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*Concept of metabolism in living organisms

* Mammalian metabolism: integration and regulation
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Organism classification

Organisms are classified by

- Energy sources
+ Chemotrophs
+ Phototrophs

- Carbon sources
+ CO,

+ Organic compounds




Evolution of eukaryotes (photosynthesis vs. non-photosynthesis)

through endosymbiosis

Symbiotic system can Nonphotosynthetic . .
now cary ou serobc eukaryote An early anaerobic eukaryote acquired
catabolism. Some
Ar?aergb_ic metabolism Bacteriumis bacterial genes move endosym bioﬁc Purple chferiq’ which ca rried
is inefficient because engulfed by ancestral to the nucleus, and the
fuel is not completely eukaryote, and bacterial endosymbionts 1 1 1 1
fle il TR R T with them their capacity for aerobic

catabolism and became, over time,
mitochondria.

Photosynthetic
eukaryote

Mitochondrion Chloroplast

#¢ An aerobic eukaryote acquires
endosymbiotic ~ photosynthetic

Ancestral anaerobic Aerobic eukaryote
eukaryote .
pis cyanobacteria (green) and later
Bacterial g =2 ) o
genome e Pt becomes the photosynthetic
genome 0)
\ 4
.. N— Midiomyrilitle precursors (chloroplast) of
cyanobacterium R "
Aerobic metabolism ' . Engulfed cyanobactenu_m In time, some mcdern green qlgqe qnd plqnfs_
is efficient because Light energy is becomes an endosymbiont  cyanobacterial genes
fuel is oxidized to CO,. used to synthesize and multiplies; new cell move to the nucleus, and
biomolecules can make ATP using endosymbionts become

from CO,. energy from sunlight. chloroplasts.




Energy conversions in biosphere

The cycling of carbon, oxygen, and nitrogen, which ultimately involves all species, depends on a proper balance
between the activities of the producers (autotrophs) and consumers (heterotrophs) in the biosphere.

Denitrifying N2in Nitrogen-fixing
bacteria, atmosphere bacteria and
archaea, & archaea
and fungi

0,
NO; A NHZ

S O(%an\C prod"o 2 PIaths: ) Nitrite Anammox Ammonia
$ ‘*.1 ; denitrifying S
. bacteria,
Photosynthetic archaea,
Heterotrophs ;
autotrophs P and fungi Plants Plants, Animals
‘ - Nitrifying bacteria,
A/ N bacteria Nitrifying bacteria archaea,
\ £0: NO3 and archaea and fungi | A i o
H,O Nitrate acids

Cycling of CO, and O, Cycling of nitrogen a



Energy conversions in biosphere

® Living organisms is having the systems for extracting, transforming, and using
energy from the environment to be able to survive and multiply themselves.

® Metabolism is a highly coordinated cellular activity in which many multienzyme
systems (metabolic pathways) cooperate to

(1) Obtain chemical energy by capturing solar energy or degrading energy-rich

nutrients from the environment

(2) Convert nutrient molecules into the cell’'s own characteristic molecules

(3) Polymerize monomeric precursors into macromolecules

(4) Synthesize and degrade biomolecules required for specialized cellular

functions, such as membrane lipids, intracellular messengers, and pigments.
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METABOLIC PATHWAYS
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i' Integrating metabolic pathways

- Xenobiotics

In the eukaryotic cell, a protein or an enzyme is

Nucleo
Metabolism

*mer

working or catalyzing in more than one pathway.

@ Metabolism is the sum of all chemical

transformations in a cell or organism, occurs

through a series of enzyme-catalyzed reactions.

& Each of the consecutive steps in a metabolic

pathway brings about a specific, small chemical

called metabolites.

| 55 | L change, usually the removal, transfer, or addition
I+ i —H IS of a particular atom or functional group.
“irtals  awis) .l @ The precursor is converted into a product
e Metabolism of
. ;__ through a series of metabolic intermediates
et =T




Relationship between catabolic and anabolic pathways

. . . Cell Energy- i
Anabolism (BIOSY“H‘IQSIS) macromolecules cor’l:tea;i)i’:lg Catabolism
Proteins nutrients
. Polysaccharides Carbohydrat H
® The smadll, simple precursors are upayc:s d ;:tri?yraes "The  degradative phase  of
Nucleic acids roteins . . . .
built up into larger and more metabolism in  which organic

complex molecules, including lipids, nutrient molecules (carbohydrates,

fats, and proteins) are converted

polysaccharides, proteins, and ADP-+HPO3-
NAD

nucleic acids. ¥y NADP® info smaller,. sim|:.)|er end products
(such as lactic acid, CO,, and NH,).

® Anabolic reactions require an | asaboism M < are Catabolism
: : s ¥Catabolic athways  release
input of energy, generally in the NADPH P Y
form of the phosphoryl group energy, some of which s
transfer potential of ATP and the Chermical conserved in the formation of ATP
reducing power of NADH, NADPH, . and reduced electron carriers
and FADH o o (NADH, NADPH, and FADH,); the
2° molecules depleted o

NG aeias end products rest IS |Osi' as heqt.

Sugars CO,

Fatty acids H,0

Nitrogenous bases NH;
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Stored Other
nutrients cellular work
Ingested Complex

foods biomolecules

Solar Mechanical
photons work
Osmotic
work
NAD(P) "
ADP
Catabolic Anabolic
reaction reaction
pathways pathways
(exergonic) (endergonic)
ATP
NAD(P)H
COy
NH3
H,O

Siy XS
Imp/e products, prec\)xso

Roles of ATP and NAD(P)H in metabolism

“ATP is a shared intermediate linking energy-releasing and
energy-consuming processes.

