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Sources and Uses of Acetyl-CoA
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FAD —+

Electron (energy) carrying Molecules (NAD+, FAD)

> FAD
Single electrons (He), different sources >
Succinate to fumarate, lipoate to lipoate disulfide >
in -KG
FAD must remain tightly, sometimes covalently,

> NAD
Pair of electrons (H-), same source
Alcohols to ketones by malate
dehydrogenase & isocitrate
dehydrogenase

attached to its enzyme > NADH plays a regulatory role in
E° for enzyme-bound FAD varies balancing energy metabolism
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» No O, introduced
» Two CO, exits

Glucose Fatty

A acids
Pyruvate

Ketone
bodies

CO, /

Acetate — Acetyl CoA €—— Amino acids

CoASH
Oxaloacetate

4
NADH + H* (4c) Citrate (6c)
Mﬂlﬂ}ﬂ (4c) Isocitrate (6c)
Fumarate (4c) _ ]
Succinate (4c) COs

x o-Ketoglutarate (5c)
GTP Succinyl- My NADH + H*
cpp CoA

(4c) CO,

Met reaction

Acetyl CoA + 3NAD* + FAD —» 2C05 + CoASH + 3NADH + 3H*
+ GDP + P, + 2H,0 + FAD (2H) + GTP



Does Acetyl-CoA exit as CO2?

— CoASH 70 - ~- - -
¢=0 w0t » Why to make Isocitrate from citrate?
CH, ; E:}ltrate synthase ' CH, :
| L TR ,
Sehydronmnaes coom ° HO=C~C00"
dehydro oxal tat . . . . .
neloncetate CH, | v’ Citrate is atricarboxylic acid
cOO- Coo™ aconitase
| NAD - Citrate Coo™
HO - CH FHE Tl :
CH, R
e “ H=C 46007
Malate :‘:-.“‘ HO— EI;_ H
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H20 — ATP - transport ~‘.1 s Isocitrate
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COO- Oxidative TN o e
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L M0 O/ ' socitrate
CH oenase
COO
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FADH(2H) ---=-="~
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> oo > Where does the CO2 exit?
succinate (!JHQ
dehydrogenase 1
! CI;HE CoaSH
coo
Succinate caDp
succinate TP +Pi SCoA
thiokinase

Succinyl CoA
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Enzymes of the TCA Cycle

Citrate synthase (not an
allosteric enzyme)

malate

dehydrogenase

Aconitase malate
Isocitrate dehydrogenase N
a-ketoglutarate dehydrogenase -
Succinate thiokinase ,

. fumarate
Succinate dehydrogenase
Fumarase i FADH,
Malate dehydrogenase dehydrogenase \—FAD

succinate

GDP NADH
sHccinate

thiokinase

NAD

GTP

oxaloacetate

citrate synthase

NADH acetyl-CoA

citrate

aconitase
TCA cycle Isocitrate
NAI
I ”['.':." File
NADH cfr.:'.'r.'_'.'z.-"."r:_L"['.'h'.fu'

NAD

a-ketoglutarate

\'urs:injnl CoA

a-ketoglutarate
dehydrogenase complex



Fatty acid Fatty acid
Step 1: Formation of MITOCHONDRIA CYTOPLASM
p . beta oxidation synthesis
Citrate -
v Citrate synthase is inhibited by its - g
product, citrate. Citrate. Rty
v Substrgte availgbility IS another way of 3 g«g
regulation for citrate synthase. G bl .gij “
v The binding of oxaloacetate causes a P o B e
conformational change in the enzyme ( il ] )
T : 3 s
that generates a binding site for acetyl = T
CoA. .
v’ Citrate provides a source of acetyl CoA iplte
for synthesis of fatty acids and activates s A
their synthesis e s IC ABE
v’ Citrate inhibits phosphofructokinase NADPH L, J R
(glycolysis) Pyruvate «— @ <+— Pyruvate




