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Sources and Uses of Acetyl-CoA

This cycle starts with Acetyl-CoA that react with last intermediate ( Oxaloacetate) .

What is the importance of Krebs cycle ? It’s a universal pathway which means it happen inall cells,
Krebs cycle occurs inside each cell that contains mitochondria.

There is no direct relation between the source of Acetyl-CoA and the cycle (Acetyl-CoA doesn't have to
be only from glucose breakdown). Fats
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What is the sources of Acetyl-CoA ?

Oxidation of
carbohydrates produces
pyruvate, and pyruvate
becomes Acetyl-CoA by

Degradation of proteins gives amino acids.
Some amino acids produce Acetyl-CoA. These
amino acids are called ketogenic.
(Explanation: Breakdown of specific amino

23??:? enase acids gives acetyl-CoA, which are then used to
corr?p[exg produce ketone bodies).

Remember: oxidation of substrate accompanied with reduction

of co -enzume .
Note : An 18-carbon fatty acid will produce 9 acetul-CoA

Fatty acids oxidation: fatty acids stored in adipose tissue as triacylglycerol. In molecules (2 carbon for each) during oxidation.

certain conditions when we need to breakdown triacylglycerol and use it to
produce energy, ester bonds between glycerol and fatty acids will be hydrolyzed
so fatty acids go to bloodstream, then albumin brings them to the tissue and
oxidation of fatty acids will begin to produce Acetyl-CoA

(The main substrate’s oxidation means degradation of it to produce energy—>
catabolism.

Reduction of the main substrate happens in anabolism).

Krebs cycle needs oxygen to be activated ( Explanation : the Krebs cycle itself does not need oxygen and doesn’t produce enough energy directly,
mostly indirectly by electrons carrier, it is dependent on oxygen for the overall process of aerobic respiration , we need oxygen for electron
transport chain since the last acceptor for electrons is oxygen (if there is no oxygen for electrons transport chain, Krebs cycle stops)).

it could be used to produce fatty acid ( so Acetyl-CoA come from degradation of fattyacids and vice versa but

not simultaneouslyand at totally different conditions ).
Basically, Acetl-coA is used in a Krebs cycle, but

—» oxidation in Krebs cycle .

sometimes when the Acetyl-coA is produced in higher

ways for using Acetyl-CoA:
concentrations than needed for Krebs cycle, the rest of

in Cholesterol manufacturing ( steroids compound in general). Acetyl-coA will be used in manufacturing other 4
In ketone bodies manufacturing. compounds in order to avoid accumulation.



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

> FAD > NAD
. . Hydride
> Single eleﬁtrons (He), different sources _ > Pair of electrons (H-), same source
>
:iusfj;:?::e to fumarate during Krebs cycle , lipoate to lipoate Alcohols to ketones by malate
- oKG dehydrogenase & isocitrate
> FAD must remain tightly, sometimes covalently, dehydrogenase| .\ o eaceion
attached to its enzyme > NADH plays a regulatory role in
> E° for enzyme-bound FAD varies balancing energy metabolism
2 NS NH Z NH _ C 00" -
o | & J@[ mf coo
CHa 1o, H* . CHE ----- . CHs
i HGOH Riboflavin FADH- FADH2 Isocitrate | -, COy! I a-Ketoglutarate
H(::OH (half reduced semiquinone) (fully reduced) H_(_I-; “'E:_QQ isncitrate - Rk (I:HE
HGOH T e L0k dehyd -
BT e FAD accepts the electrons one by one, HFO ?F LA > {-I;_D
_o_§=o — accepting one electron-> becomes a radical Coo™ | D / 4 0 COO~
= o ! I
i e ; e 7 C- NH, @C—NH;
e a J I.x—\+ + :LHt:
CH, O_ N NJ ‘xr;J r}“'l .
! R R R
Flavin adenine dinucleotide (FAD) and N.Iﬂl D+ NF'.DH

flavin mononucleotide (FMN)
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Stepwise Reactions

Through Krebs cycle reaction, oxidation for main
substrate accompanied with reduction for co-
enzyme ( FAD \ NAD which mostly used in oxidized
form and become reduced )

REMEMBER :depending on reduction potential NAD+
favors to become produced since we need this form
of it in most metabolic pathway .