“ATP role in the cell is analogous to that of money in an
economy.

“ATP is “produced” in exergonic reaction and “consumed” in

endergonic reaction.

“NAD(P)H (nicotinamide adenine dinucleotide (phosphate)) is
an electron-carrying cofactor that collects electrons from
oxidative reactions and then donates to the reduction
reactions in biosynthesis.

“9NAD(P)H presents in relatively low concentrations, these
cofactors essential to anabolic reactions must be constantly
regenerated by catabolic reactions.

—_—o



ATP is an energy currency in living cells

Glucose

@ AP

@» Mitochondria
m Triglyceride (TAG)

CataboliN
Currency I
\ s .‘:“..
tobuy:  tosale il g b
A | - O Anabollsm .'"’i:. .',}5"'“ Glycogen

Hemoglobin

@@

in fat droplet




High energy compounds
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Types of metabolic pathways

Phospholipids

Triacylglycerols === Fatty acids

Alanine Phenyl-

\ alanine

Glycogen = G|ucose =====p Pyruvate

Starch

Sucrose Serine

Isoleucine

(a) Converging catabolism
Citrate

Oxaloacetate

o,

—<.

2

(c) Cycling pathway

Acetate is a key intermediate

Rubber Steroid

hormones

/

Carotenoid
pigments

/

Isopentenyl- Bile
pyrophosphate_) Cholesterol _)acids
Mevalonate Vitamin K Cholesteryl
esters
Eicosanoids

/

Fatty acids === Triacylglycerols

CDP-diacylglycero| === Phospholipids

(b) Diverging anabolism

FIGURE 4 Three types of nonlinear metabolic pathways. (a)
Converging, catabolic, (b) diverging, anabolic, and (c) cyclic
pathways. In (c), one of the starting materials (oxaloacetate
in this case) is regenerated and reenters the pathway. Ace-
tate, a key metabolic intermediate, is the breakdown product
of a variety of fuels (a), serves as the precursor for an array
of products (b), and is consumed in the catabolic pathway
known as the citric acid cycle (c).



Stage 1 Amino  Fatty
Acetyl-CoA acids acids Glucose
production
Glycolysis
Y
I Pyruvate
j pyruvate
dehydrogenase
JA / complex
= e~
/ € '\b co,
g&»
Acetyl-CoA
Stage 2 l
Acetyl-CoA 3
idati itrate
oxklation Oxaloacetate
e Citric
acid cycle
< 67
-
CO, e
\\} NADH, //
FADH,
Stage 3 (reduced e~ carriers)

Electron transfer
and oxidative

e—

phosphorylation

Respiratory
(electron-transfer)
chain

ADP + P,

"

B

3 stages of catabolism

Stage 1: oxidation of fatty acids, glucose, and some amino
acids yields acetyl-CoA.

Stage 2: oxidation of acetyl groups in the citric acid cycle
and electrons are abstracted.

Stage 3: electrons carried by NADH and FADH, are funneled
infto a chain of mitochondrial (or, in bacteria, plasma
membrane-bound) electron carriers—the respiratory chain—
ultimately reducing O, to H,O. This electron flow drives the

production of ATP.
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Stage 1

.

Stage 2

Stage 3

o) Gerbohykolei> ﬂ@ Stages of catabolism

- ; Ribose-5-phosphate Key player is an enzyme
Amino acids Glucose y play Yy

\\’ Pemoseaw“
Py ruva’re N
\ e
AceTgI CoA -
\ Main facilitator is coenzyme

Substrate level phosphorylation

Glycerol +

+ NADPH

Fatfty acids coracTon

Kreb’s
- Chemical reaction coupled with ATP synthesis (~10% ATP)

cycle - Glycolysis, Kreb’s cycle

ATP
;" ~ NADH, NADPH Oxidative phosphorylation
- FADH2 ° ° ° ° °
Electron Transport j) T - Electron transport in the chain to O, in mitochondria

System

yielding ATP (~90% ATP)

CO, + H,0 + ATP - ETS: electron transport system




Extracellular matrix . .
and cell wall Glycogen, Glucose utilization

polysaccharides starch, sucrose

synthesis of
structural storage Glucose
polymers - Excellent fuel

Versatile precursor supplying a

Glucose

metabolic intermediates for

oxidation via oxidation via biosynthetic reactions
pentose phosphate :
pathway glycolysis

Ribose 5-phosphate Pyruvate ﬂ




Diet

| 1. Carbohydrate metabolism

Glucose

Glycogen
Glucose/ - Carbohydrate metabolism is centered on the provision & fate of
phosphates 3C0,
glucose
Pentose phosphate .
pathway Catabolism
2 Y . .
20 Trose &A, Fbose —> FNA - Metabolized to Pyruvate => “Glycolysis”
S | phosphates phosphate DNA . oye
s \ - In an aerobic condition
- Pyruvate = Acetyl CoA = CO, + H,0
Y
" Pyruvate ——> Lactate “Oxidative phosphorylation”
o / >—> Triacylglycerol | b. d. 1_.