Step 2+3: Formation and Oxidation of Isocitrate

> Oxidative

. Control at the committed step of glycolysis
decarboxylation
(irreversible) Fructose 6 - phosphate
> 3°to 2° alcohol il
Phosphofructokinase
v Aconitase is an Fe-S protein Activated by F-2,6 - BP
- Activated by AMP
‘,3“1-000‘30 ADP Inhibited by ATP and citrate
\c‘macld"o.z;,c—cod Y
\ Fructose 1,6 - bisphosphate
H,0 -
2 Aconitase c.:H—COO

Cis-Aconitate I—COO s
+ H,—COO0

2 Aconitase

HO
Isocitrate

\

Application: Aconitase is
inhibited by fluoroacetate
that is used as a rat poison

-?H—ooo:
H—C00
CH,—CO0

Pyruvate

K ATP, acetyl-CoA,

pyruvate ‘| \Z NADH, fatty acids

dehydrogenase

complex | (&) AMP, CoA, NAD*, CaZ*

R 4

Acetyl-CoA

NADH, succinyl-CoA, citrate, ATP

® @) aop

citrate

synthase  Citrate
Citric ”
Oxaloacetate : aci d lsockrate
cycle  isocitrate | &) ATP, NADH
k ‘dehydrogenase -
malate . A

| @ ca?*, apP
dehydrogenase /NADH 1

Malate

o-Ketoglutarate
FADH, aketoglutarate’ J- P
pesvesrssmment] @ succinyl-CoA, NADH
complex @‘J Ca2+

succinate

dehydrogénase Succinyl'COA

GTP
(ATP)



Step 4: a-Ketoglutarate to Succinyl-CoA

O
CHy-C- O
- 4 e . Ol CH,
> Oxidative decarboxylation [
> o-ketoglutarate dehydrogenase complex, u-Ketoglutarate
a multimolecular aggregate of three CoA
NAD'
enzymes NADH ' = O- HEI'E-;'JL-I‘FE"'.I;T;'
> Thiamine pyrophosphate, lipoic acid, "'"E:TI denmﬁgenase
FAD, NAD+, and CoA ‘“‘* “‘2
> Energy conserved as NADH, Case = l NADH + H'
thioester bond |
O CH,-C-O
CoA-C-CH,

Succinyl CoA



a-Ketoacid Dehydrogenase Complexes (TLCFN)

> (a-ketoglutarate, pyruvate, and branched chain a-keto acid) 5 oo
dehydrogenase complexes v CH,
> Huge enzyme complexes, multiple subunits of 3 different enzymes (no B CH,
. . a C=0
loss of energy, substrates for E2 and E3 remain bound — higher rate) heseos
> Ea1, E2, & E3 are a decarboxylase (TPP), a transacylase (lipoate), & a o—Kotoglutarate
dehydrogenase (FAD) NAD*_ | Thiamine-®®
Lipoat
o ] FAD(2H) . NAD" cmsk FAD
| ¥ DihydrolipoylDH * o—ketoglutarate
H- GH—-[H:'F' Sf-—‘T_Ip :, ) ESP y 1};6 E‘tﬁé?{dehydmgenase complex
| | LT
————— c—Keto &2l . FAD a NADH/
' CO, ! acid DH Trans Ac G ; Seoaes - kA4 NADH % g
SNEEL N N 1 +H* _
SH 5 oo
i ' Trans Ac _,. /
? :.xo E1 eﬂ E2 — Lip—SH ; E:z
SN Y o 0 2
C=0 Trans Ac e - 7 | o
Arante o.—Keto ian & P
{CO0- ! acid DH | ,ff*'I H—C—5CoA o ©=SCoA
s J ,—*Llpx Ii:l} "\ CoASH Succinyl CoA

l
o—Keto acid TPP HS S—C-R



Thiamine pyrophosphate

> Thiamine (vitamin B1) deficiency, a-ketoglutarate, pyruvate, & branched chain
a-keto acids accumulate in the blood

