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Pyruvate dehydrogenase is a multienzyme complex.

Multiple copies of three distinct enzymatic activities:
|. Pyruvate dehydrogenase (El subunits).

2. Dihydrolipoamide acetyltransferase (E2 subunits).
3. Dihydrolipoamide dehydrogenase (E3 subunits).
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Five coenzymes in

pyruvate dehydrogenase

complex
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Reaction results in formation of a hydroxyethyl-
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Reaction results in reformation of E3-FAD, and
regeneration of the original pyruvate dehydrogenase
complex

E;—FADH, + NAD® —— E3;—FAD + NADH + H®




Oxidation of (xS 4dla Sauda | gSediia) Baus| |2
:acetyl CoA in the Krebs cycle

Jia) LS pall (a0 g 5l ild gyl e JSE T S-Sy o0
dala G liing O (V) (a seall (g s davall (i geall ML)
CO2 HSuia G dals J88 gl ana

FM\UMQWL;M@J&\@@US d.\.\.\u‘)?\ s i il e
il AL 3 Led5as s ATP il 33 3 5 e 8,35 (QH2

Lo oS gal) e (g i) il (gal e S Adla oy il aa g

o Had Led o N LAY ¢ g8 iy G S Adls Adyda o Calias
DSl aan JlaSind bl JS5 G S Ala (e Gaagl) () 0S| iUl
sl B Al g 5 A slae] B Lay A e Jpand) dal 0

O waall g lilaial ey LS ay )€ d8lal ddass ol) QLS jall 203

A 93 3al) Jomd) Gans (o S Adls Caiiat llil oy gaal) Alal) LS )
sl o g 008 Jos L aaind 3l Amphibolic




The eight reactions of the citric acid cycle:

Reaction Enzyme

1. Acetyl CoA + Oxaloacetate + H,0 — Citrate + HS-CoA + HE Citrate synthase

2. Citrate == [socitrate Aconitase (Aconitate hydratase)

3, socitrate + NAD® — o-Ketoglutarate + NADH + CO, lsocitrate dehydrogenase

4, a-Ketoglutarate + HS-CoA + NAD®Y — Succinyl CoA + NADH + CO, a-Ketoglutarate dehydrogenase complex
5. Succinyl CoA + GDP (or ADP) + P, = Succinate + GTP(or ATP) + HS-CoA Succinyl-CoA synthetase

6. Succinate + Q = Fumarate + QH, Succinate dehydrogenase complex

7. Fumarate + H,0 = L-Malate Fumarase (Fumarate hydratase)

8. 1-Malate + NADY = Oxaloacetate + NADH + H° Malate dehydrogenase

Net equation:

[ Acetyl CoA + 3 NAD® + Q + CDP (or ADP) + P; + 2H,0 — H5-CoA + 3NADH + QH, + GTP (or ATP) + 2C0O; + 2 HE ]
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Fates of the carbon atoms
from oxaloacetate and
acetyl CoA during one turn
of the citric acid cycle
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Citric Acid Cycle Enzymes

|. Citrate synthase
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2.Aconitase (aconitate hydratase)
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3. Isocitrate dehydrogenase
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coo®

Isocitrate

NADH+H®

Isocitrate
dehydrogenase

clooe

CH, o
| 7

HC—C\

c|=o 0©
I

| coo® |
Oxalosuccinate

cloo@
co, THZ
. T
" c=o0
HO |
coo®

a-Ketoglutarate



4.0-Ketoglutarate dehydrogenase complex
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“*Second CO2 producing reaction and second oxidation—
reduction reaction of the cycle, coupled to NADH formation.
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“* Three component enzymes are:

1. a-ketoglutarate dehydrogenase (El).

2. Dihydrolipoamide succinyl transferase (E2).

3. Dihydrolipoamide dehydrogenase (E3, same enzyme
found in the pyruvate dehydrogenase complex).



5. Succinyl CoA synthetase
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6. Succinate dehydrogenase complex
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Ubiquinone
(Cosubstrate)

Three oxidation states of
ubiquinone.

Ubiquinone is reduced in
two one-electron steps via a
semiquinone free-radical
intermediate.
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Structure of the E. coli succinate
dehydrogenase complex:
Four different subunits: SDHA (FAD),
SDHB (3*[Fe-S]), SDHC/SDHD
(heme b and Q).
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7. Fumarase (fumarate hydratase)
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Energy gain in the citric acid cycle

“* Most of energy released in citric acid cycle is conserved in the

form of reduced coenzymes (3NADH and QH?2).
¢ Subsequent oxidation of reduced coenzymes by membrane-
associated electron transport system leads to production of ATP

from ADP and Pi (Oxidative phosphorylation).
¢ Citric acid cycle also produces either ATP or GTP (depending on

the cell type or species).
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Regulation of the Citric Acid Cycle

. Regulation of pyruvate dehydrogenase
complex (PDC):
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In most species, accumulation of the products acetyl CoA
and NADH decreases flux through the reactions catalyzed
by E2 and E3, respectively.