£} oo, - In an anaerobic condition
/ v - Pyruvate = Lactate

Acetyl-CoA —> Fatty —~ . .
5 ’ \ acids “Anaerobic glycolysis”
5
o .
k Cholesterol Anabohsm
P . .
82 - Glucose = Glycogen (skeletal muscle & liver), “Glycogenesis”

- Glucose = Ribose-5-phosphate, “Pentose phosphate pathway”
- Glucose => Triose phosphate = Triacylglycerol

- Amino acids, fatty acids, and cholesterol
2CO, e



(a) Preparatory phase HO—EH2

S J £t 1. Carbohydrate metabolism, glycolysis
Ty - Glucose breakdown process
9 " - Occur in the cytoplasm
@®—o0—tn,_o_ tn,—on
— i“’ R - Compose of 10 steps
®-o-fn, 0 ino0-® - Preparation & Payoff phases

phosphate to two 3-carbon

sugar phosphates aldolase / 0§H Hs - Prepqrqtion phqse

/O

Glyceraldehyde 3-phosphate ®7070H27CH4C< .
S I‘IH 2 - Phosphorylation of glucose > Glyceraldehyde 3-
e
e phosphate
(b) Payoff phase //O ~
C T T e Payoff phase
e B - Oxidative conversion of Glyceraldehyde 3-phosphate

2NAD* ~ &ly

oxidation and

osphorylation + o] dehy //D . .
- 2NAI?;:,i:isphosphnglycerate (2)®7070H27Ei70\04® to pyrUVQte Coupled w‘th ATP Qnd NADH formqtlon
first ATP-forming reaction 2ADP esmuw.u'é! p . . . .
| O [ A - 3 irreversible steps are the rate limiting steps
(2) 3-Phosphoglycerate OH 0~

9 0 1. Glucose = Glucose-6-phosphate

phosphoglycerate 4
o ) ?HZ—CH—C

-Phospho, 2:;-: OH [‘) Yo~ .
e 2.  Fructose-6-phosphate = Fructose-1,6-bisphosphate
< e _ e
i D, 3. Phosphoenolpyruvate = Pyruvate
second ATP-forming reaction 2ADP @ é)
(substrate-level ;u‘r;je
phosphorylation) 2 ATP /U
(2) CH;—C—C
(2) Pyruvate I \O‘

(o]



hypoxic or
anaerobic

2 Ethanol + 2CO,

Fermentation to
ethanol in yeast

3 phases of pyruvate

Glucose
glycolysis
(10 successive
reactions)
v hypoxic or
anaerobic
2 Pyruvate {dit'o‘ns
aerobic
conditions
2 Lactate
N> 2CO,
L 4 Fermentation to lactate
2 Acetyl-CoA in vigorously contracting
muscle, in erythrocytes,
—— in some other cells, and
p— in some microorganisms
cycle
L 7
4C0O, + 4H,0

Animal, plant, and
many microbial
cells under aerobic
conditions

- Phases of pyruvate are depending on

oxygen levels and types of cells/organisms
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1. Carbohydrate metabolism, Pentose phosphate pathway (PPP)

Nonoxidative
phase

Oxidative
phase

/’

transketolase,
transaldolase

\

Glucose 6-phosphate

6-Phosphog|uconate

C02<J<::::::_

Y

Ribulose 5-phosphate

Y

Ribose 5-phosphate

Y

Nucleotides, coenzymes,

DNA, RNA

NADP+

NADPH

NADP*

NADPH

Oxidative phase
NADPH - NADPH is used to reduce glutathione,

GSSG and to support reductive
2 GSH

glutathione biosyn’rhesis.

reductase

Gssc - Ribose 5-phosphate (R-5-P) is a precursor
Fattyacids, ~ for nucleotides, coenzymes, and nucleic

sterols, etc.
acids.

reductive
biosynthesis

Nonoxidative phase

Precursors - In cells that are not using R-5-P for
biosynthesis, the recycles of R-5-P —>
Glucose 6-phosphate, allowing continued
production of NADPH.
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1. Carbohydrate metabolism, Krebs cycle
[Tricarboxylic acid (TCA) cycle or Citric acid cycle]

Acetyl-CoA

Citrate - A cycle produces GTP (ATP), electron

carriers or reducing agents (NADH and
Oxaloacetate

Isocitrate FADH2), qnd C02
NADH —j S - T - The regulation of key enzymes

Malat :;c'fe Allosteric effectors
e a-Ketoglutarate

- Covalent modification
2

Furnarate NADH - Sufficient supply of energy (ATP) inhibits
FADH, Succinyl-CoA TCA cycle
Succinate 4{
GTP
(ATP)
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Pyruvate

pyruvate
dehydrogenase
complex

Acety

Oxaloacetate

malate
dehydrogenase

Malate

\ FADH,

succinate

4

ATP, acetyl-CoA,
NADH, fatty acids

[-CoA

X

citrate
synthase

Citric
acid
cycle

NADH

dehydrogenase

GTP
(ATP)

@) AMP, CoA, NAD™, CaZ*

NADH, succinyl-CoA, citrate, ATP

@ADP

Citrate

Isocitrate

isocitrate ® ATP

dehydrogenase @ Ca2+, ADP

a-Ketoglutarate

a-ketoglutarate
dehydrogenase
complex

@ Calt

Succinyl-CoA

® succinyl-CoA, NADH

Regulations in Krebs cycle

There are 4 steps that regulate TCA cycle

(irreversible steps)