OH

Dissociable R-CH-TPP
pmm”"‘“r_ Reactive carbon Coenzyme z |
' hindingsite @ @~ = =0 cee-eas o-Keto
NH I atom a .
! : ‘“'{S —— ' CO; . v acid DH
+..lIIl - S B ee .
riJf”" “o—cH= (" ] o 0 S
—G—CH,—CH,—O—P—0—P—0" o e:
HyC—Cx N,-’LL’ c|: : ? Il I R E1 A
CHa o 0 ! »
' | I | —
R n ,';'_T_“',), o.—Keto
COO™ ¢ acid DH

Thiamine pyrophosphate (TPP) R 3 :
o—Keto acid TPP



Step 5: Cleavage of succinyl CoA and Generation of ATP

> Succinate thiokinase (succinyl CoA synthetase—
named for the reverse reaction) cleaves the high-
energy thioester bond of succinyl CoA

> Succinyl CoA has a thioester bond (CoASH & an acyl

group)
> GTP is produced by substrate level phosphorylation

v GTP and ATP are energetically
Interconvertible by the nucleoside
diphosphate kinase reaction

GTP +ADP <> GDP +ATP

O
O CH,-C-O'
CoA-C-CH,
Succinyl CoA
GDP + P
Succingle
thuokinasa
GTP
Coh
Q
I:Er l.?rl L=C=0F
‘0-C-CH,

Succinate



Step 6: Oxidation of succinate

Succinate is oxidized to fumarate by succinate
dehydrogenase

FAD (its coenzyme) is reduced to FADH2
FAD, rather than NAD+, is the electron
acceptor because the reducing power of
succinate is not sufficient to reduce NAD+
Succinate dehydrogenase is the only enzyme
of the TCA cycle that is embedded in the inner
mitochondrial membrane.

Succinate dehydrogenase functions as
Complex Il of the electron transport chain

G
O CH,-C-0O
i I
"0-C-CH,

Succinate

FAD
Succingls
dehydroganase

Y FADH

Fumarate



Step 7: Hydration of fumarate

0
1
H C-O
r:
o c:

_ : 0- I.T- I
> Fumarate is hydrated to malate .
umarate

oy fumarase (fumarate 0
nydratase) Fmaﬁ'ﬁ‘/)

> A reversible reaction -

HO- E E'I
Q
"0-C-CH,
L-Malate




Step 8: Oxidation of malate

> Malate is oxidized to oxaloacetate by malate dehydrogenase HG-E_E’-G-
> The Alcohol group of malate oxidized to a keto group 0 |
> This reaction produces the third and final NADH of the cycle. ﬂ'::::a
» The AGO of the reaction is positive, but the reaction is driven in NAD’
the direction of oxaloacetate by the highly exergonic citrate e
synthase reaction. a R

Oxaloacetate as a junction point ! r|:-r::-=:r

Glucose l Fatty acid "0-C-CH,

I Oxaloacetate
Phosphoenolpyruvate‘ Pyruvate
€5 | | o
Oxaloacetate  +Acetyl CoA » An important junction pointin
i | metabolism

Aspartate Malate Citrate
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Bioenergetics of TCA Cycle

Like all pathways, overall net

-AG (-228 kcal/mole)

3NADH, FAD(H2), and GTP= (10ATP)
Three reactions have large (-ve) values
Physiologically irreversible, low products

Acetyl CoA
CoA
Oxaloacetate B
NADH + H* 2 Citrate
NAD*
+7.1 keal +1.5 keal \
Malate Isocitrate
_ NAD+
1,04 < 22 Keal K NADH + H*
CO,
Fumarate u—Ketoglutarate
—8 kcal NaD*®
FAD(2H) k)\‘}:‘ca' —0.7keal  gop
EAD s ] CoA NADH + H*
uccinate Succhivt co,
CoA
GTP P, GDP ~*

TABLE 19.1: ATP generation steps

Step Reactions Co-enzyme ATPs (old- ATPs (new
No calculation) calculation)
3 Isocitrate —» NADH 3 25
alpha keto
glutarate
4 Alpha keto NADH 3 25
glutarate —»
succinyl CoA
5 Succinyl GTP 1 1
CoA—-Succinate
6 Succinate —» FADH2 2 15
Fumarate
8 Malate - Oxalo NADH 3 25
acetate
Total 12 10

