p  CH2-cOOH
Amino acid a-Ketoglutarate
utamate
transaminase) (P
?oou H,N- ?H -COOH
C.n (o) ?"2
A ) CH2-COOH
a-Keto ocid  — 7°>> — 6lutamate

Transamination by glutamate fronsamims% &,
T




KACEHO glutrple i, oo D wend, NS IS
G(MW*WWJZZ/ Wy g s

NH, O-?-COON
CH3- C~ -.COOH
Alanine CH2-COOH
|-Al¢u;c-—. | w+Kotoglutrate
Aminotronsferase |PLP
(ALT)
o SISO uzN.eu.coou
(o]
CH3- C-COOM £
o CH2-COOH
Pyruvate “m@
Transamination by alanine transominase (ALT).
Craty

MU Lev

HoN - CH -COOH 0=C-COOH
' '
CH2-COOH (H2
Aspartato CH2-COOH
l AW'O'C- u-Ketoglutrato
tronsaminase| [PLP
_(asT) | MaN . CH -COOH
0sC-COOH M2
v i
CH2-COOH CH2-COOH
Oxoloacetote ate

Transamination by Aspartate transaminase
(AS'I’) Cruby

COOH 0sC-COOH
CH-NHZ '

]

R d CH2-COOH

Amino oc a-Ketoglutarate
utamate

I transaminase) |PLP
COOH HN- CH-COOH
c=0 ¢H2

]

R -
a-Keto acid 0 5'“""“"5

Transamination by glutamate tnnmmoscc .
W

(oongral — amin0 aciol
oxclude e excgpr®




Functions of transamination:

* Transfer of amino group ( NH2) from most amino acids to a-ketoglutarate to form

—> doamindhiot AWEY %9()@\@ £ 5\

* Glutamate is then deaminated to give ammonia.
— ——

N\ }}Qﬁ.ﬁx@.\iﬁ?ﬁ\ NE'S)
Hgmowv\'\vmrm)\g @>\ \n @\K}\\C’A‘W\O\ke
 Transamination is important for formation of non-essential amino acids

Qutomate AlClVJ”“Ag
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(e (42
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Diagnostic importance of transaminases (ALT and AST): é\j@

L\ Qb 3\ Wpp™ Y
SO\ DL (Ve 9\ E? Seady
\ O 8
* The presence of elevated levels of transaminases in the blood indicates damage to cells

 Transaminases are normally intracellular enzymes.

producing these enzymes. P
* Elevated levels of both A@l‘ and AST indicate possible damage of(_llver cells with

subsequent escape of hepatic enzymes into blood

—

J
* An elevated level of A onlz suggests damage to heart muscle (myocardial

infarction), skeletal muscle or kidney.
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