1. Pyruvate = Acetyl CoA

2. Entry of acetyl CoA into the cycle
(citrate synthesis reaction)

3. lIsocitrate > O-Ketoglutarate

4. O-ketoglutarate = Succinyl CoA

—_—



Roles of Krebs cycle in anabolism

Pyruvate
Glucose Fatty acids,
A pyruvate sterols
carboxylase Acetyl-CoA .
PEP carboxykinase - Intermedlqtes Of Krebs CYCIe
/\ Glutamine d ff .
Phosphoenolpyruvate (PEP) :Oxa\oacetate Citrate Proline are rawn o as precursors In
PEP i . .
carboxylase Sl mdny blosynthetlc pqthWGYSo
S \r T - Red arrows are four
Y Malate Cycie a-Ketoglutarate sege Glutamate

Aspartate

S i L3 L3
eine Asparagine | \ / 1 anaplerotic  reactions  that
Glycine malic

Cysteine 1 . \\ Purines replenish deplefed CYCIe
Phenylalanine Pyrimidines Pyruvate Succinyl-CoA . .
Tyrosine |ntermed|01'es.
Tryptophan
Porphyrins,
heme
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Blood Other
glucose Glycoproteins monosaccharides Sucrose

LGlycogen LDisaccharides | Starch

Glucose 6-phosphate

Animals Energy Plants
Phosphoenol-
pyruvate
Citric
acid
cycle A
Pyruvate Glucogenic  Glycerol 3-Phospho-
A amino A glycerate
acids T
Lactate Triacyl- Co,
glycerols fixation

° (134 o 99
Glucose synthesis, “gluconeogenesis

- Glucose is a primary fuel in all organisms

- For human brain, nervous system, erythrocytes,
testes, renal medulla, and embryonic tissues, glucose
from the blood is the sole or major source of fuel.

- Human brain requires approximately 120 g of
glucose/day (>50% storage glycogen in liver and
muscle).

- Glycogen is depleted between meals, long fasting,
and after vigorous exercise

- Gluconeogenesis is the process of glucose synthesis

from pyruvate, 3-C, and 4-C intermediates from

glycolysis.
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IR 1592 Gy s s o s Glycogen synfhes|s, glycogenes|s

(0] glycogen synthase. The enzyme transfers the glucose residue of UDP-
4H H Hl glucose to the nonreducing end of a glycogen branch (see Fig. 7-13) to
OH H make a new (al—4) linkage. . °
50 Nt ) - A glycogen chain is elongated by glycogen
H HO
(0}
“o—p—0-p—0- synthase.
2 O—CHy -Uracil /TE)IQI jg)(l)l
0P sucose S wroOND O RR N - The enzyme transfers the glucose residue of UDP-
A “ o OH H o/ OH H ‘\,,O,,N‘
o bn LB on noom glucose to the nonreducing end of a glycogen
. a g.\ycogen.chain o
e branch to make a new (0(1—4) linkage.

CH,OH CH,OH CH,OH

Once the chain is long (n=11-12 units), the

New nonreducing H . H H 1170\ H H 4 9 H
N 7 @ o NI branching point is constructed by glycogen-
H OH H OH

H OH

Fongaed gcogen branching enzyme, creating new (Ol1—6)
[ . linkage.
oNeoNsNeoNeNe! C; OO O Y - Glycogen granules are stored in liver and skeletal
Nonreducing (a1—4) -
muscle.

|

0, 0, 0, 0, 0, 0, 0,
Nonreducin; K } K >1 < > K >1 K >1 K >1
end € 1o 0 0 0 0 0 o

o (al—6)Branch
point

wmetrs L Q j P for other tissues when dietary glucose is not

end

available (between meals or during a fast). a

Liver glycogen serves as a reservoir of glucose



6CH,OH FIGURE 15-32 Glycogen synthesis. A glycogen chain is elongated by
- 2 (0] H glycogen synthase. The enzyme transfers the glucose residue of UDP-
s H ;. glucose to the nonreducing end of a glycogen branch (see Fig. 7-13) to
o OH H A make a new (a1—4) linkage.
B 2
H HO
1
_O_II;\’_O_IT_O_
CH,OH CH,OH
o Om(E — —
Uracil o) O,
Y 1‘1 u H H 4 H -
UDP-glucose
. H H OH H *NoH H ‘
H H II() \ 707/ g
H OH H OH
Nonreducing end of
a glycogen chain
with n residues
(n>4)
CHZOH CHy! OII (HZOH
\ H
New nonreducing H H
end OH H OH H -
H OH

Elongated glycogen
with n + Tresidues

core
Nonreducmg (a1—>4)
en -branchin

0o (al—6) Branch

QQQQ

Nonreducmg Glycogen
core

Glycogen breakdown,
“glycogenolysis”

In skeletal muscle and liver, the glucose units of
glycogen is released by the actions of 3

glycogen glycogen
debranching enzyme, and phosphoglucomutase.

enzymes: phosphorylase,
Glycogen phosphorylase catalyzes the reaction
in which an (01-4) glycosidic linkage between
two glucose residues at a nonreducing end of
glycogen
phosphate (Pi), removing the terminal glucose

undergoes attack by

inorganic

residue as O-D-glucose 1-phosphate

-



The regulation of carbohydrate metabolism in liver and muscle

Epinephrine

- In liver, either glucagon (indicating
Glucagon . .
J( low blood glucose) or epinephrine
ignali d to fight or fl
T — (signaling the need to fight or flee)
has the effect of maximizing the
output of glucose into the
Glycogen Glycogen
l A Gl JY bloodstream.
Blood Glucose Glucose - In muscle, epinephrine increases
glucose 6-phosphate 6-phosphate glycogen breakdown and
1 } Glycolysis 1 ‘l' glycolysis, which together provide
1 Gluconeogenesis fuel to produce the ATP needed for
Pyruvate Pyruvate

muscle contraction.
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Triacylglycerol Steroids