Pyruvate + NAD® + HS-CoA

//_ Pyruvate w
dehydrogenase

E;

Dihydrolipoamide
acetyltransferase
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Dihydrolipoamide
dehydrogenase
E;

o

complex

rd + +
Pyruvate dehydrogenase NADH + Acetyl CoA + CO,




Regulation of the mammalian pyruvate dehydrogenase
complex by phosphorylation of the EI component:
A protein kinase and a protein phosphatase are associated with the

mammalian PDC.
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Regulation of the Citric Acid Cycle

2. Regulation of citric acid cycle enzymes:

Three enzymes of the citric acid
cycle are regulated in mammals:
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dehydrogenase
complex
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Citrate Isocitrate
synthase dehydrogenase
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(ATP may not be a inhibited by NADH. The complex is
By Sitlogical In bacteria, is inhibited by NADH ]
e gulatar) regulated by and succinyl CoA in

\_ /  \_ phosphorylation. / \_vitro but not in vivo. /




Reduced coenzymes can fuel
production of ATP

» Oxidation of one NADH = 2.5 ATP.

» Oxidation of one QH2 = |.5 ATP.

¢ The complete oxidation of one molecule of acetyl CoA by
citric acid cycle produces 3NADH, IQH2 and IGTP(ATP) = 10
ATP equivalents.

“* Degradation of one molecules of glucose to 2 pyruvates by
glycolysis produces = 7 ATP equivalents.

“*Conversion of 2 molecules of pyruvate to 2 molecules of acetyl
CoA produces 2 NADH = 5 ATP equivalents.

The complete aerobic oxidation of one molecule of
glucose by glycolysis and citric acid cycle produces
approximately 32 ATP equivalents.

“*The complete oxidation of one glucose by the pentose
phosphate cycle produces 12 NADH = 30 ATP equivalents,




ATP production from the catabolism of one molecule of

glucose by glycolysis, the citric acid cycle, and reoxidation of
NADH and QH2.

ATP
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15
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Citric acid cycle is amphibolic

*» Citric acid cycle isn’t always a “Cycle”: It is not
exclusively a catabolic pathway for the oxidation of acetyl
CoA. Some intermediates of the citric acid cycle are
important anabolic precursors in biosynthesis pathways, and
some catabolic pathways produce citric acid cycle
intermediates.

“* When citric acid cycle functions as a multistep
catalyst: only small amounts of each intermediate are
needed to convert large quantities of acetyl CoA to
products.

Citric acid cycle intermediates that are depleted by entry
into biosynthetic pathways (cataplerotic reaction), must
be replenished by anaplerotic “filling up’’ reactions.




Routes leading to and from the citric acid cycle

Amino acids, urea,

pyrimidine nucleotides «<—— Aspartate

Carbohydrates <«

» Intermediates of the
citric acid cycle are
precursors of
carbohydrates, lipids,
and amino acids, as
well as nucleotides and
porphyrins

» Reactions feeding
into the cycle replenish
the pool of cycle
intermediates (purple
lines).
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Efflux of Intermediates from
TCA Cycle
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Glyoxylate Pathway

“* Route that bypasses some of the reactions of the citric acid
cycle in bacteria, protists, fungi, plants and some animals.

< Anabolic alternative for acetyl CoA metabolism, leading to the
formation of glucose from acetyl CoA via four-carbon compounds;
synthesis of carbohydrates from acetyl CoA precursors (Ethanol
and Acetate).

*» Two different reactions: isocitrate lyase and maltate

synthase.

» No carbon atoms of the acetyl group of acetyl CoA are

released as CO2 during glyoxylate cycle.
» Gyoxylate cycle lead to the net formation of oxaloactete

from two acetyl CoA (precursor in gluconeogenesis).

2 Acetyl CoA + 2 NAD® + Q + 3 H,0 »
Oxaloacetate + 2 HS-CoA + 2 NADH + QH, + 4 H®




Glyoxylate pathway

»Isocitrate is split into two-carbon
molecule (glyoxylate) and a four-
carbon dicarboxylic acid
(succinate).

» Glyoxylate combines with acetyl
CoA to make a four-carbon
dicarboxylic acid (malate).
»Malate can be converted to
oxaloacetate (precursor in
gluconeogenesis).

»Succinate produced in the
cleavage of isocitrate is oxidized to
oxaloacetate to replace the
oxaloacetate molecule consumed
in glucose synthesis.
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> In eukaryotes, citric acid cycle enzymes are located in
mitochondria, while isocitrate lyase and malate synthase are
in cytosol.

» In bacteria, since all enzymes found in cytosol, it is
important to regulate the flow of metabolites in either cycles
(Regulation of isocitrate dehydrogenase).
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Evolution of the Citric Acid Cycle

“* Production of ATP equivalents via glycolysis and citric acid
cycle is not an important source of metabolic energy in
certain species (glucose is not a major carbon source).

“* Most species of bacteria do not have a complete citric

acid cycle, but able to synthesize all the precursors of amino

acids, porphyrins, and fatty acids by the Forked pathway:

|. Most commonly, bacteria have only parts of the left-hand
side of the cycle: Reduction of oxaloacetate to succinate
or succinyl CoA or a-ketoglutarate (reverse of the
traditional citric acid cycle).

2. Many species of bacteria have also enzymes from the
right-hand side of the cycle, especially citrate synthase
and aconitase (synthesis of citrate and isocitrate from
oxaloacetate and acetyl CoA).



Forked pathway found in many species of bacteria
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< Hundreds of diverse species of bacteria can
survive in the complete absence of oxygen:

I. Either obligate anaerobes: oxygen is a lethal.

2. Or facultative anaerobes: they can survive in oxygen-free
or oxygen-rich environments (E.Coli).

< When growing anaerobically, they use the forked pathway
to produce the necessary metabolic precursors with out
accumulation of reducing equivalents that cannot be
reoxidized by oxidative phosphorylation.