» No O, introduced
» Two CO, exits

The last redox reaction happen on Malate
accompanied with reduction for NAD+ Malate {45}

Oxidation of sccinate accompanied with

reduction to FAD
Succinyl coA is highly energy molecule

due to presence of coA, thisenergyis
used to phospholirate GDP to produce GTP

*Focus on number of Carbon for each compound:)

*What is the only energy molecule produced directly during
Krebs cycle ? GTP

Glucose Fatty
. , acids
yruvate Ketone
bodies
co. /

ﬂ Regardless of the source
CoA —— Amino acids

(2c)
CoASH Leave out

Acetate ———»

From outside

Oxaloacetate

NADH + H* (4c)

Citrate (6c)

Isomarization

|socitrate (6c)
Decarboxylation

NADH + H*

Fumarate (4c)
FAD (2H)

Tricarboxylic acid
(TCA) cycle
Succinate (4c)

&\ o-Ketoglutarate (5c)
TP Succinyl- NADH + H*
GDP

Further oxidized and decarboxylated
to succinyl - CoA

CoA

The high energy thioester bond of [43}
succinyl CoAis cleaved to produce

GTP

Reduced

Met reaction

*2 carbons enter as Acetyl-coA and 2 carbons exit one by one AEEWl El:},l':lu. - SNAD_" -— F,'EH.D —_— EC[}E -+ EGASH =+ ENADH -+ E-H+

as co2 (same carbons ).
*krebs cycle considered as both anabolic and catabolic.

+ GDP + P, + 2H,0 + FAD (2H) + GTP



Does Acetyl-CoA exit as CO2?

alt . < =3, 1. . .JI«\ € v Naa o 10Ny 1~ Yo I
O
‘9 I.\_u
CH,C—SCoA
Acetyl CoA
(I:OO_
- CoASH = ===, - f .
¢=0 wo:  » Why to make Isocitrate from citrate?
CH citrate synthase ' CH v
| c H,0 2
dehyd crne1|’1|a coo” HO— (I:-COO_
Oxaloacstate o v Citrateis a tricarboxylic acid
coo- Coo™ aconitase
I NADH - Citrate oo™
HO - CH SHE T :
CH, R
Goo- R H=C+£COOT ]
Malate : . HO=C—H
Ny electron s, " olelon
Hz0O — ATP = transport “.1 Isocitrate
fumarase SN chain \ ' NAD*
coo- Oxidative OO .
H(ID phosphorylation : ' *- NADH + H+
T HO  Osp i
o .
elon i
Fumarate et ‘ Remove the 2 carbons as
ADH(2H) --==-="""" CO2 by decarboxylation
reaction using
dehydrogenase enzymes
CoASH .
> Where does the CO2 exit?
Succinate GDP
succinate cTP +Pi SCoA
thickinase

Succinyl CoA
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Which one is the only enzyme of krebs cycle enzymes

that found in inner mitochondrial membrane protein ?

S_kLCS.i.n.aIQ_d_e.thd.l’_Q_g_Qn.aS_e.._Responsible for succinate

catalyzing step six, the other enzymes are soluble in thiokinase succinyl CoA

Enzymes of the TCA Cycle

Memorize compounds name

malate
Citrate synthase (not an m-f“-m-;.aq% mmme“ Synihase
allosteric enzyme) \  NADH  acetyl-CoA
Acon itase Isomerase ( catalyze reversible reaction ) malate - citrate
|Socitrate d ehyd rogen QS @ For redox reaction (NAD+ pl.‘oduced )
jumarase aconitase
a-ketoglutarate dehydrogenase \
Succinate thiokinase —
in h r n =__redox umarate TCA EFCIE Isocitrate
reaction but different co-enzyme (FAD) F*st[)”-. NAI
, succinate L
FU marase not for redox reactions {."e'.I.F_l'[.lr.r'r{;!i’!.i‘.rfht' FAD Isocitraie
Ma Iate dEhYdI'Ogenase for redox reaction NADH :'lr{I'Irr-l'.‘r'll'l.“-l“'r'[:m'rH.
(NAD®) succinate
GTP NAD | @-Ketoglutarate