A 2. Lipid metabolism

2 B - lipid metabolism is concerned mainly with fatty
¢QO g acid and cholesterol
Diet ——>> Fatty acids § - Fatty acid synthesis = elongate the fatty acid
Q?\% e > in a repeating reaction sequence using
% % - Fatty acid synthetase enzyme
= < °“°'ef‘er°' - Acetyl CoA as carbon source
i:i:Zh::::e > Acetyl-Cl e mr— - Reducing agent (NADPH)
Ketogenesis l - Energy from ATP
Ketone - Fatty acid oxidation => Acetyl CoA then
metabolizes to
- CO, and H,O
- Cholesterol

- Ketone bodies
20, ﬂ



Coordinated regulation of fatty acid synthesis and breakdown

Dietary S N High blood Low blood
carbohydrate gluclose glucfose - Fatty acyl- CoASH
ol ‘L acyla CyoA carnitine
T|nSIU|in TGIuclagon carnitine
| | acyl-
eyb {ve )' transferase | Carnitine
@ Inactive @ Fatty
phosphatase PKA Fatty acyl- .
g AMPK car)rlutlnye el e
P, FADH,
A4
A4 P e
Glucose e > Acetyl-CoA Malonyl-CoA * B oxidation ¥
glycolysis,
pyruvate multistep Sl
dehydrogenase Y
complex
Fatty acids v
Acetyl-CoA
Fatty acid Fatty acid . .
synthesis B oxidation Mitochondrion

Two enzymes are key to the coordination of fatty acid metabolism: acetyl-CoA carboxylase (ACC), the first enzyme in fatty
acid synthesis, and carnitine acyltransferase I, which limits the transport of fatty acids into the mitochondrial matrix for

oxidation




3 CH;—COO™ Acetate

d
=

~0O0C—CH, —(|3—CH2 —CH,—OH
OH Mevalonate
°|

T 10
CH2 :C—CHQ— CHQ—O—Pl)—O—lr—07
| |

isoprene

Activated isoprene

Squalene

HO

Cholesterol

Cholesterol biosynthesis

Cholesterol, like long-chain fatty acids, is made from acetyl-CoA but

the synthesis of cholesterol is different from long-chain fatty acids.

Cholesterol is made from acetyl-CoA in four stages;

1. Condensation of three acetate units to form a six-carbon
intermediate, mevalonate.

2. Conversion of mevalonate to activated isoprene units

3. Polymerization of six 5-carbon isoprene units to form the 30-
carbon linear squalene

4. Cyclization of squalene to form the four rings of the steroid
nucleus, with a further series of changes (oxidations, removal or

migration of methyl groups) to produce cholesterol.

——————



3 CH;—COO™ Acetate

O

o e Cholesterol biosynthesis
CHa CHECHCO Cholesterol, like long-chain fatty acids, is made from
OOC_CHFE:HZ_C’\}AIZ;Zi L::O acetyl-CoA but the synthesis of cholesterol is different
o l COO - from long-chain fatty acids.
o, o 9 o Cholesterol is made from acetyl-CoA in four stages;
O =C—CH— O, m0=p—0=—0" A pssegonss] 1. Condensation of three acetate units to form a six-
T etvated isoprene @ carbon intermediate, mevalonate.
Gl PR Statin 2. Conversion of mevalonate to activated isoprene

units

5o et 3. Polymerization of six 5-carbon isoprene units to

form the 30-carbon linear squalene

avaiene . 4 Cyclization of squalene to form the four rings of
Ol CH;3;—C00™ Co o OO ) ) )
eatats LB g OB the steroid nucleus, with a further series of
u C | _CU S . . . .
L 8% ¢ {op changes (oxidations, removal or migration of
zc/c\é‘}CQ\CS/ W Vs
|

A [ B methyl groups) to produce cholesterol.
0~ oS30 L e
HO 4 6
Cholesterol Cholesterol



HMG CoA reductase inhibitor: Statin

HO
HO :
“COO e COO
H;C"
OH & OH
R, 2 | Mevalonate

-
- -
= -

CH; =

3, __.r" E .--".H'a-.--. 1."'1.‘_-__.- CH3
[ 8 3
= *-.ﬁ_._-_s5 **-.ﬁ__;_;s?

Ry=H R, =H Compactin

Ry =CH; R, =CH;3 Simvastatin (Zocor)

R, =H R, =0OH Pravastatin (Pravachol)
R, =H R, = CH; Lovastatin (Mevacor)
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] the kidney. ] A3-1sopentenyl Intermediate in

Cholesterol derivatives

Steroid hormones Isoprenoid biosynthesis

Bile acids
Cholesterol

Steroid Vitamin D
hormones

Pregnenolone
1 Cholesterol

Progesterone = Vitarmi & oher
1 Vitamin E \ / Phytol chain

Testosterone \ / of chlorophyll
Corticosterone
ortic eron l CH2

(mineralocorticoid)

