Siklus TCA/Asam Sitrat/Krebs

TIK :

Mahasiswa mampu menganalisis siklus
TCA untuk pembangkitan energi
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Dari Glukosa

Glikolisis menghasilkan Pyruvate
Pyruvate diubah menjadi Acetyl-CoA

CO;
0\\ /O_ | +
| CGA'S{ NA{ TPPi?Eate, PE.DH 0\\\ /S-CGA
CH, complex (E, + E, + E,) CH;
Pyruvate Acetyl-CoA

AG'™ = —33.4 kJ/mol

Enzim : pyruvate dehydrogenase
Lihat Kembali PDC
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Yang berasal dari Protein

[0 Protein diuraikan menjadi asam amino
B Ditransportasikan menuju ke hati

[0 Sel hati akan mengubah asam amino menjadi
suatu komponen yang dapat memasuki siklus
Krebs

B Reaksi deaminasi akan menghilangkan
gugus amino (NH2)
OO0 Mengubahnya menjadi ammonia (NH5) &
kemudian menjadi urea
[0 urea dikeluarkan melalui urin

[0 Yang digunakan oleh Siklus TCA adalah rangka
karbonnya

B Penghilangan gugus amina
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Da ri Intracellular protein
Protein “

Dietary Amino
protein P acids

Bi . NH} Carbon

iosynthesis ckeletons

18.1: mammalian of amino acids,

B = nucleotides, and

amino 301d biological amines

metabolism (llVGI'), Carbamoyl a-Keto
phosphate acids

similar to other
organismes;

Aspartate-
arginino-
succinate
shunt of

citric acid
cycle

Citric
acid
cycle

CO, + H,0
+ ATP

Urea (nitrogen Oxaloacetate
excretion product) l
Glucose

(synthesized in gluconeogenesis)
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Transminasi

NH, o) O NH,
| I I |

H— C—COOH + H— C—COOH ————= H— C—COOH + H— C—COOH
| | | |

Rl R2 Rl RZ
Amino acid, a-Keto acid, a-Keto acid, Amino acid,
_ _ CO00~ Co0~
0 Tahap awal degradasi asam amino & o .
[0 Transfer gugus asam amino menjadi ¢H, &H,
beberapa jenis akseptor asam keto L L
2 2

B Pyruvate <-> alanine
B Oxaloacetate <-> aspartat oo -

Xaloacetale <-> aspartale a-Ketoglutarate L-Glutamate
B Alpha-keto-glutarate <-> glutamate

[0 Hubungan gugus amino dengan glutamat

B Glutamat merupakan titik pusat dalam
metabolisme asam amino

amino-
transferase

CO0" coo"
2 | I
H3N—?—H c|=o
R R

L-Amino acid a-Keto acid



Linkage of citric and urea cycles/Fumarate (cytosol) =

Siklus TCA; ITP 240 . : ) ]
citric acid cycle (Mitochondria

Fumarate Arginine Urea
Malate
R | . Arginino- Urea v
Aspartate-argininosuccinate gyccinate cycle Ornithine
shunt of citric acid cycle
Aspartate Citrulline Cytosol

/

Aspartate Citrulline Ornithine
a-Ketoglutarate
Glutamate Carbamoyl
phosphate
NADH
NAD*
Malate  Citric x
acid : §
\ cycle J Mitochondrial
Fumarate / matrix

\&-4/
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Leucine Arginine
Lysine Glutamine
Phenylalanine Ketone Glutamate [ Histidine
Tryptophan bodies Proline
Tyrosine

Isocitrate a-Ketoglutarate

l

\ 10-15% of energy
Acetoacetyl-CoA Citric :SIOIteh‘fdn'e (humans)
: . ; ethionine :
Lt acid Succinyl-CoA [€= 1},;qnine 20 catabolic
cycle Jr I :
Valine pathways give 6
Acetyl-CoA Succinate pro ducts
A A .
Oxaloacetate Fumarate |@—— ?hen).llalanme Ketosis, _
YA A yiesihe pathological state
T[] Maleta assoc. w/ chronic
co, =
starvation
N\ P t
yr?’a . \—) Glucose
Alanine
Cysteine
Isoleucine Glycine [ 1 Glucogenic
Leucine Serine )
Threonine Threonine Asparagine [_1 Ketogenic