GDP NADH

a-ketoglutarate

dehydrogenase cowgplex

matrix .



Step 1: Formation of Citrate

v" Citrate synthase is inhibited by its
product, citrate. (Product inhibition )

v' Substrate availability is another way of regulation
for citrate synthase.

v The binding of oxaloacetate causes a
conformational change in the enzyme that
generates a binding site for acetyl CoA.

v" Citrate provides a source of acetyl CoA for synthesis
of fatty acids and activates their synthesis

v’ Citrate inhibits phosphofructokinase (glycolysis)

*The cycle Neither increase nor decrease the intermediate compounds .
Presence of oxaloacetate to start the cycle is essential, oxaloacetate interact
with many metabolic pathway. Citrate act as regulator for glycolysis
(binding with glycolysis enzyme to inhibit it)

* A lot of citrate - inhibition of glucose degradation (why ? High
concentration of citrate means The Krebs cycle is operating well so we have
alot of ATP, thereis noneed for glucose degradation so inhibit it .

Citrate has transporter in inner mitochondrial ﬂ
membrane so it can exit to cytosol ( excess citrate), in

cytosol it can activate fatty acids synthesis by

reproducing Acetyl coA ( precursor molecule for :>
synthesizing fatty acids)

separate the process(degradation and
production of fatty acids)because of
compartmentalization (cytoplasm vs
mitochondria)

MITOCHONDRIA

beta oxidation

NADP*<t:)

NADPH

T ans
Pyruvate ¢—

Citrate

2
Oxaloacetate

NADH

Malate

] @&

v
<+— Pyruvate

Fatty acid
CYTOPLASM

NADP’
NADPH




Step 2+3: Formation and Oxidation of Isocitrate

> Oxidative

P'yruvate
. . X st E “ATP, acetyl-CoA,
d eca I’b OXYl ation Control at the committed step of glycolysis dehyd::)ygena:e | & nao, fatyacds
. . complex . @ AMP, CoA, NAD*, Ca2*
(irreversible) Fructose 6 - phosphate AcstppCoh
> 30 to 20 a ICOhOI ATP ®NADH , succinyl-CoA, citrate, ATP

&) aor
citrate

synthase Citrate

_ _ _ Phosphofructokinase
v' Aconitase is an Fe-S protein Activated by F-2,6 - BP

. Activated by AMP Citric

Oxaloacetate - o ¥ &‘
s _ acid Isocitrate
$Hy—00 ADP Inhibited by ATP and citrate cycle socitrate | (0 arpr NADH
~ 00 Citrate and isocitrate Presence of ATP & citrate both - | dehydrogenase '\ / Ca2* ADP
Citric acid only differ in the signifies that the cell has enough dr;;,fogenase | NADH - T
location of the energy 0 &
hydroxyl group Fructose 1,6 - bisphosphate Mot -Ketoglutarate
H,0 FADH, ;‘;ekhe;grg;;?nr::: ® succinyl-CpA, NADH
2 Aconitase \_ complex 7 @Céz*
succinate .y
Aconitase i i - - dehydm‘ge,,asse | .‘Su_cvcmyl’-CoA
e Application: Aconitase is
St Uzgiiie inhibited by fluoroacetate | Ihese enzymes perform
reverse i ) v oxidative decarboxylation
e that is used as a rat poison GTP

(ATP) Continued...:)



Step 2+3: Formation and Oxidation of Isocitrate

s

Isocitrate dehydrogenase s
regulated because it’s an
irreversible enzyme (proceeds
in one direction only).
Irreversible steps tend to be
more regulated than reversible
steps in pathways.

