Ciclo del Acido Citrico o Ciclo de Krebs

ldeas previas

Planteo de preguntas

» ., En qué consiste?

« ., Dbnde ocurre?

» ., COmMo se regula?

* Interaccion con otras vias metabolicas



Repaso de clases anteriores

« ¢Destino de la glucosa?

T, Piruvato

Glucolisis

» ¢ Destino del piruvato?
Anaerobios — vias fermentativas

Aerobios —, CO, + H,0 + energia

Respiracion celular

Liberacion de la energia de CHOs, AAy Ac grasos mediante
reacciones bloqmmlcas

Fases

A- La oxidacion de acidos grasos, glucosa y algunos aminoacidos
produce Acetil-CoA

B- El Acetil-CoA se oxida a CO, en una via ciclica con produccion de
coenzimas reducidas y energia

C- Oxidacion de las coenzimas en la cadena de transferencia de
electrones y generacion de ATP
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El cliclo de Krebs transcurre en la matriz
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Entrada de Piruvato a la Mitocondria
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Conversion de Piruvato en Acetil-CoA

COs
O‘\x ;’O | l
(|3 C”A'SE N"tD TF'F'i?];[Fn;-Hl‘E_ NiDH 0% KS'C‘“&
CH, complex (E, + E, + E,) ClH;
Pyruvate Acetyl-CoA

Complejo Piruvato
Deshidrogenasa

* E1: piruvato deshidrogenasa (60)

« E2: dihidrolipoil transacetilasa (60)

« E3: dihidrolipoil deshidrogenasa (12)
* Quinasa

+ Fosfatasa

50 nm de didmetro y 4.600.000 Da

Fuente Imagen del complejo Pirivato DH: https://imagebank.nih.gov/details.cfm?imageid=1279



Coenzimas del complejo PDH
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Mecanismo de reaccion
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Reacciones del Ciclo de Krebs



Reacciones del Ciclo de Krebs

1 - Formacion de Citrato

O
V4
CH4 —C\

S-CoA
Acetyl-CoA

+ O=C—CO0O"
Oxaloacetate

//O
CHg—C\ -
| 0
HO—C—COO

"H, —COO~
Citrate

CH,—C00"

Hv_:() (TOA‘\-SH

AG'" = ~32.2 kJ/mol

Step 1 Structure of citrate synthase from G. galus mitochondria

Open

PDBM SCSC

Closed

| poBiascts

Oxaloacetate binds first and induces large

Conformational change -+ creates binding site for Acetyl-CoA



2 - Formacion de Isocitrato via cis-Aconitato

{%HE—EDD H,0

HG—{F—CDO‘ A
H—C—C0O~ aconitase
i
Citrate
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La aconitasa contiene un centro hierro
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sustratos y centro catalitico.
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3 - Oxidacion del Isocitrato a Alfacetoglutarato y
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4 — Oxidacion del Alfacetoglutarato a Succinil CoA

CH,—COO"
CH,

y CO,

CoA-SH NAD™ NADH

N

Eli—COO_
O

a-Ketoglutarate

a-ketoglutarate
dehydrogenase
complex
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|
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AG™ = —33.5 kd/mol
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5 - Conversion de Succinil-CoA en Succinato

TH2mCO0 app 1 p, GTP CoA-SH
CH. //

| 2 \ .
ﬁ_S‘CUA ) succinyl-CoA

O synthetase

Succinyl-CoA

CO0O~
CH,
CH,
CO0~

Succinate

AG"™® = —2.9 kJ/mol
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6 - Oxidacion de Succinato a Fumarato

COO COO
CH, \ /

CH, succinate |
CO0~ dehydrogenase CO0"

Succinate Fumarate
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Succinato deshidrogenasa

(P side)
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7 - Hidratacion del Fumarato y produccion de Malato

H_ _COO OH H\C_/COO_
|| L |
ooc” H o ooc” N 8
H
Fumarate Carbanion

transition state

A

fumarase

Malate

AG™ = —3.8 kJ/mol 16



8 - Oxidacion de Malato y regeneracion del

COO

CcCOO
.-Malate

HO—C—H \ /‘
CH, -

Oxalacetato
NAD'* NADH + H* cO0™
O0=C
CH,
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Oxaloacetate