Tryptophan  Tryptophan  Aspartate
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Yang berasal dari trigliserida

| GLUCOSE |
Glucose 6-phosphate
Glyceraldehyde
3 Dhicarhiste GLYCEROL \
{} TRIGLYCERIDES
. . 2 (”’/
CERTAIN Pyruvic acid 2 FATTY ACIDS
o0
AMINO ACIDS . l 1_\\&}‘\o
3 : %e\ao
Acetyl
coenzyme A | = —— Ketone bodies:
_Ketogenesis Acetoacetic acid
in hepatocytes Beta-hydroxybutyric acid
Acetone
Key: KREBS
—= Lipolysis CYCLE
Lipogenesis

High level ATP, glycerol converted into glucose; Low level ATP,
glycerol converted into pyruvic acid to ATP production



Fats ingested
in diet

A\ Fatty acids are oxidized
) as fuel or reesterified
for storage.

) \ z.
Gallbladder £ 5 \__/ Zab Myocyte or
/ 4 oo Bgdipocyte

- S < s fbl " f; ’

Small ! )

intestine /g!: -

@ Bile salts emulsify \ P
dietary fats in the T
small intestine, forming Lipoprotein lipase
mixed micelles. )
~ (® Lipoprotein lipase,
activated by
apoC-II in the capillary,
releases fatty acids and

@ Intestinal lipases Capillary

degrade triacylglycerols. ) glycerol.
Intestinal .

mucosa ®& Chylomicrons move

through the lymphatic

g system and

Apoct bloodatream

® Fatty acids and other breakdown :

products are taken up by the
intestinal mucosa and converted
into triacylglycerols.

Chylomicron

Triacylglycerols are incorporated,
with cholesterol and apolipoproteins,
into chylomicrons.

Lo
}f@
4l
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Ho one

Adenylyl evelase \< L}
Adipocyte

cAMP

ATP

Pe-

protein kinase Fatty acids

5D — : ;’r'

v ) tmacylglycerol [~

ANE D hpase - ;
Glycerol

Serum
albumin

ATP

> CO,

. g oxadation,
' citric acid cycle,

atty acid respiratory chain

transporter Myocyte (muscle
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Oksidasi B — Asam Lemak

Asam lemak diaktivasi dengan
membentuk thioester bersama
Coenzyme A

R-COOH + HS-CoA + ATP R-CO-5-CoA +
5'-AMP + HP207-3

Enzim ! fatty acyl-CoA Synthetas

Reaksi ini membutuhkan 2 ATP, ATP kedua
diperlukan untuk memindahkan fosfat ke
5'-AMP untuk membuat ADP
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Oksidasi B — Asam Lemak

R-CH, CH,-C-5-
H,-CH, (I% S-CoA ]
acyl-5-CoA O

FAD
] D
FADH , ]
R-CH= CH—(E-S-C[IA
enoyl-5-CoA O O
H,O
w =
3 v
R—(FH—(FH—'I}%-S-CI]A
OH H O O

B-hydroxyacyl-S-CoA

Gugus CH2 groups yang berdekatan
dengan gugus karboksil teraktivasi
dapat teroksidasi menggunakan FAD
sebagai reseptor.

Enzim : acyl CoA dehydrogenase

Reaksi ini akan menghasilkan ikatan
ganda, sehingga H20O dapat masuk ke
dalam ikatan ganda tersebut.

Enzim : enoyl CoA hydratase
(lyase class enzyme running in
reverse)

Hasilnya adalah gugus hidroksil pada
atom C kedua akan menjauh dari
gugus karboksil atau beta karbon.
Oleh sebab itu, disebut beta oksidasi.

