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TCA cycle : An Introduction

» The TCA cycle, also known as the citric acid cycle or
the Krebs cycle, is the major energy producing .
pathway in the body. This cycle occurs in — PR ——
mitochondria. | o NADHXATP —
» Foodstuffs feed into the cycle as acetyl-CoA which is Pyruvate FAD(2H) Nirogen
oxidized to CO, + H,0 inorder to generate energy. NADH A Jrea | T —
> The cycle also serves in the synthesi e
acids, amino acids, and glucose
» The cycle starts with the Co,
oxaloacetate, adds two carb¢ CO;, |
loses two carbons as CO2, e 7
carbon compound oxalga <‘NADH
» Electrons are transfe AP+ and 0, E
FAD. transport — Phase 2 of respiration
H0 chain ATP generation from
> As the electrons are subsequently passed {0 O, by ATP . oxldalfvephisgphofylation
the electron transport chain, ATP is generated by the @i
process of oxidative phosphorylation. R b r s i
» ATP is also generated from GTP, produced in one
reaction of the cycle by substrate-level
phosphorylation.
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TCA cycle : Conversion of pyruvate to Acetyl-CoA
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Conversion of pyruvate to Acetyl-CoA

In order for carbons from glucose to enter the TCA cycle, Reactive

glucose is first converted to pyruvate by glycolysis, then
reaction catalysed by

pyruvate forms acetyl-CoA a
pyruvate dehydrogenase complex.

COo,
(0] (o CoA-SH "
ol + TPP N ADH
c NAD lipoate, (o) S-CoA
c' & \__rmo | N
| o pyruvate dehydrogenase ! |
CH;3 complex (E, + E, +E;) CHs3
Pyruvate Acetyl-CoA
AG'° = -33.4 kJ/mol

thiol group

H

I
IHS—CHz—CHz—NTﬁ—CHz—CHz—

ethylamine

Acetyl-CoA

B-Mercapto-

(o)

antothenic acid

Coenzyme A

- _ N
(o) (o) </
N

(I) OH
0=P—0"
-

I
(0] 4' H H 1
H H
3’ 2!

NH,

fN Adenine
>

Ribose 3'
-phosphate

3'-Phosphoadenosine diphosphate

TABLE 17.1 Pyruvate dehydrogenase complex of E. coli

Number Prosthetic
Enzyme Abbreviation of chains group Reaction catalyzed
Pyruvate dehydrogenase E, 24 TPP Oxidative decarboxylation
component of pyruvate
Dihydrolipoyl transacetylase E, 24 Lipoamide Transfer of the acetyl
group to CoA
Dihydrolipoyl dehydrogenase E; 12 FAD Regeneration of the
oxidized form of
lipoamide
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TCA CYCLE

* All the enzymes of the TCA cycle are in the
mitochondrial matrix except succinate
dehydrogenase, which is in the inner
mitochondrial membrane.

inner

mitochondrial membrane

e cytochromes

e dehydrogenases
* flavoproteins

intermembrane space

outer
mitochondrial
membrane

matrix
granules

matrix
crista

membrane of crista

(10 nm)

9T 0ir?
IYYYYYY)

elementary particles
(ATP synthase)

The oxidation-reduction enzymes and coenzymes are shown
in red. The entry of the two carbons of acetyl-CoA into the TCA
cycle is indicated with the green box. The carbons released as
CO, are shown with yellow boxes.
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CH,
1 ;
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~~~ HO - C — H
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EIectron‘-\\ ‘\‘ COO™
transport % Isocitrate
hai \
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) CO,
H ' NADH + H*
A ) Isocitrate
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e :' (I:Hz
NADH 2z
+ H* C=0
NAD* | -
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(I:HZ 002
c|>Hz CoASH a-Ketoglutarate
C=© dehydrogenase
1
SCoA
Succinyl CoA
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{ TCA CYCLE

Step 1. Oxidation of the carbons of acetyl-CoA to
carbon dioxide requires capturing eight electrons
from the molecule.

Acetyl-CoA and oxaloacetate condense, forming

citrate.

s Enzyme: citrate synthase.

% Cleavage of the high-energy thioester bond in
acetyl-CoA provides the energy for this
condensation.

% Citrate (the product) is an inhibitor of this reaction.