1
2

3=

= Citrate synthase
= Aconitase
Isocitrate dehydrogenase

4 = Alpha ketoglutarate

5

Y i
8=

dehydrogenase

= Succinic thiokinase
6 = Succinate dehydrogenase

Acetyl CoA

Oxalo- ATP inhibits
acetate (physiological
regulation)
NADH 1

Malate Citrate
25ATP
/ % Fluoro-
acetate
Fumarate gy (8oxic)
Malonate (toxic) Total 10 ATP
EADH, 2 1.5 ATP per cycle
\ Isocitrate
25ATP
t
Succinate / NADH
5 GTP 2.5 ATP NADH inhibits;
ADP activates
Oxalosuccinate (physiological)
Succinyl CoA
4 NADH
Alpha
Arsenite (toxic) CO, ke‘:o Oz

Fumarase
Malate dehydrogenase

glutarate



Net Result of TCA Cycle and its significance

Box 19.1: Significance of citricaad cyde

TABLE 19.2: Stoichiometry of the TCA cycle

AcetylCoA ) ( 2C0,+CoA-SH
Oxaloacetate Oxaloacetate r
FAD > » < FADH, 3.
3NAD* 3 NADH 4
GDP + PI GTP -
e
5
6.
8.
9.

Chemical reactions that
form intermediates of a «——
metabolic pathway

10. Anaplerotic role.

. Complete oxidation of acetyl CoA

ATP generation
Final common oxidative pathway

Integration of major metabolic pathways

Fat Is burned on the wick of carbohydrates
Excess carbohydrates are converted as neutral fat
No net synthesis of carbohydrates from fat
Carbon skeletons of amino acids finally enter the

citric acld cycle A biochemical pathway,

Amphibolic pathway— which involves both
catabolism and anabolism

v Fats are burned in the fire of carbohydrates, the efficient burning of fats for energy depends on the
presence of carbohydrates to provide the necessary oxaloacetate for the Krebs cycle
v' Fat cannot be converted to glucose because pyruvate dehydrogenase reaction is an absolutely

irreversible step



TCA Cycle Intermediates Interactions with Other Pathways

> Intermediates are Precursors for Biosynthetic Pathways (citrate, acetyl CoA, fatty acid
synthesis, liver) (fasting, malate, gluconeogenesis, liver) (Succinyl CoA, heme
biosynthesis, bone marrow) (a-ketoglutarate, glutamate, GABA, a neurotransmitter,
brain) («-ketoglutarate, glutamine, skeletal muscle to other tissues for protein

synthesis)

Acetyl CoA
" Amino acid | " Fatty acid :
| synthesis <+ ---- Oxaloacetate Citrate --------hE synthesis
( TCA \'
oo -y o cycle |
 Gluconeogenesis | - Magte etoghtarate s | ATINO a0k
\ u—jg utarate 'i'*' + synthesis :
T Sttt -
Succlnlyl CoA '....; Neurotransmitter °
' ; rain) :
v 0 heieieiaiaa,
Heme



Anapleiotropic Routes

> Pathways or reactions that replenish
the intermediates of the TCA cycle

> Pyruvate Carboxylase is a major
anaplerotic enzyme (requires biotin)

> Found in many tissues, liver, kidneys,
brain, adipocytes, and fibroblasts

> Very high conc. In liver and kidney
(gluconeogenic pathway)

> Activated (acetyl CoA)

?GDH
ATP + :HCO3:+C=0

------ S
CH-

Pyruvate
pyruvate biotin
carboxylase | (+) Acetyl CoA
?DDH
1|3=D + ADP + P,

Oxaloacetate



Other Anapleiotropic Routes (amino Acid Degradation)

Glucose =t Pyruvate
Tryptophan=->Alanine I
Acetyl CoA
Aspartate = Qxaloacetate
Citrate
Phenyl-
alanine; —> Fumarate a—ketoglutarate

Tyrosine
\ / Glutamate
Succinyl

CoA
Hlstldlne

Arginine

"\ Proline
Odd chain

fatty acids

Proplonyl CoA

Valine, Isoleucine, Methionine

Amino — Pyruvate

acids Carbohydrates
CO, =N Fatty acids
ATP Amino acids
o |
ADP + pi 4'/
Acetyl CoA
Oxaloacetate -
itrate
Aspartate — \
AST
Malate Isocitrate