AG'® = 29.7 kd/mol
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Ciclo de Krebs, vision global

http://www.sigmaaldrich.com/life-science/metabolomics/learning-center/metabolic-pathways/tca-cycle/tca-cycle-animation.html
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Balance del Ciclo de Krebs

« Acetil-CoA + 3NAD" + Q + GDP(o ADP) + Pi + 2 H,0O

Ul

2 CO, + CoASH + 3 NADH + QH, + GTP (0o ATP) + 2 H*

19



Ganancia energética a partir de una molécula de Glucosa

able 16-1
Stoic of Reduction and ATP Feemation in the Aesobic Ouidation
of Glucose va G , the Pyruvate Dehydrogenase Reaction, the Citric Acid Cycle,
Nember of ATP
or redoced d'll@ul
Reaction foemed sy ultimately farmed*
Bucose — glucse Bohospran -1 ATP -1
Fruciose Sphesprate — faxiese | B-2isphcaphae -1 ATP -1
2 Gyverpidetyde 3phuaphate — 2 1 3isphosphegfresate 2 NADH 35
2 1,3 Bsphosphoghyoarate — 2 3 phasphoghycents 2HTP 2
2 Phospioasnpyniale e 2 pynuvete AP 2
2 Pytusstes s 2 sostyl Lol 2 XADH 5
2 lacivale — 2 aokeloghutinale Z NAOM 5
2 a-Natogiutarate — 2 succingt-Coh 2 NADH 5
2 Sucting-Cah —e 2 suzoinata 2 KTP {or 2 GTPF) 2
2 Sucuinate — 2 fumarale 2 FADH, 3
2 Malate —s 2 ouafcacetate 2 NADK 2
Total 30-32
“This 15 cakuated a8 2.5 ATF per XAOH and 1.5 ATP per FADH, A magathe s indenes
CONSATONES.




Regulacion del Ciclo de Krebs

Complejo Piruvato deshidrogenasa

Regulacion Alostérica

Pir. COASH. NAD* Regulacion Covalente

NAD®, Hs-CoA

ADP, Pyruvate - . .-~ NADH, Acetyl CoA
Acetil-CoA, NADH, CO,

] l‘
ATP P ADP
4 7
+ oAt Pyruvate dehydroganase N Gale
+ ; ;‘{i‘., e kinase = ."‘—... : ]
E i Pyruvate dehydrogenase g E
phosphatase
g Pi : Hzo .
1 K
- 1 R
Ca®
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Regulacion del Ciclo de Krebs

Pyruvate
ATP, acetyl-CoA,

prruvate NADH, fatty acids
dehydecgenass
complex @ AMP, CoA, NAD ", Ca*'
AcetybCoA

®NADH, suceinyl-CoA, ateate, ATP

@ rvp
clrste

synthoso (7?\

Oxalogcetate Isodlhrute
& are
/ malate

@ ca*, ADP
dehydrogennse

™ e

| Aucinate

dehydrogenase Sucanyl-Cod
_,.

l
@
M
@

tsvalrale
dehydrogonnse

T Ketoglutarato

wketoglutarnte ® suceinyl-CaA, NADH
dehydrogennse @ (a2

Regulacion alostérica de enzimas claves

Citrato sintasa
Inhibidores: NADH, Succinil-CoA, Citrato, ATP
Activadores: ADP

Isocitrato deshidrogenasa
Inhibidores: ATP
Activadores: Ca*? (musculo), ADP

Alfacetoglutarato deshidrogenasa

Inhibidores: Succinil-CoA, NADH
Activadores: Ca*? (musculo)

Regulador clave: relacion mitocondrial de
[NAD+] / [ NADH]
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Asociacion funcional de las enzimas del ciclo de Krebs

Respirasome
(complexes of the
RC and associated

e carriers

The TCA cycle
ATPasome enzymes (metabolons)
(ATPase/Pi

carrier/ANT) / -

Briere et al., 2006.
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Interrelaciones del ciclo de Krebs con otras vias
metabodlicas

Via anfibdlica

vias metabdlicas con roles anabdlicos y catabdlicos a la vez

24



Degradacion de aminoacidos

Los carbonos de los AA entran al ciclo en diferentes puntos

Glucose

Prusphoencl Pyiuvate
pyruvaie

Acetoacetyl CoA '

[T/ Glucogenic amino acids
O;alqaeetate 4 [71| Ketogenic amino acids
!J Ketogenic- and _
Citric gluccgenic amino acids
Fumarate acid