Step 2: Citrate is isomerized to isocitrate by a

rearrangement of the molecule.

s Enzyme: aconitase.

* Aconitate serves as an enzyme-bound intermediate.

* Under physiological conditions, this is an
unfavourable reaction, favouring citrate formation.

0
v
CH4C = SCoA

Acetyl CoA

Citrate synthase
| H,O

Malate
dehydrogenase

CH,
I :
2 Aconitase
COO~ C_\ NADH COO
I Citrate =
HO—-CH +HY "7l (IJOO
I
CH, Chis
I . _ )
clolen < H=Cgo0
D HO=C—H
Malate ... .\ |
EIectron:\‘ \‘ COO™
H,O ATP transport % %\ Isocitrate
= Rai . 3
umarase chain . " | NAD*
COO™ Oxidative K ' X
I o 1 : .. 002
phosphorylation : - NADH + H*
=l HO O, + !
2 2 ' 5
L S, b Isocitrate
(I:H o ' CIJOO_ dehydrogenase
CO0~ CH,
Fumarate @ = _.-=" ) (I;H
FAD(2H) ==-=-=="" NADH ;2
+ H* C=0
FAR coor NAD* i
Siisciral I (610]0)
uccinate CH =
dehydrogenase 1 - CoASH ?OO a—Ketoglutarate
(I3H2 C|3H2 CO,
CO_O ?HZ CoASH a-Ketoglutarate
Succinate GDP C=0 dehydrogenase
Succinate L :
thiokinase GTP 00

Succinyl CoA



TCA CYCLE

Step 3. Isocitrate is oxidized to a-ketoglutarate, in a
two-step reaction in which there is first an oxidation,
and then a decarboxylation. CO, is produced, and the
electrons are passed to NAD* to form NADH and H*.

This step captures two of the eight electrons present
in the carbons of acetyl-CoA.

s Enzyme: isocitrate dehydrogenase.
% This key regulatory enzyme of the TCA cycle is

allosterically activated by ADP and inhibited by
NADH.

@)
V4
CH4;C =|SCoA
Acetyl CoA
COO™
|
c=0 CoASH COO-
éHz Citrate synthase CI3H2
Malat | H,O I
alee COO™ HO=C=COO™
dehydrogenase Oxal tat 1
ate
Xaloace (I:Hz
= Aconitase
I Citrate =
HO-CH + HY Tl ?OO
I ~~§
CH, Chis
| S st =
CoO™ < < H (IZ COO
T HOSIE
Malate - i
EIectron:\‘ K COO"
Hzo ATP transport “‘ “‘ |Socitl’ate
E Rai 2 o
umarase chain . LN NAD*
COO~ Oxidative \ ' “ co
I phosphorylation P! Y NADH + H* 2
HC HO O, ! .
I S, b Isocitrate
(I:H & . (I:OO_ dehydrogenase
COO™ CHo
Fumarate @~ .- ) (I:H
FAD(2H) =====-=" NADH I 2
= HE =0
Yoo NAD* e
T 1 COO
uccinate CH =
b e ; 2 e ?OO a—Ketoglutarate
(I)HQ C|3H2 CO,
CO_O ?HZ CoASH a-Ketoglutarate
Succinate GDP C=0 dehydrogenase
Succinate i :
thiokinase GTP o

Succinyl CoA



<8 : o 7 . " O
=4 TCA CYCLE i
CH,C=SCoA
e Acetyl CoA
CIJOO'
Step 4: a - Ketoglutarate is converted to succinyl-CoA in G=0 SERE co0"
an oxidative decarboxylation reaction, mechanistically g, o CH,
. . Malat = i =
the same as the pyruvate dehydrogenase reaction. CO, is Sehyiogeins sl HO=C=C00
. Xaloacetate CH
released, and succinyl-CoA, NADH, and H* are produced. i 2 e
. COO™
This step captures another two electrons from the C_\NADH_ Citrate COO™
carbons of acetyl-CoA. NAD- T . L
CH,
4 H=C=CO0"
s Enzyme: ‘a -ketoglutarate dehydrogenase. : HO—C—H
. . . . . RS \‘ |
% This enzyme requires five cofactors: Thiamin Electron™, eleloy
pyrophosphate, lipoic acid, COASH, FAD and N ATP trgnsport %, isocirate
chain S NAD*
Oxidative oo 5 co
phosphorylation o *~ NADH + H* 2
H,O O .
‘ ' Isocitrate
/" H CIJOO_ dehydrogenase
“"',' :' ?Hz
FADEHE NADH 2z
= B G=0
b Goo" NAD* e
Succinate =
dehydrogenase CI:H2 e ?OO a—Ketoglutarate
?Hz 2 ?HZ COZ
CO_O_ ?HZ Canl o-Ketoglutarate
Succinate GDP C=0 dehydrogenase
Succinate GTP il éCoA
thiokinase