Amino
CO; aCIdS

Amino o

—» Fumarate

acids \

Succmate

o—Ketoglutarate <—> Glutamate

/{CO
Succmyl CoA NADH
NH;
Valine

Isoleucine —» Proplonyl CoA «+— Odd chain fatty acids



Regulation of the TCA Cycle

Fuel oxidation

'
> Correspond to ETC Acetyl Co
ATP/ADP oo
( / . ) Oxaloacetate  (-)Citrate .
» Two major messengers H+ + NADH _¥...-Crate A
—)NADH synthase
(feedback): (a) - % s \\ -
phosphorylation state of Majate ey O
- Genycrogenase "0
adenines, (b) the Snop |0 A0P P Ll
. =) NAD " S— ﬁ:_.l;"
reduction state of NAD o So [oarHH AP+ SRS
> Adenine nUCIEOtideS pOOI Fumarate oi-ketoglutarate Coton rtarat
dehydrogenase CO—Ketoglutarate
electron - CoA
and NAD pool are tran;mrtfm{i:}n%\ om0
relatively constant chain Succipate s T NADH < e

CoA



Regulation-Citrate and Citrate Synthase

> Rate regulated by oxaloacetate &

Fuel oxidation

Citrate (inhibitor) Acetaﬁ CoA .
> ATP acts as an allosteric inhibitor of
. NADH eynihass
citrate synthase w0/ e \\
Malate Isocitrate
> Effect of citrate: e | o
> Allosterically inhibits PFK, the key enzyme oA\ | SHl gl
Of g IYCOIySiS N ac;:it;cﬂg;zrr?;ie u—Ketoglutarate
. electron _FAD(2H) “NAD
» Stimulates fructose-1,6-bisphosphatase, a éﬁ;‘?"”QFm N
key enzyme of gluconeogenesis Cont” Yy oA T

GTP P @pp

> Activates acetyl CoA carboxylase, a key
enzyme of fatty acid synthesis



Fuel oxidation

Acetyl CoA

ISOCItrate DH Oxaloacetate (=) Citrate L

H* + NADH - ¥.___-Citrate NADH
- NADH Cg;?:(?\ase MDY y
NAb* 'étfmwenase ‘\ 3 : :‘

] n "o E Malate Isocitrate 5

> Best regulation (rate-limiting) , s 0

app |~NAD® ADP P~ Ll
> Allosterically: activated (ADP, Ca*?) ( | —

HQO \ s ) Ca= 002

> I n h i b it i 0 n (N AD H) Fumarate o-ketoglutarate
dehydrogenase o.—Ketoglutarate
electron FAD(2H) (= NADH
> No ADP vs. ADP (Ky), a small gQ&\ oy
change in ADP, great effect

Sy Succinyl CoA *CO
CoA

GTP P, @pp

a-Ketoglutarate DH

> Inhibited: NADH, succinyl CoA, GTP
> Activated: Ca*2

[Isocitrate] [NADH] —»



Inhibitors of TCA Cycle (Physiological?)

v A. Aconitase (citrate to aconitate) is

. ap - il Acetyl CoA inhibi
inhibited by fluoroacetate (non- / acette \/ (physiclogica
NADH

1 regulation)
competitive inhibition) Maiate Sirate
v B. Alpha ketoglutarate / sl : e
umarate Aconita toxic
dehydrogenase (alpha keto F o O

Malonate (toxic) Total 10 ATP

v" glutarate to succinyl CoA) is o S W |
socitrate
inhibited by Arsenite (non- Sucqnate / 9%,%% é
1ATP pw T,
competitive inhibition) \S(GTP /25’”" g ADP aciates
] Egaenase xalosuccinate (physiological)
v C. Succinate dehydrogenase | S“°°'"V'C°A4 b /
(succinate to fumarate) is inhibited = sentetono CO> s

by malonate (competitive inhibition)