7’A(_Lou) levels of ATP also serve as
activators of isocitrate
dehydrogenase. “Low energy
state” - the cell need more
energy - activation of the
Krebs cycle, § vice versa.

pﬁc_ikls _j:: ercAA;J\‘ducﬂLaj\‘dsfdﬂJQ‘}[cheu&)\?\fﬂ\\]

Pyruvate

pyruvate ‘0
dehydrogenase

complex | @

4

Acetyl-CoA

synthase
. £l
Citric
Oxaloacetate "acid Isoatrate NADH
cycle . vgi’;o}cltrate ) ® ATP’
malate \ Meyskagense: | @ Ca?*, ADP
dehydrogenase. (NADH) A
Malate P 3 -Ketoglutarate
FADH) { ‘:j;‘e;grg‘:;::::: . ® succinyl-CoA, NADH
_ complex _/ @ Ca2+
succinate -
dehydrogéenase Succinyl-CoA

(ATP)

fqtratg

ATP, acetyl-CoA,
NADH, fatty acids

AMP, CoA, NAD*, Ca2*

NADH succinyl-CoA, citrate, ATP

@ ADP

h 'Ci'trate

S €l 1Y) amaall Jrad il g

*Calcium ions are activators of
isocitrate dehydrogenase. High
[Ca2+] signify that a muscle cell
is in a state of contraction. This
means that the cell needs
energy, which activates the
Krebs cycle.

fflf [NADH] is high, this means
we don’t have the necessary
coenzyme state (oxidized form)
and the reaction is inhibited.
NAD+ is needed in the cell
more than NADH.

Remember: NADH and FADH, are not
energy molecules, they are coenzymes.




Step 4: a-Ketoglutarate to Succinyl-CoA

Big enzyme made up of multiple
enzymes all working together.
Enzymes hand off to each other

» Oxidative decarboxylation [ ioeine e .
> a-ketoglutarate dehydrogenasé complex,
a multimolecular aggregate of three
enzymes Decarboxylation
> Thiamine pyrophosphate, lipoic acid,
FAD, NAD+, and COA - Al are examples of coenzymes
> Energy conserved as NADH,
thioester bond

u-Ketoglutarate

NAD'
NADH 0

L -Ketoglutarate

succinyl- (% o imgenase

ca lo NADH + H'

$

O
9 gHz'C'O.

CoA-C-CH,
Succinyl CoA



a-Ketoacid Dehydrogenase Complexes (TLCFN)

> (a-ketoglutarate, pyruvate, and branched chain a-keto acid)

; ; . & COO™
Amino acid - NH3 = keto acid I
dehydrogenase complexes pnine - NH3 = pyruvate v CHy
> Huge enzyme complexes, multiple subunits of 3 different enzymes (no B CH,
o C=0

loss of energy, substrates for E2 and E3 remain bound — higher rate) Foes

> Ea, E2, & E3 are a decarboxylase (TPP), a transacylase (lipoate), & a
dehydrogenase (FAD)

NAD* Thiamine<P)([P)
Lipoate
OH FAD (2H) . . NAD" Cuhﬂk FAD

I S  Di i 4 —ketoglutarat
R—CH-TPP s"_"lt o ':"“‘-"':'“'E"SW?I DH ‘6 64 dehycrogenase complex
memees c—Keto &2y .- FAD ;’: k‘i NADH
1CO,ty, lacidDH . , TransAc @) s---o NADH sH Yy
e TN ' sH * i
H ' Trans Ac ./
\ E1 1 E2 — Lio—SH . & Y CH
R o e '\ P Continued (ux 4 L
c=o0 " # % Trans Ac Q) ol O g THE
= _ - i O
emmmm LG "™ R—C - SCoA a CZSCoA
: COO™» acid DH ] 0
I - fL|px [IZI} "\ CoASH Succinyl CoA

|
c.—Keto acid TPP HS S—-C-—R



a-Ketoacid Dehydrogenase Complexes (TLCFN)