Succinyl CoA
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{ TCA CYCLE

Step 5. Succinyl-CoA is cleaved to succinate. Cleavage of
the high-energy thioester bond of succinyl-CoA provides
energy for the substrate-level phosphorylation of GDP to
GTP. Since this does not involve the electron transport
chain, it is not an oxidative phosphorylation; however, if

electron flow were to stop, this step would also be
blocked.

¢ Enzyme: succinate

synthetase.

thiokinase or succinyl-CoA

O

V4
CH4;C =|SCoA
Acetyl CoA
COO™
|
c=0 CoASH COO-
éHz Citrate synthase CI3H2
Malat | H,O I
alee COO™ HO=C=COO™
dehydrogenase Oxal tat 1
ate
Xaloace (I:Hz
= Aconitase
I Citrate =
HO-CH + HY Tl ?OO
I ~~§
CH, Chis
| S st =
COO < < H (IZ COO
T HOSIE
Malate - i
EIectron:\‘ K COO"
Hzo ATP transport “‘ |Socitl’ate
7 hai \
umarase chain .' NAD*
COO™ Oxidative K ' s co
I phosphorylation P! Y NADH + H* 2
HC HO O, ! .
I S, b Isocitrate
(I:H & . (I:OO_ dehydrogenase
COO™ CHo
Fumarate @~ .- ) (I:H
FAD(2H) =====-=" NADH I 2
= HE =0
Yoo NAD* e
T 1 COO
uccinate CH =
b e ; 2 e ?OO a—Ketoglutarate
(I)H2 CIZHZ CO,
CO_O ?HZ CoASH a-Ketoglutarate
Succinate GDP C=0 dehydrogenase
Succinate i :
thiokinase GTP o

Succinyl CoA



to FAD, whic
eight electrgk

** TNis enzyme i} pregent in the inner mitochondrial
membrane. The oher enzymes of the cycle are in

the matrix.
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{ TCA CYCLE

Step 7: Fumarate is converted to malate
addition of water across the double bond.

s Enzyme: fumarase.

O
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Step 8: Malate is oxidized, regenerating oxaloacetate
and thus completing the cycle. Two hydrogens along
with their electrons are passed to NAD*, producing
NADH and H*, and finishing the capture of the eight
electrons from the carbons of acetyl-CoA.

** Enzyme: malate dehydrogenase.
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Energy production by the TCA cycle

1. The NADH and FADH, (produce )

(GTP + ADP = ATP + GDP)

2. The total energy generated by one roumd of the
cycle, starting with 1 mole of acetyl-CoA, is
approximately 10 moles of ATP.

|
HO-CH
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4
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COO
|
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CI3H2 Citrate synthase CI3H2
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1 :
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] . _1
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<. % ‘s‘ 1 B
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Il & 5 Isocitrate
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> " Ncoos NAD* i
Succinat I COO
uccinate CH COO—
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Succinate GDP C=0 dehydrogenase
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Regulation of the TCA cycle

The TCA cycle is regulated by the cell’s need for energy in the form of ATP. The TCA cycle acts in concert with the
electron transport chain and the ATP synthase in the inner mitochondrial membrane to produce ATP:

I.  When the cell has limited amounts of adenine nucleotides (ATP, ADP, and AMP).

ii. When ATP is utilized, ADP and inorganic phosphef@\Pi) are produced.

iii. When ADP levels are high relative to ATP.[i.e, when the cell needs energy = the reactions of the electron
transport chain are accelerated. NADH is rapidly oxidjzed; consequently, the TCA cycle speeds up.

v, When the concentration of ATP is high i.e, wh&n the/cell has an adequate 2 y supply =» the electron transport

enzyme of the cycle.
% High NADH (and low NAD*) levels also af
down of the cycle by mass action.

cycle that generatg NADH, resulting in a slowing

4ct the reactions of |‘

*** Oxaloacetate is converted to malate when NADH is high and, therefore, less substrats
citrate synthase reaction.

(OAA) is available for the
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Regulation of the pyruvate dehydrogenase

a. Pyruvate dehydrogenase exists

in a phosphorylated
(inactive) form and a dephosphorylated (active) form.