Tyosine cycle Citrate l
; Suceinyl-CoA
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Degradacion de acidos grasos (Beta oxidacion)

Stage 1 Stage 2
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v
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[

W 1, tH" +30,
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chain ! H,0

TN
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Rol del ciclo de Krebs en el anabolismo

pyruvale
carboxyloss

PEP corbaxykinnse

Phosphoenolpyruvate ‘—",
(PEP) PEP

carboxylase

malic
ENZYINE

Reacciones anapleroticas: en rojo
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Reposicion de intermediarios por reacciones

anapleroticas
Anaplerotic Reactions
Reaction Tissue(s)Norganism(s)
Pyruvate + HCO; + ATP - S oraloacetate + ADP + P, Livar, Kidney
Phosphoenolpyruvate + CO; + GOP S oxaloacetate + GTP Heart, skeletal muscle
Phosphoenolpyruvate + HCO, e oxaloacetate + P, Higher plants, yeast, bacteria
Pyruvate + HCO3 + NAD(PIH =———== malate + NAD{P)’ Widely distributed

in eukaryotes
and prokaryotes
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Mal funcionamiento del ciclo de Krebs como causa de
enfermedades y tumores en humanos

Table 1. TCA enzymopathies and diseases

Enzyme Gene Disease

a-Ketoglutarate dehydrogenase OGDH Severe encephalopathy. hypotonia. psychotic behavior, pyramidal symptoms
Succinate dehydrogenase SDHA Leigh syndrome

SDHB Paragunglioma and pheochromocytoma

SDHC Paraganglioma

SDHD Paraganglioma and pheochromocytoma
Fumarase FH Early encephalopathy, seizures, and muscular hypotonia

Letomyomatosis and papilliary renal cell cancer

Succinyl-CoA synthetase (ADP forming) SUCLA2 Encephalomyopathy and mtDNA depletion

¥

view of our present knowledge on the consequences ol

| encephaloputhics l \ % o’ [ Uterine
T P / leiomyomas Fig. 2. The TCA cycle s buman discases: o schematized

Suceinare

Energeric jailure? aceumulation

{popioyis?

Secerndar
mtDNA degiletion T

nr

Briere et al., 2006.

K“")/G« DH

X I)H A-Cod
SCod

mapaiting TCA cyche enzyme activiey (specific hlodkade
mdicased by dotted lines) om the clincal features obsorved
w humans. AAT, aspartate wmino tunsfesase: ACO, acon-
e A-CoA. acenyt-CoA; asp, asparuace; oit, citae, CS
citrate synthase; FUM, fumarase, fom. lumarate, gho, gl
tamate, [DH, isocitmte  dehydrogenase, iso, isocitmte,
o-RG, w-ketoghtarste; KODH. ccketoglutasie debydro-
genmse; mal, malote, MDH, malwe dehydogenase; oas,
oxaleacetate; PDH, pyruvide debydeogenuse; Pyr, pym-
vite; SCoA, saccanyi-CoA: SCAL sucvinyl-CoA symthase
SDH, succisate debydrogenase; suce, succinate

Funvarate
accumuiation

"
it
\( O>
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Ciclo de Krebs, conclusiones globales

En eucariotes transcurre en la mitocondria.

Via central del metabolismo aerobio: es la via oxidativa final en el
catabolismo de los carbohidratos, acidos grasos y aminoacidos.

La accion acoplada del ciclo del acido citrico y la cadena de
transporte de electrones son responsables de la mayoria de la
energia producida.

Fuente importante de intermediarios de vias biosintéticas.
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Ciclo del Glioxilato
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Interconexion entre el ciclo de Krebs y el ciclo del

Glioxilato

Lipid body
Tracyiglycerols
h
Fatty aada
Fatty acyds
Acetyl CoA
Oxakoacetate
Clroxylate
Malate crcle Citrate =
Sucrcee
Acstyl gimhhhocltrue
[Fienones
Succinate
Glyoxysome gloxacognens
Oxaloacetate
t
Cytosal Malate
T
Fumarate Malate
2 ~
/ Citric \
acid
<le
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Regulacion del ciclo del Glioxilato

Acetyl-CoA

intermediates intermediates
of citrie acid of citric acid
evele and cycle and
wiyenlysis, glycolysis,
AMP, ADP AMP, ADP
" Isocitrate \

