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Metabolism is a highly coordinated
cellular activity in which many
multienzyme systems (metabolic
pathways)
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Metabolic Biochemist
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Set of biochemical reactions that take place ' &k 7atos s g@%a
In an organism, which give rise to the | e BB Gt |8 J I e
processes of synthesis or demolition of

organic constituents
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(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, including
precursors of macromolecules;

(3) polymerize monomeric precursors into
macromolecules: proteins, nucleic acids, and
polysaccharides;

(4) synthesize and degrade biomolecules
required for specialized cellular functions, such
as membrane lipids, intracellularmessengers,
and pigments.




The most complex chemical
transformations
do not occur in a single
reaction but through several
reactions.

Called
“Metabolic Pathway”
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Metabolic
Biochemistry

Each reaction is catalized
by specific enzyme

Many metabolic
pathways are

compartmentalized into
rganelles or tissues.
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Metabolic Biochemis

What are the purposes of the
reactions?

&~ Converting exogenous
molecules into endogenous
molecules

Form physiologically useful
%" macromolecules

% Qbtain chemical energy




Autotrophic organisms

;i(e)(]::if;tggg %ﬁggtance Both autotrophic and heterotrophic

during photosynthesis organisms obtain energy from food
compounds produced by autotrophs.

Sur CoMH1206
+
60,
\/ ADP
photosynthesis respiration
=2
6H,0

They convert these compounds into glucose which they metabolize
through glycolysis and fermentation or cellular respiration




Cellular metabolism is organized to metabolic pathway
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Different reactions through | + 11
which biological molecules ‘

are synthesized and
degraded, allow to obtain,
accumulate and use energy




Cellular metabolism is organized to metabolic

VIE METABOLICHE
Alri amminaadd
B Carboidrdi complessi

In cells, single = —
enzymatic reaction =y wy Macomolecde
including sequences
with more stage called

metabolic pathway

In a single way, the product of
a reaction constitutes the
substrates in the next
reaction

Metabolism is the
whole reactions




Energetic Relation

. Cell E 5
between catabolic and T conanin
a na b o I i C pa“” h Way E{:}I?és:cchari des l(:::tl;buhydrates

Nucleic acids Proteins

_ _ ADP+HPO?~
Metabolism consists of two Wb
opposite processes, catabolism Z I |
and e_mabollsm which toget_her ATP Catabolism
constitute the chemical B
transformations that convert FADH,
food into wusable forms of |
energy and into complex i
biological molecules.
Precursor Energy-
molecules depleted
Amino acids end products
Sugars CO,
Fatty acids H,0

Mitrogenous bases

NHs




Energetic Relation
between catabolic and
anabolic pathway e auterote

Proteins
Polysaccharides
Lipids

Nucleic acids

Catabolism is responsible for
the degradation of the
introduced food or energy

ADP +HPO?~
NAD*
NADP+

FAD

reserves in the form of
carbohydrates, lipids and
proteins, into usable or

storable forms of energy.

Anabolism ' ) ATP
NADH
NADPH
FADH,

Chemical
energy

Precursor
molecules

Amino acids
Sugars

Fatty acids
Nitrogenous bases

Energy-
containing
nutrients

Carbohydrates
Fats
Proteins

Catabolism

y

*Kﬁyf

Energy-
depleted
end products

Co,
H,0
NHs




Energetic Relation
between catabolic and macromlacules contang
anabolic pathway

Proteins
Polysaccharides

Carbohydrates
Fats
MNucleic acids Proteins

VN

Catabolic reactions generally
consist in the conversion of
large complex molecules into

ADP+HPOZ—
NAD™
NADP™
FAD

smaller molecules (CO, and
H,O) and in mammals, they
' gen consumption

Anabolism ATP Catabolism
NADH
NADPH
FADH,

Chemical
energy

v

Precursor
molecules

Amino acids
Sugars

Fatty acids

Mitrogenous bases

Energy-
depleted
end products
CO,
H-0
NH5




Energetic Relation
between catabolic and
anabolic pathway

usually exergonic and the

released energy Is
trapped in the formation

Cell

macromolecules

Proteins

Anabolism

Precursor
molecules

Amino acids

Sugars

Fat

[

Mitrogenous bases

ADP+HPOZ—
NAD™
NADP™
FAD

ATP
NADH
NADPH
FADH,

Chemical
energy

Energy-
containing
nutrients
Carbohydrates
Fats
Proteins

Catabolism

v
Energy-
depleted
end products
CO,
HEf}
NH5




Erythrocytes and

Sl brain in the feeding
macromolecules
Proteins State Only use
s carbohydrates as

Mucleic acids

an energy source.