. A Kkinase associated with the multienzyme complex
phosphorylates the pyruvate decarboxylase subunit,
iInactivating the pyruvate dehydrogenase complex.
The products of the pyruvate dehydrogenase reaction,
acetyl-CoA and NADH, activate the kinase, and the
substrates, CoOASH and NAD+, inactivate the kinase.
The kinase is also inactivated by ADP.

. A phosphatase dephosphorylates and activates the pyruvate
dehydrogenase complex.

When the concentration of substrates is high, the
dehydrogenase is active, and pyruvate is converted to
acetyl-CoA. When the concentration of products is high, the
dehydrogenase is relatively inactive

Pi|
PDC
inactive

Nt

Pyruvate Q Kinase Phosphatase @ Ca®*

Acetyl CoA ©
NADH OA ’A

PDC
_________ achve
:" Pyruvate °\‘: 9‘ " Acetyl CoA
\ S
* CoASH CO,
’ .
NAD* _.-’ “«.__NADH

° a‘




Vitamins required for reactions of the TCA cycle

1. Niacin (vitamin B3) is used for the synthesis of the nicotinamide portion of NAD, which is used in
the isocitrate dehydrogenase, a-ketoglutarate dehydrogenase, and malate dehydrogenase reactions.

2. Riboflavin (vitamin B2) is used for the synthesis of FAD, which is the cofactor for succinate
dehydrogenase. FAD is also required by a-ketoglutarate dehydrogenase.

3. a-Ketoglutarate dehydrogenase, a multienzyme complex, contains lipoic acid and four other
cofactors that are synthesized from vitamins.

a. Thiamine (vitamin B1) is used for the synthesis of thiamine pyrophosphate.

b. Pantothenate (vitamin B5) for COASH.

c. Riboflavin (vitamin B2) for FAD.

d. Niacin (vitamin B3) for NAD".



Synthetic functions of
the TCA cycle

— A. Tricarboxylic acid cycle: functions

* Essential Asp. Asn, = Glucose
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Carnitine \
shuttle |

i Cytoplasm
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CcO,
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Suficinate
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1
Asp Asp
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Tyr
His
le™ Pro

val~* Arg
Met™ GIn
P Glu

? glutarate

alate

Oxalo-
acetate

Citrate <-J

Isocitrate

2-Oxo- A

Glu, GIn,
Pro, Arg

OH
o 2[H]-— O Ubiquinol
= ‘ (QH>)
OH

Oxidative
phosphorylation

e L OO0

v

H>O

co,

! Irreversible |

Malate g():(:tlgfe

CoA Acetyl

Pyruvate carboxylase
6.4.7.17

Malate dehydrogenase
- I-T-37

PEP carboxykinase
4.1.1.32

Citrate lyase 4.7.3.8

VEE N E

Malicenzyme 171.7.7.40

> Catabolic pathway

—>> Anabolic pathway
=—> Anaplerotic reaction



Martin Mulinge


Synthetic functions of the TCA cycle

Amino — Pyruvate «—— Lactate

Anaplerotic reactions replenish intermediates of the TCA acids

cycle as they are removed for the synthesis of glucose, fatty €02 et s

acids, amino acids, or other compounds. ;\i;';\ @ B

a. A key anaplerotic reaction is catalyzed by pyruvate ADP+pi4/ Nty EoA ‘

carboxylase, which carboxylates pyruvate, forming il "\KA

oxaloacetate. GIuiose Oxaloacetate . b

< Pyruvate carboxylase requires biotin, a cofactor that is U At o
commonly involved in CO2- fixation reactions. ® / \

s Pyruvate carboxylase, found in liver, brain, and adipose e Malals e

tissue (but not in muscle), is activated by acetyl-CoA.