Vitamin K | Dolichols
C—CH;j /
Cortisol Estradiol \ Qui
(glucocorticoid) , CH, uinone
Male and female sex Carotenoids . \ > clectron
Affects protein and hormones. Influence CH, carriers:
carbohydrate metabolism; secondary sexual char- \ ub|qu|ngne,
suppresses immune- acteristics; regulate Plant hormones: ? plastoquinone
response, inflammation, female reproductive e / 0P O
and allergic responses. ¥ cycle. gibberellic ' - Isoprene
Aldosterone acid ?
(mineralocorticoid) 0—P—O-
Regulates reabsorption (‘)_

of Na™, CI", HCO3 in

pyrophosphate o lesterol synthesis
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° CH; —C/ + CH3—C//
Ketone body formation
2 Acetyl-CoA
Ketone body formation (Ketogenesis) occur tni &COA-SH
in the matrix of liver mitochondria. ? 0

V4

CH;—C—CH; . , CH, —C—CH,—C
I Ketone bodies are produced at relatively 8-CoA
Acetoacetyl-CoA
A low rate in hedlthy, well-nourished e o | Acetyl-Coa +H,0
Cetone . . o synthase CoA-SH
individual.
/O ) . 0 ?H 0
CH3;—C—CH,—C In starvation or untreated DM, thiolase Sc—CH, —C—CH, —¢
| \O‘ . -0 OH, S-CoA
enzyme catalyzes the condensation of two IRV F——
Acet tat (HMG-CoA)
CeIOREEe acetyl-CoA to acetoacetyl-CoA.
OH e Acetyl-CoA
| 0 B-hydroxyl-B-methylglutaryl-CoA  (HMG- cetylCo
CH;—C—CH,—C , , : :
° }II ? No CoA) is an intermediate of sterol EC_CHZ_(“;_CHB
. . . -0
p-g-Hydroxybutyrate biosynthesis and ketogenesis, but the Rechoaceie

enzyme for sterol biosynthesis is cytosolic. ... NADH Nzymmm
decarboxylase +H* ENYAIogenase
HMG-CoA lyase is present only in the 0, ap*

mitochondrial matrix. 7 Q o

N |
U e g CE— G
-0

Acetone D-B-Hydroxybutyrate

O



Ketone body export from the liver.

HCEiplcE K Conditions that promote gluconeogenesis

Ty (untreated diabetes, severely reduced food
Acetoacetate, intake) slow the citric acid cycle (by drawing off
D-B-hydroxybutyrate, Acetoacetate and
Celoa date an °
acetone B 7 e droxybutyrate oxaloacetate) and enhance the conversion of
K bod exported as energy
CoA S source for heart, acetyl-CoA to acetoacetate. The released
skeletal muscle, . . .
kidney, and brain coenzyme A allows continued oxidation of
Fatty 1
acids ™= Acetyl-CoA fqﬂ'y GCIdS
B oxidation

citric
acid
cycle

Oxaloacetate

gluconeogenesis

Glucose exported
Glucose » as fuel for brain
and other tissues

N —




2. Lipid metabolism

Animal cells, yeast cells

Cytosol

* NADPH production

(pentose phosphate pathway; malic enzyme)
* [NADPH]/[NADP*] high
* [soprenoid and sterol synthesis (early stages)
* Fatty acid synthesis

FIGURE 21-8 Subcellular localization of lipid metabolism. Yeast and
vertebrate cells differ from higher plant cells in the compartmentation of
lipid metabolism. Fatty acid synthesis takes place in the compartment in
which NADPH is available for reductive synthesis (i.e., where the

* Fatty acid oxidation

* Acetyl-CoA production
* Ketone body synthesis
* Fatty acid elongation

- Endoplasmic reticulum —

* Phospholipid synthesis

« Sterol synthesis (late stages)
= Fatty acid elongation

* Fatty acid desaturation

Plant cells

Mitochondria
* No fatty acid oxidation

Peroxisomes

Chloroplasts

* NADPH, ATP production * Fatty acid oxidation

= [NADPHI/[NADP*] high ( + H,0,)

* Fatty acid synthesis * Catalase, peroxidase:
H,0, i H,0

[NADPH1/[NADP™*] ratio is high); this is the cytosol in animals and
yeast, and the chloroplast in plants. Processes in red type are covered in
this chapter.
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Transamination

3. Amino acid metabolism

Tissue protein

0
R /C\C/o
Il
0]
NH3 ) )
| Diet protein
NPTl
I
o}
Y
D Amino acids

.
>

Carbohydrate

Glucogenic amino qud/
(glucose)

Amino nitrogen in
glutamate

THANSAMINATION

\ 4

Nonprotein
nitrogen derivatives

Ke’rogenic amino acids

Ketone bodies

7

DEAMINATION
¥

NH,

/

Urea

Acetyl-CoA

Deamination

NAD(P)*

L-Glutamate

NAD(P)H + H*

>—%>NH3

o-Ketoglutarate

Citric

acid
cycle

2C0,

Transamination =  transfer

amino group from one amino

acid to another amino acid

Deamination - remove

nitrogen and excrete from the

body as urea

Carbon skeleton after nitrogen

removal

- Oxidize to CO, and

generate energy

- Use to synthesize glucose,
“Gluconeogenesis”

CoA or

- Form acetyl

ketone bodies



Intracellular

protein Amino acid catabolism in mammals

[

Dietary Amino
protein acids
N )k — The amino groups and the carbon skeleton take
) ) skeletons .
Biosynthesis separate but interconnected pathways
of amino acids,
nucleotides, and
biological amines
Carbamoyl a-Keto
phosphate acids

Aspartate-

arginino- Citric

succinate Scid CO, + H,0
shunt of cycle + ATP
citric acid

cycle

Urea (nitrogen Oxaloacetate
excretion product) 1
Glucose

(synthesized in
gluconeogenesis)