Gugus alkohol kedua dapat dioksidasi
dengan NAD+ sebagai akseptor,



http://www.chembio.uoguelph.ca/educmat/chm258/258week9.htm#class4

Siklus TCA; ITP 240

Oksidasi B — Asam Lemak

3 o
R—(IEH—(IEH—(I%-S-CHA
OH H )

P-hydroxyacyl-S-CoA

NAD"
HADH],

+HT
[
R—C CH E -0
'D' H 'D'

B-ketoacyl-5-CoA

Gugus alkohol
kedua dapat
dioksidasi oleh
NAD+ sebagal
akseptor, untuk
menghasilkan
gugus C=0.
Enzim .
hydroxyacyl CoA
dehydrogenase

Hasil akhirnya
adalah beta

ketoacyl CoA.
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Oksidasi B — Asam Lemak

H-5-CoA
R—ﬁ%}[—ﬁ-ﬂ-ﬂﬂﬁ
O H O #hojase
AGY=-12.3
kJ/mol
lS-CuA H
|
R_(I% (FH‘?‘S-EI]A
8 H O
acyl-5-CoA acetyl-5-CoA
contiies m passes on to
B-czdation TCA cycle

O
O

The last step of the cycle brings
In another HSCoA molecule.

The enzyme thiolase causes the
S- atom to attack the -C=0,
breaking the bond to the -CH2,
and splitting off acetyl-S-CoA
(the extra H+ is acquired from
the enzyme).

This acetyl-S-CoA proceeds to
the TCA cycle.

The RCO group now forms a
new acyl CoA.

Since R is a hydrocarbon chain,
this acyl CoA re-starts a new
beta oxidation cycle, with the
total chain length of R reduced

by two CH2 groups.
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Oksidasi B — Asam Lemak

H-5-CoA [l Setiap tahap siklus beta oksidasi
akan memperpendek rantai
i' i hidrokarbon pada atom C kedua ,
CH3C CH— E S-CoA hingga senyawa R menjadi suatu
| senyawa dengan gugus single
ﬂ H E} CH3.
‘J\ [0 Pada reaksi Thiolase (siklus
akhir), produk yang dihasilkan
S-C'oA H adalah acetyl-S-CoA.
| [0 Pemecahan sempurna palmitoyl-
CH.C EH E S-CoA CoA, C15H31CO-S-CoA,
37 mebutuhkan 7 siklus,
O H ﬂ. menghasilkan 8 molekul acetyl
acetyl-5-CoA acetyl-5-Col COA.
[ Pemecahan sempurna stearoyl-
prasses on to prasses on to CoA, C17H35CO-S-CoA,
TCA cycle TCA cycle membutuhkan 8 siklus, dan

menghasilkan 9 molekul acetyl
CoA
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Oksidasi B — Asam Lemak

H,0
RCH=CH-CO-SCoA RLECH,CO-3C0A
enoyl CoA hydroxyacyl CoA

D BB NAD'
FAD NADH+H"
RCH,CH,CO-SCoA RC-CH,CO-SCoA

acyl Cok

f

otart

0
shotten E. bj.F] ketoacyl CoA

2 atoms
@

CH,CO-SCoA
acetyl CoA

Enzymes

1. Acyl CoA
dehydrogenase

2. Enoyl CoA
hydratase

3. Hydroxyacyl
CoA
dehydrogenase

4. Thiolase




Stage 1 Stage 2
CH
CH. | :
¢ CH, | Oxidation
CHa [ - | 5 Acetyl-CoA
" CHa
CHa
¢ CHg l_‘
..CHa
" CHa
LJCHg Citric
" CHa scid oyele
" (CHa - <
CHg Gde
- f 1600

NADH, FADH-:

le
- |
2H ' + 50

=
Haspiratory '
(electron transfery
chain Ho 0

S

ADP + Py ATE




£ o
(016) R—CH2 —CH2 —CH2 —C—S-CoA
O Palmitoyl-CoA

acyl-CoA FAD
dehydrogenase FADH,,
H

|
R—CH,—C=—C—C—S-CoA
| I trans-A2-
Enoyl-CoA

enoyl-CoA 2O

hydratase
IOH

R—CH» —(|3—CH2 —(”3— S-CoA
L-B-Hydroxy-
L o acyl-CoA
+
B-hydroxyacyl-CoA NAD
dehydrogenase NADH + EH*

R—CHo —(|3—CI—I2 —(”3——S-COA

CI) O B-Ketoacyl-CoA
acyl-CoA CoA-SH
acetyltransferase
(thiolase)

(C14) R—CH2—ﬁ—S—CoA+ CH3—(I_|7—S—C0A

(C14) Acyl-CoA Acetyl -CoA
(myristoyl-CoA)
(a)
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Ciyg —— Acetyl -CoA
Cio — Acetyl -CoA
Cio — Acetyl -CoA

Cq >O — Acetyl -CoA
Ce O —— Acetyl -CoA

Cy 2<> — Acetyl -CoA

Acetyl -CoA
(b)
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. )
18 3 a'?“

e T T T “‘w’f“f’b“‘%-{‘ﬂ

Oleoyl-CoA
5 oxidation
(three cycles) |- 3 Acetyl-CoA

e e . ~ .