TPP, lipoic acid, CoA, FAD, & NAD+

decarboxg lase ?‘ansfers acyl groups de hg drogenase
ransacylase
P S » Dihydrolisoyl DH . 0
oxidized M
R—CH—-TPP Y A7 "
...... o—Keto N _.-FAD X a
i, o e @ o
Y kY SH
' ' Trans Ac ./
R o £ e:n E2 N L]’Ed:c%dH
I ‘_' t‘ .
— Trans Ac The acyl group is transferred to
.G. - E'- L Keto e F_,-fr - :L Q- D SG-‘J/\ CoA, forming succinyl CoA and
i COO™: acid DH LI' o o regenerating the reduced form
"""""" g | S |PH P ' CoASH of lipoic acid
o—Keto acid TPP HS Srzd'i;i R (E3) FAD is then reduced to

Lipoic acid is the coenzyme that aids
in the transfer of the acyl groups. It
has 2 sulfurs, so It can form disulfide
bridges & alternate between oxidized
& reduced states.

ALY A Y s Jen Yy« Sl dll g el W) Al Yyl daadl g b o

oxidize the reduced lipoic
acid (step 4)

NAD+ is reduced to NADH
(step 5)



Thiamine Pyrophosphate

> Thiamine (vitamin B1) deficiency, a-ketoglutarate, pyruvate, & branched chain

a-keto acids accumulate in the blood Composed of 3 enzymes
Allows for the binding of OH
the coenzyme to the |
Dissociable active site of the enzyme CH-TPP
proton - 'W Reactive carbon  Coenzyme | PP is covalently
NH, // atom bindingsite ..., o—Keto keoacd
| | CO2 ac|d DH dehgdrogenase
HEH‘H ES D_ D_ ..... ‘ ' \
r|~J="’ C—CH,— 1 ] i . \
=C—CH,—CH,—0—P—0—P—-0" ' '
HC—Cx, HJ: '3 : : I I 2 'o e o,"
Ch, © © s, »
l ] l I (*l — (’)
o ’ Erobmindd o.—Keto
' COO™ ¢ acid DH

Thiamine pyrophosphate (TPP)
o—Keto acid TPP



Step 5: Cleavage of Succinyl CoA & Generation of ATP

> Succinate thiokinase (succinyl CoA synthetase— 9
named for the reverse reaction) cleaves the high- O CH,~-C-O°

energy thioester bond of succinyl CoA it rre e rand sused g - COA=C-CH,

phosphorylate GDP-> GTP succlny| CoA
> Succinyl CoA has a thioester bond (CoASH & an acyl GDP + P,
group)
: - Succinate
> GTP is produced by substrate level phosphorylation hiokinase
_ GTP
v GTP and ATP are energetically CoA
Interconvertible by the nucleoside y
diphosphate kinase reaction 2
O CH,-C-O'
GTP +ADP <> GDP + ATP ‘0-C-CH,

Succinate



Step 6: Oxidation of succinate

Remember: this enzyme is the only enzyme present in the inner mitochondrial membrane

Succinate is oxidized to fumarate by succinate o -('c?:-O'
Loss of H2 > double bond
dehyd.rogenase 055 0 ouble bon 0-C-CH,
FAD (its coenzyme) is reduced to FADH2
. NAD+ has Succinate
FAD, rather than NAD+, is the electron greater reducing
. potential than FAD
acceptor because the reducing power of FAD 5 therefore =
. . . . gives off more ucomale
succinate is not sufficient to reduce NAD+ energy. dehydrogenase
Succinate dehydrogenase is the only enzyme FADH,
of the TCA cycle that is embedded in the inner O
mitochondrial membrane. H‘c’C-O' e
Succinate dehydrogenase functions as O ¢ i e
Complex Il of the electron transport chain O Dfhanglebondsl
Fumarate