Amino acids from
ingested protein

Cellular
protein

I

(|300-
H31¢I—(|:—H

Liver

R

Amino acids

C|]OO_
=0
\ )
COO~ COO~™ a-Keto acids
| . Ketoglutarat
C=0 H.N—C—H a-Ketoglutarate
| . 600"
CH. CH.
I e Hgﬂr—(lj—H i
CH. CH,
| 2 | 2 CH,
COO™ COO™
a-Ketoglutarate Glutamate
v coo-
n C=0
NHy |
CHj3
Pyruvate
COO~
.
H3N*(|3*H
T
i
C
7\
O NH,
Glutamine

+
NH,, urea, or
uric acid

(@)

Alanine
from
muscle

Glutamine
from
muscle
and

other
tissues

NH;
Ammonia (as
ammonium ion)

Ammonotelic animals:

most aquatic vertebrates,

such as bony fishes and
the larvae of amphibia

HQN—ﬁ—NHz
(0]
Urea
Ureotelic animals:

many terrestrial
vertebrates; also sharks

Uric acid

Uricotelic animals:
birds, reptiles

(b)

Amino group catabolism

Catabolism of amino groups (shaded)
in vertebrate liver.
NH, s

ammonia (microbes, bony fishes),

- Excess excreted as
urea (most terrestrial vertebrates),
or uric acid (birds and terrestrial
reptiles).

- Notice that the carbon atoms of
urea and uric acid are highly
oxidized;

- the organism discards carbon only
after extracting most of its

available energy of oxidation.

—_—



Fumarate Arginine
Cytosol
Aspartate-arginino-
succinate shunt of Urea
citric acid cycle
Oxaloacetate i) Urea
Arglr_"no cycle Ornithine
succinate
NADH  Glutamate
NAD™* a-Ketoglutarate T ‘
Malate Aspartate Citrulline
Malate-aspartate
l shuttle 1 \
Malate Aspartate Citrulline Ornithine
- Ketoglutarate
Glutamate Carbamoy!
Oxaloacetate phosphate
NADH
NAD™. . .
Mitochondrial
Citric matrix
Malate acid
cycle
Fumarate

N7

Link between urea cycle

and Krebs cycle

The interconnected cycles have
the  “Krebs
bicycle.” The pathways linking

been called

the citric acid and urea cycles

are known as the aspartate-

argininosuccinate shunt.

—o0



Leucine
Lysine
Phenylalanine Ketone
Tryptophan bodies
Tyrosine A

Isocitrate

\ 4
Acetoacetyl-CoA —)

Citric
acid
cycle

'3

b |
Oxaloacetate

Fumarate

Citrate
Y
Acetyl-CoA
A A
CoO,
S Pyruvate
Alanine
Cysteine
Isoleucine Glycine
Leucine Serine
Threonine Threonine
Tryptophan Tryptophan

|| Malate

Asparagine

Aspartate

Glucose

Arginine
Glutamine
Glutamate |€— il
l Proline
a-Ketoglutarate
\ Isoleucine
Succinyl-CoA |€— Methloplne
Threonine
l Valine
Succinate

Phenylalanine
Tyrosine

[ 1 Glucogenic
[ ] Ketogenic

Link between amino
acid catabolism and

Krebs cycle

Amino acids are
their

degradative end product

grouped
according to major
- Ketogenic amino acid

- Glucogenic amino acid

- Only 2

leucine and

amino  acids,

lysine, are

solely ketogenic.

—_—



4. Nucleotide metabolism

- 2 types of pathways
- De novo pathway: synthesis of nucleotides begins with amino acids, ribose 5-phosphate, CO,, and NH,.

- Salvage pathway: recycle the free bases and nucleosides released from nucleic acid breakdown

A de novo B salvage
( S Aspartate N ( dc dT C nucleogide?(nucleobases h
& l C U U U dC dT
) C U U
dc drT b
DHOA U dT dc
DHODH l Glucose hCNT hENT
OA '
2 PRPP
OMP
UMPS
l dT dC —— U C
UMP
o T TK1/2|  dck | Uck uck
UTP dUTP
CTPS I l
cTP dUMP dTMP dC!VIP UI\.IIP — Cl\.llP
do o AT A
deMP gtmP 5 5 5 5
AR | - | s s ; ;
dCDP dTDP X v M ¥
Walter, M.; Herr, P. Cells 2022 l dTTP dCTP dCTP/dTTP  dCTP
| dcTP dTTP




4. Nucleotide metabolism: Purine metabolism

1
| Ribose-5-P ———= PRPP

“salvage pathway”

|
|
\ | I
“de novo synthesis”| | : E N Gly
———————— Sp
= : * : Rt YN N
|
| SAICAR —.'7—>SA|CAriboside _— !_H|: : !L_Fc |
ormy C rmy
: 2 T : \N/ \N/
LN
I :7 Gln \
: 3AICAR —:-—- AICAriboside Ribose-5-P
1
: t ! SAMP ——» S-Ado Purine nucleotide
I |
1
1
1

FAICAR
I'S \ Villa E and Ali E, Cancers, 2019.