-

® ®

——
v
Succinate,
glyoxylate a-Ketoglutarnte
Glyoxylate Citric
cycle acid eyele
4
Oxaloacetate NADH,
FADH,
gluconsogenesis oxidative
ihasphorylation
+ pivasg .
Glucose | ATP
R——. =

Amino acids,
nucleotides
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Sintesis de acetilCoA

ANnexos

Mecanismos de reaccion
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Mecanismo de la Succinil CoA Sintetasa

Q :z::: R Reactions of the Citric Acid Cycle

LERT, |

Step 5 Structure of succinyl-CoA synthetase

Two subunits:

1 py L}
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@ l\ a SU (32 kDa)

js246 §
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Historia

El ciclo de Krebs recibe su nombre en honor a su descubridor Sir Hans Krebs, quien
propuso los elementos clave de esta via en 1937.

La historia comienza a principios de la década de los 30°s con el descubrimiento de que
al agregar succinato, fumarato y malato a masculos machacados incrementa la velocidad
del consumo de Oxigeno.

El oxaloacetato se incorporo a la lista de acidos dicarboxilicos cuando se descubri6é que
se podia formar en condiciones aerébicas a partir del piruvato. En 1935 A. Szent-Gyorgyi
propuso que ciertos pares de acidos dicarboxilicos eran interconvertidos por la accion de
deshidrogenasas y que este proceso estaba relacionado con la respiracion.

Carl Martius y Franz Knoop mostraron que el acido citrico es convertido en alfa-
cetoglutarato por medio del isocitrato. Se supo también que el alfa-cetoglutarato puede
ser oxidado a succinato.

La formacién del citrato era la pieza faltante para poder armar completamente el
rompecabezas metabdlico.

El descubrimiento que resolvié este rompecabezas y unifico el metabolismo fue hecho en
1937 por Sir Hans Krebs y W.A. Johnson: ellos mostraron que el citrato es derivado del
piruvato y del oxaloacetato completando lo que se conoce como el ciclo del acido citri#b.



By 1930 it was established that the addition of lactate, acetate succinate,
malate, a-ketoglutaric acid (dicarboxylic acids) and citrate and isocitrate
(tricarboxylic acids) when added to muscle mince that they stimulated
oxygen consumption and release of CO,

1935  Albert Szent-Gyorgyi showed that
succinaté — fumarate — malate — oOXaloacetate
Carl Martius and Franz Knoop showed
citrate —p Cis-aconitate —» isocitrate —» a ketoglutarate
succinate —s fumarate — malate —— oXaloacetate

Martius and Knoop showed that pyruvate and oxaloacetate could form
citrate non-enzymatically by the addition of peroxide under basic
conditions.

Krebs showed that succinate is formed from fumarate, malate er
oxaloacetate. This is interesting since it was shown that the other way
worked as well!!

Pyruvate can form citrate enzymatically

Pyruvate + oxaloacetate — citrate + CO,

The interconversion rates of the intermediates was fast enough to
support respiration rates.



How did the citric acid cycle come into being? Although definitive answers are elusive, it 1s nevertheless
mstructive to speculate how flus complicated central hub of metabolism developed. We can perhaps begin to
comprehend how evolution might work at the level of biechemical pathways.

The manuscript proposing the citric acid cycle was submitted for
publication to Nafure but was 1ejected. It was subsequently
published in Enzymologia. Dr. Krebs proudly displayed the rejection

letter throughout his career as encouragement for young scientists.

"Tme 1937

The editor of WATURE presents lus compliments to Dr. H. A Krebs
and regrets that as he has already sufficient letters to fill the
correspondence columns of KATURE for seven or eight weeks, it is
undesirable to accept further letters at the present fime on account of
the time delay which nmst cecur in their publication.

If Dr. Krebs does net mind much delay the editor 1s prepared to keep
the letter until the congestion is relieved in the hope of making use of

1.

He retums it new, in case Dr. Krebs prefers to submuit 1t for early
publication to anether periodical ”

If citrate 8 added the rate of respiration i often
increasad . . . the exfra caygen uptake is by far greater
than can be accourted for by the complete addation of
citrate . . . Since citic acid reacts cataltically in the
tisaua it is probable that it i removed by a primary
reaction but regenerated by a subssquent reaction.
—H. A. Kreds and W. A, Jobnson, aiticke in Eroymologla, 1837 40