8.CoA

cis-Al-
Dodecenovl-CoA
enoyl-CoA isomerase

0
H p P
P .-"ﬁ“HH o~ o, .-"'-'-t":*"f'- T 1
T T T T T T S CoA
H trans-A?-
[ oxidation Dodecenoyl-CoA

(five cycles)

6 Acetyl-CoA




Linoleoyl-CoA
cis-A° cis-A'?

B oxidation

(three cycles) 3 Acetyl-CoA

~
. o S-CoA cis-A3,cis-A®

enoyl-CoA
isomerase

- i o S-CoA
/\/\/—\/\/\C/
=

- B .
O trans-AZ,cis-A®
B oxidation
(one cycle, and
first oxidation Acetyl'COA
of second cycle)
) N - S-CoA
M\ = o
/ C S
10 3 =~ .
o trans-A®,cis-A*

i
2,4-dienoyl-CoA NADPH + H

>ducte
reductase N P
5 3 1 C/O
/\/\/\/\/ ~ )
- 4 2 S-CoA trans-A
enoyl-CoA
isomerase
O
3 1 C/
/\/\/\/\/ ~ "
" 4 P S-CoA trans-A

B oxidation
(four cycles)

5 Acetyl-CoA
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Siklus TCA; Total

acetyl-5-CoA

_ND

oxaloacetate citrate

© NADH +H' '\[‘@
NAD"

malate 1socitrate

NAD'
@) 3
NADH+H" Co,

fumarate ketoglutarate

FADH, NAD"
FAD NADH CO,
®) GTP GDP+P; 4

Sul:l:iIlEItEE (5) i’ succinyl-CoA

Dipahami satu
demi satu,
termasuk enzim
yang berperan

Penting : Daur
ulang NADH
dalam rantai
transport
elektron




Acetyl-CoA

I
CH3;—C—S-CoA

N

HoO

)

Condensation CoA-SH
citrate =
synthase CH,—CO00
O=C—COO~ HO—C—COO™
CH,—COO~ CI_-I2_ COO™ Dehydration
Dehydrogenation Oxaloacetate Citrate \
malate aconitase L0
dehydrogenase
CllOO_
HO—CllH (i'JHg—COO_
Malate =
(|:H2 %_COO cis-Aconitate
COO~
® - H0
Hydration
fumarase aconitase
H,0 Hydration
(|JOO -
F (||:H H—C—COO~
'umarate & | Isocitrate
I HO—(|3—COO_
COO~ H
succinate isocitrate @
dehydrogenase dehydrogenase Oxidative
@ \ / decarboxylation
Dehydrogenation .
CH,—COO ) a-ketoglutarate ?Hz—COO CO.
CH, succinyl-CoA dehydrogenase CH,
! synthetase | B
COO ~ CH,—C00" e
Succinate [
i & Ketogl
x a-Ketoglutarate
CoA-SH CoA-SH

ﬁ]]—S-CoA

GDP O
(ADP) Succinyl-CoaA  CO:2
@ —+ Pi @
Oxidative
Substrate-level decarboxylation

phosphorylation
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Acetyl CoA masuk ke siklus dengan
membentuk sitrat

Enzim ! citrate synthase

O
4
- H,0 CoA-SH CHe _C\D_
4 N :
CH; —C\ + O=C—CO00 prr— > HO—C—COO
S-CoA {IJHE —C0O0O~ aynthase CHQ — OO0
Acetyl-CoA Oxaloacetate Citrate

AG™ = —32.2 kJ/mol
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Mekanisme
acetyl-5-CoA ciﬁm.ﬁe_s;w.ﬂz.:xsg B
O O
I
H7CH;-C-5-CoA CH,C-8-CoA
' 2
oic—co;, = HO-C—C0;
CH;—CO, CH,~CO,
oxaloacetate B citroyl-S-CoA

H5CoA

H,O

ﬂﬂ_ﬂF —
- 34 kdiimol

CH,-CO,

> HO-C—CO,

CH,-CO,

cltrate

[1 2 Tahap : penambahan gugus acetyl ke oxaloacetate
membentuk Citroyl-S-CoA yang kemudian dihidrolisis.