b. Amino acids produce intermediates of the TCA cycle through CO, il
anaplerotic reactions. l
< Glutamate is converted to a-ketoglutarate. ':‘rgi(;‘so—@Fumarate R e < 5 Gltamate
% Amino acids that form glutamate include glutamine, proline, \ /(

arginine, and histidine. _ co L —
< Aspartate is transaminated to form oxaloacetate. Asparagine Succriahe SRR ey B0l NHp L E

can produce aspartate. By
% Valine, isoleucine, methionine, and threonine produce Methyl malonyl C'O'AT‘

propionyl-CoA, which is converted to methylmalonyl-CoA Ve i e

and subsequently to succinyl-CoA, an intermediate of the Isoleucine > roPiony! CoA

TCA cycle. Odd chain fatty acids3

* Phenylalanine, tyrosine, and aspartate form fumarate.



Synthetic functions of the TCA cycle

Synthesis of glucose

a. The synthesis of glucose occurs by the pathway of

gluconeogenesis, which involves intermediates of the TCA

cycle.

b. As glucose is synthesized, malate or oxaloacetate is

removed from the TCA cycle and replenished by anaplerotic

reactions.

% Pyruvate, produced from lactate or alanine, is converted
by pyruvate carboxylase to oxaloacetate, which forms
malate.

% Various amino acids that supply carbon for
gluconeogenesis are converted to intermediates of the
TCA cycle, which form malate and, thus, glucose.

Amino —» Pyruvate «—— Lactate

acids
cO
° \ PDH
ATP — Fatty
biotin @ acids
ADP + P Acetyl CoA ;

Il
G |Ucose v /ﬂ 3 a
Oxaloacetate o

A Citrate - ----~ i
\ Aspartate /// \

---- Malate Isocitrate

Amino
CO, acids

Amino @

— Fumarate o.-Ketoglutarate <—> Glutamate

acids \\‘ /{C | G@{

Succmate SUCCInyI CoA NAD*
He \aDH
B1
Methyl malonyl CoA
Biotin $COQ
Valine

Isoleucme_> Propionyl CoA

Odd chain fatty acids3



Synthetic functions of the TCA cycle

Synthesis of fatty acids

a. The pathway for fatty acid synthesis from glucose

includes reactions of the TCA cycle.

% From glucose, pyruvate is produced and converted to
oxaloacetate (by pyruvate carboxylase) and to acetyl-
CoA (by pyruvate dehydrogenase).

% Oxaloacetate and acetyl-CoA condense to form citrate,
which is used for fatty acid synthesis.

* Pyruvate carboxylase catalyzes the anaplerotic reaction
that replenishes the TCA cycle intermediates.

Amino — Pyruvate «—— Lactate

acids co, \
s PDH Fatty
biotin) @ acids
ADP +P; Acetyl CoA

Gl ! /_\&A
ucose Oxaloacetate

A

Citrate
Aspartate /// \

-
----

IRREEE Malate Isocitrate
Amino
CO, acids
g @F t Ketoglutarat <—>TA Gl tl t
acigs —> Fumarate o.-Ketoglutarate @ utamate
\‘ A/(Co2 GDH .
Succinate Succinyl CoA MAD
* NADH
By
Methyl malonyl CoA
Biotin FCOQ

Valine __, Propionyl CoA
Isoleucine

Odd chain fatty acidsvj



Synthetic functions of the TCA cycle

forming citrate
ketoglutarate,
proline, and arginine are

Interconversion of amino acids involves
intermediates of the TCA cycle. For example, the
carbons of glutamate can feed into the TCA cycle at
the a-ketoglutarate level and traverse the cycle,
forming oxaloacetate, which may be transaminated to
aspartate.

Amino — Pyruvate «—— Lactate

acids co, \
ATP PDH Fatty
biotin) O acids
ADP + P, Acetyl CoA
GI v /_ﬂ ’Ill
Uiose Oxaloacetate Citrat o4
itrate - ----
' Aspartate — V\
e Malate Isocitrate

Amino
CO, acids

Amino @

— Fumarate o.-Ketoglutarate <—> Glutamate

acids /( @
\ GDH
\ 00 NAD*

Succinate Succmyl CoA
He \aDH
B12
Methyl malonyl CoA
Biotin FCOQ
Valine

Isoleucine Propionyl CoA

Odd chain fatty acidsvj


Martin Mulinge


Questions & Answers