This reaction is reversible



Step 7: Hydration of fumarate

°
H, C-0
C
OC
_ . 0-C" H
> Fumarate is hydrated to malate S
oy fumarase (fumarate H,0 Double bond s
nydratase) Fm,aseT broken
> Areversible reaction H O
HO-C-C-0
|
O-C-CH



Last one fast one ;)

Step 8: Oxidation of malate

Reversible reaction

> Malate is oxidized to oxaloacetate by malate dehydrogenase

> The Alcohol group of malate oxidized to a keto group

> This reaction produces the third and final NADH of the cycle.

> The AGO of the reaction is positive, but the reaction is driven in
the direction of oxaloacetate by the highly exergonic citrate
synthase reaction.

Oxaloacetate as a junction point

Glucose Fatty acid
Oxaloacetateis also l
used in gluconeogenesis
Phosphoenolpyruvate Eyruvate
‘_—/ &
&
0
Pyruvate can / & 4
also be
converted to Oxaloacetate + Acetyl CoA
oxaloacetate I l I
v v
Aspartate Malate Citrate

Or a connecting point
between the Krebs cycle
pathway & other pathways

Oxaloacetate - malate is an
efficient way to export
oxaloacetate from the
mitochondria, because thereisn’ta
transporter for oxaloacetate. Inthe
cytosol, malate converts back to
oxaloacetate to synthesize glucose.

H 9
HO-C-C-O
0 |
.O‘C-CHL)
-Malat 2° alcohol
L-Maiate NAD'

Malate
dehydrogenase

00 NADH + H'
C-C-O
@)
‘0-C-CH,
Oxaloacetate ketone

Oxaloacetate is
the a-ketoacid
of aspartate.

> An important junction pointin

metabolism



Now it’s your turn!

Fill the cycle in, and don’t forget to
include the enzymes for each step!

Hint: Citrate Is Krebs Starting
Substrate For Making Oxaloacetate
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For any feedback, scan the code or click on

Corrections from previous versions:

Versions Slide # and Place of Error Before Correction After Correction
“TPP is covalently linked to alpha-keto
“TPP is covalently linked...” - “TPP is covalently linked to alpha-keto acid dehydrogenase”
(Slide #15) acids”
- “NAD+ & FAD are not energy
VO > V1 molecules...” (Slide #11).
- Additional info prof.
mentioned in a later lecture - N/A - General info on slide #17.

- “Ketone” & “22 alcohol” (Slide #19).

- Slide 4 (in the right bottom box) - Fatty acids are used in Krebs.. - Acetyl-CoA instead of fatty acid
V1->V2
- Slide 9 (next to first enzyme) - Inhibition feedback by same enzyme - product inhibition
V2 SV3 Slide #19 “Oxaloacetate is also used in glycogenesis” | “Oxaloacetate is also used in gluconeogenesis”
V3 S va Slide 6
Further oxidized and carboxylated — 1 Further oxidized and decarboxylated
. . inyl— - i osuccinyl — CoA — on the right side
V4 9 V5 SI |deS 16‘19 were miss Ed to succinyl - CoA- was on the left side of the cycle fThis sen\ience is addetd on tghets left side : The high energy thioester bond of

succinyl CoA is cleaved to produce GTP



https://forms.gle/1aenUoAoZwLD2Du97

Additional Resources:
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Reference Used:
(numbered in order as cited in the text)

Lippincott’s Biochemistry 8th Edition-
pages 331-344

Extra References for the Reader to Use:

Metabolism | The Krebs Cycle- Ninja
Nerd
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https://www.youtube.com/watch?v=rr7IRYLqleg
https://www.youtube.com/watch?v=rr7IRYLqleg
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