1 Hidrolisis berkontribusi sangat besar dalam arah

reaksi




Siklus TCA; ITP 240

Citrate diisomerisasi menjadi isocitrate

CH,-CO, | r.|j}[2-cc1; _ CH,~CO,
HO-C—CO, = |§ -:|:|* CO, | = CH—CO,
CH,-CO, H CH-CO, | HO-CH—CO,

citrate - cis-aconitate isocitrate
intertme diate

Citrate : alkohol tersier, yang belum siap
dioksidasi, lewat isomerisasi diubah
menjadi alkohol sekunder isocitrate.

Enzim : aconitase; Prostetik : Fe-S
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Isocitrate dioksidasi 2 tahap

CH-CO,
HO-CH—CO,

1socitrate

EI{Z-E'UE NAD ™ NADH| ..+ EI{Z'E'U; CO, EHZ—E'[};

Ho |
H{%—EGE J CH,
0=C—C0O, 0=C—CO0,

oxalosuccinate -ketoglutarate
interme diate

Senyawa antara oxalosuccinate terikat kuat

oleh enzim.

Produk dibebaskan setelah dekarboksilasi

yang menyediakan penggerak reaksi.

Enzim

: Isocitrate dehydrogenase
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Tahap 2; oksidasi

CH,-CO, Hﬂ]f NADH CH,-CO,

_I_
EH; H5-CoA Eﬂz EHE
0=C—CO, \\ /;.: O0=C—5-CoA
-ketoglutarate succinyl-s-Cod

[1 Ketoglutarate dehydrogenase memiliki mekanisme yang
sama seperti pyruvate dehydrogenase, coenzymes
TPP, lipoamide dan FAD.

Produk : succinyl-S-CoA mengandung ikatan energi
tinggi thioester
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Suksinil-S-CoA - Suksinat

Suksinil-S-CoA tidak
dibutuhkan untuk
keperluan lain

Dihidrolisis dan

CH; CO;

CH,

O0=C-5-CoA
succinyl-S-CoA

G]:mﬂti

GTP +

HS-CoA
$ch0;

CH,

CO,

succinate

dihubungkan dengan
reaksi pembentukan GTP

(ekuivalen dengan ATP).
Enzim : Succinyl-CoA

ﬂ[_:_ﬂF

Synthetase

= -4.0 kJ/mol
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Oksidasi Suksinat > Fumarat

OO raD FADHo GO
CH- / CH
\ - I
CH2 ) succinate HC
COO™ dehydrogenase (l_}OO _
Succinate Fumarate

AG'° = 0 kd/mol

0 Penghilangan 2 atom H dari gugus CH..

[0 Suksinat reduktor lemah, harus digunakan FAD (bukan
NAD*) sebagai penerima elektron
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Fumarate - Malate

HC-CO,

0,C-CH

fumarate

HO-CH-CO,

CH,-CO,

malate

Fumarate mengandung
ikatan ganda trans.

Terbuka untuk reaksi
adisi H,O menghasilkan
gugus -OH.

Enzim : fumarase atau
fumarate hydratase

A" = -3.8 kl/mol
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Malate > Oxaloacetate

HO-CH-CO,
CH,-CO;

malate
NAD"

NADH
+H"
0=C—CO0,
CH,-CO,

oxaloacetate

O

O

Gugus alkohol sekunder dari
malate dioksidasi dengan NAD*
sebagai penerima elektron,
menghasilkan C=0

Enzim : malate dehydrogenase

Oxaloacetate produk akhir dan
menggantikan yang dipinjam untuk
reaksi citrate synthase.