GMP —-— -— IMP I

| i e
Guanosine 10 Inosine <—|?— Adenosine

11 @ Fig. 35.1. Pathways of purine metabolism. AICAR, aminoimi- 3, AICAR transformylase; 4, IMP cyclohydrolase (3 and 4 form

1

1
AL
1
1 : dazolecarboxamide ribotide; AMP, adenosine monophosphate; ATIC); 5, adenylosuccinate synthetase; 6, AMP deaminase;

, formylaminoimidazolecarboxamide ribotide; , gua- , 5’-nucleotidase(s), 8, adenosine deaminase; 9, purine nucleo-

1, 9 9 | FAICAR, formylaminoimidazolecarboxamide ribotide; GMP, 7, 5'-nucleotidase(s), 8, adenosine deaminase; 9, puri I
1 | | nosine monophosphate; IMP, inosine monophosphate; P, phos- side phosphorylase; 10, hypoxanthine-guanine phosphoribosyl-
1 1 in H xanthin Adenine 1 phate; PRPP, phosphoribosyl pyrophosphate, S-Ado, succinylade- transferase; 11, adenine phosphoribosyltransferase; 12, adeno-
| P _GiJa;nl_ E —_—— e — — XP_O a_ - _e _______________ [ nosine; SAICAR, succinylaminoimidazolecarboxamide ribotide; sine kinase; 13, guanosine kinase; 14, xanthine oxidase (dehydro-

1 14 | S-AMP, adenylosuccinate, XMP, xanthosine monophosphate. genase). Enzyme defects are indicated by solid bars across the

| 15 1 1, PRPP synthetase; 2, adenylosuccinase (adenylosuccinate lyase);  arrows

: Xanthine : . . .

| - — ! Step 14 is catalyzed by xanthine oxidase enzyme and can be

I T 14 degradation | |

1 o o s N o o o

' . inhibited by allopurinol drug (anti-hyperuricemic drug).

I Uhis 2t pathway

L ric acid |

Hoffmann GF., et al. Inborn metabolic Diseases, Diagnosis and treatment, 4t ed., 2006



I I
I I
I 1
I
: * . 0
1 I
SN -
1 | “de novo synthesis I Cc
oo . ! T N
1
oot | s
! orotic acid 1
|2 = b C
|
! . NN~
| OmP - _
| “salvage pathway”| 1 3 T : |
T = ) AR e ) 1 .
——————————— -' —— — e e et T T T Sy — - -
N CMP= — — S = OMP = — 1= = Tmp k e
':4¢- 5 4 om0\ 4‘ h T ;
h # g 7y Pyrimidine nucleotide
1! cytidine=—————s uridine thymidine X
I —————————————————————————————————— J
8
e =
“Jegradation uricn thymine Villa E and Ali E, Cancers, 2019.
pathway” 9 9
O Fig. 35.3. Pathways of pyrimidine metabolism. CMP, cytidine
dihydrouracil dihydrothymine monophosphate; glu-NH,, glutamine; OMP, orotidine monophos-

phate; PRPP, phosphoribosylpyrophosphate; TMP, thymidine
monophosphate; UMP, uridine monophosphate. 1, carbamoyl-
phosphate synthetase; 2, orotate phosphoribosyltransferase;

3, orotidine decarboxylase (2 and 3 form UMP synthase); 4, pyri-

10T T1o

B-ureidopropionate  B-ureidoisobutyrate

11T -‘-11

B3-alanine B-aminoisobutyrate

midine (cytosolic) 5'-nucleotidase; 5, cytidine kinase; 6, uridine
kinase; 7, thymidine kinase; 8, thymidine phosphorylase; 9, dihy-
dropyrimidine dehydrogenase; 10, dihydropyrimidinase; 11, ure-
idopropionase. Enzyme deficiencies are indicated by solid bars
across the arrows

Acetyl CoA Succinyl CoA

Hoffmann GF., et al. Inborn metabolic Diseases, Diagnosis and treatment, 4t ed., 2006
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Ribose 5-phosphate

ADP ATP
ribose phosphate
pyrophosF;)hokri)naie ®<—— ADP '——————u—\
(PRPP synthetase) }
PRPP i ] ] ]
® < AMP —---—-==—- . Regulations of biosynthesis of
arﬂﬁjts:;:igeprzps: ®é_ GMP —=====—~ \ : o o o
| @ p - o adenine and guanine nucleotide
\ | :
>-Phosphoribosylamine i 1 3 major feedback mechanisms regulating the de
|
9 steps i i . novo purine nucleotide synthesis
I |
v 1 1 - R-5-P=> PRPP
IMP — — ——————————~ / I : o o
cempoecnste N\ e 1 - PRPP => 5-phosphoribosylamine
synthetase dehydrogenase i i Whenever either AMP or GMP accumulates to
~= AMP-> <= GMP-—~ . . . . .
® v ® \ i i excess, the first step in its biosynthesis from
|
XMPXMP o i i PRPP is partially inhibited.
v : -glutamine | | .
Adenylosuccinate]  y o corensterase /I | i - IMP = XMP and IMP = adenylosuccinate
adenylosuccinate GMP —======——=—~ g :
lyase |
\ | ﬂ
N AMP —————— e~ ’ PRPP = Phosphoribosyl diphosphate



References

1. Nelson DL and Cox MM, Lehninger Principles of Biochemistry,
8™ edition, 2021

2. Bender DA, Botham KM, Kennelly P}, and Weil PA, Harper's
lllustrated Biochemistry, 30™ edition, 2015

3. Lieberman M and Peet A, Marks’ Basic Medical Biochemistry; a
Clinical approach, 5" edition, 2017.

——————C)-



Thank you

If you may have any questions, please send an
e-mail to kulthidava@kku.ac.th
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