Siklus menjadi lengkap setelah
oksaloasetat diubah kembali
menjad citrate
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COO" NaAD™ NADH + H* COO-

HO—C—H \ / 0=C
CHE - CHE

malate

COO™ dehydrogenase COO

L-Malate Oxaloacetate

AG'® = 29.7 kd/mol
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Malate - Oxaloacetate (2)

L AG"=+ 29.7 kdJ/mol. Terjadi pada konsentrasi reaktan
yang tinggi dan produk yang rendah

[l Malate dehydrogenase bergerak ke arah yang diinginkan,
[oxaloacetate] = sekitar 10" M.

[1 Oxaloacetate tetap bisa diubah ke sitrat karena tahap ini
memiliki AG" -34.2 kJ/mol, menggerakkan reaksi
meskipun [oxaloacetate] sangat rendah

[

Semua energi berasal dari hidrolisis CoA thioester.

[l

Proses tergantung pada malate dehydrogenase membuat
oxaloacetate sesual kebutuhan, dan citrate synthase
langsung menggunakannya
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Siklus TCA; Summary

al:et__‘,rl—S—%A Enzim
oxaloacetate R e 1. Citrate synthase
(3] NADH +1 '\(:3) 2. Aconitase
NAD™ 3. Isocitrate dehydrogenase
malate isocitrate
NAD 4. -Ketoglutarate
h n
@ 3 dehydrogenase
NADH+H' co, 5. Succinyl-CoA synthetase
fumarate ketoglutarate 6 Gy ccinate dehydrogenase

FADH, NAD"
&f@ NADI;IK?V\’ €O, 7. Fumarase
® GTP GDP+P, 4

su.:.;inatEE ®) fsmmﬂ_cug 8. Malate dehydrogenase



tca.swf

Acetv]-CoA

15[1)1‘ ate

a-Ketoglutarate

Succivl-CoA

O=xaloacetate
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Energi dari Siklus Krebs

3 NADH tahap 3, 4, 8
1 FADH, tahap 6
1 GTP tahap 5

Net gain per acetyl-CoA

7.5 ATP
1.5ATP
1ATP

10 ATP
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Total oxidative breakdown of one molecule of
glucose via glycolysis and TCA cycle:

Glucose to 2 molecules of pyruvate:

2 NADH, 2 ATP =7ATP
2 pyruvate to 2 acetyl-S-CoA:

2 NADH =5ATP
2 acetyl-S-CoAto 4 CO,

6 NADH, 2 FADH,, 2 GTP = 20ATP

Overall total =32 ATP
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Stoichiometry of Coenzyme Reduction and ATP Formation in the Aerobic Oxidation
of Glucose via Glycolysis, the Pyruvate Dehydrogenase Reaction, the Citric Acid Cycle,

and Oxidative Phosphorylation

Number of ATP
or reduced Number of
coenzymes directly ATP
Reaction formed ultimately formed*
Glucose — glucose 6-phosphate -1 ATP -1
Fructose 6-phosphate — fructose 1,6-bisphosphate -1 ATP -1
2 Glyceraldehyde 3-phosphate — 2 1,3-bisphosphoglycerate 2 NADH 3-5
2 1,3-Bisphosphoglycerate — 2 3-phosphoglycerate 2 ATP 2
2 Phosphoenolpyruvate — 2 pyruvate 2 ATP 2
2 Pyruvate — 2 acetyl-CoA 2 NADH 5
2 Isocitrate — 2 a-ketoglutarate 2 NADH 5
2 a-Ketoglutarate — 2 succinyl-CoA 2 NADH b
2 Succinyl-CoA — 2 succinate 2 ATP (or 2 GTP) 2
2 Succinate — 2 fumarate 2 FADH, g
2 Malate — 2 oxaloacetate 2 NADH 5
Total 30-32

*This is calculated as 2.5 ATP per NADH and 1.5 ATP per FADH,. A negative value indicates
consumption.
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Fungsi Metabolik Siklus TCA

Acetv]-Cod
PI_']P

prut

1A

Oxaloacetate

’ l oedtrate
Miate i

c-Ketoglutarate

Fumarate v
m& Biosynthetic
products

Suecgimate : ;
(aming acids,
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