The energy that comes from

carbohydrates, lipids and Al e
proteins depends on the NADP
tissue and the nutritional and
hormonal state. Anabolism - AT
NADH
NADPH
FADH,
Chemical
energy 7 4
A fasting or diabetic's liver
e mainly metabolizes lipids
molecules
Amino acids
Sugars
Fatty acids

Nitrogenous bases




Energetic Relation

between catabolic and B e
S - nutrients
anabolic pathway Pohscrarides Catoroiain

Lipids Fats
Nucleic acids Proteins

A =
o8

BN

ADP +HPO2—
NAD*
NADP*

FAD

equivalents to the NAD *

and NADP * coenzymes
to form NADH and

Anabolism ' ' ATP Catabolism
NADH
NADPH
FADH,

Chemical
energy

\ - 7"_/
b 4

Precursor
molecules

Amino acids
Sugars
Fatty acids

Nitrogenous bases

Energy-
depleted
end products

Co,
H,0
NH;3




Energetic Relation

between catabolic and macroeecules nergy-
: oheins nutrients
a na b O I l C paT h way E:EII,::J charides Carbohydrates

Li pid Fats
Mucleic acids Proteins

VN

ADP+HPOZ—
NAD™
NADP™
FAD

responsible for the

biosynthesis of large
molecules from smaller

Anabolism ATP Catabolism
NADH
NADPH
FADH,

Chemical
energy

h
Precursor Energy-
molecules depleted
Amino acids end products
5 co,
H,0
MNH;




Energetic Relation
between catabolic and
anabolic pathway

Anabolic processes are
endoergonic and use stored

chemical energy such as
ATP, NADH and NADPH

Cell

macromolecules

Proteins
Polysaccharides
Lipids

Mucleic acids

VN

Anabolism

Precursor

molecules
Amino acids
Sugars

Fatty acids

Mitrogenous bases

ADP+HPO?Z—

NAD™
NADP™
FAD

’ ATP

NADH
NADPH
FADH,

Chemical
energy

Energy-
containing
nutrients

Carbohydrates
Fats
Proteins

Catabolism

b
Energy-
depleted
end products
COo,
H,0
NH;




Energetic Relation
between catabolic and
anabolic pathway

Reactions that use energy
perform various very often
tissue-specific functions
such as the conduction of
nerve impulses, contraction,
growth and cell division

Cell
macromolecules

Proteins
Polysaccharides
Lipids

Mucleic acids

VN

Anabolism ’ ATP
NADH
NADPH
FADH,

ADP+HPO?—
MAD™
MNADP™
FAD

Chemical
energy

Precursor
molecules

Amineo acids
Sugars

Fatty acids
Mitrogenous bases

Energy-
containing
nutrients

Carbohydrates
Fats
Proteins

Catabolism

v

Energy-
depleted
end products

co,
H-0
NH;




Catabolic reactions

@ are oxidative

produce reducing l
power and energy

Energy-
containing
nutrients Catabioling
a
Carbohydrates
Fats
Proteins "
ADp+HPOZY [ ATP
S . NADH
| NAD l
v NADPH
¢ NADP® FADH
"“ FAD '_/'/. B
- ‘
Cell |,
macromolecules
Proteins Anabolism
Polysaccharides '
Lipids

Nucleic acids

Anabolic reactions

& are reductive

!

require reducing
power and energy

Energy-
depleted
end products

CO,
H,0
NH,

Precursor
molecules

Amino acids
Sugars

Fatty acids
Nitrogenous bases




Metabolic Pathways Are Not Necessarily Linear

Some are branched, yielding multiple useful end products from a
single precursor or converting several starting materials into a single
product.

Rubber

. Carotenoid Steroid
Catabolic pathways are convergent pigments hormornes
Anabolic pathways are divergent /

ospholipids Isopentenyl- Bile
\ \,rrophosphwte_)' Cholesterol _bﬁmds
Triacylglycerols == Fatty acids / \
Mevalonate Vitamin K Cholesteryl
Starch Alanine Phe’?“" esters
\ \ alanine
Acetat . .
Glycogen = Glucose » Pyruvate cetyl-C - Acetoacetyl-CoA Eicosanoids
Sucro?e"ﬁ Serine/ Leucine \ /
Isoleucine Fatty acids === Triacylglycerols
(a) Converging catabolism
»
C|trate CDP-diacylglycero| ===p- Phospholipids
Oxaloacetate (b) Diverging anabolism

K /L ! Some pathways are cyclic
p

() Cycic pathway | Tricarboxylic acid (TCA) cycle

: : and the urea cycle are circular
Glycolysis Are Linear pathways




Cyclical Metabolic Pathways

The pathway is Initiated by addition of a small molecule
to a key metabolic intermediate:

Urea cycle
Ornithine

At the end of one cycle, the key intermediate is regenerated and available to
participate in another turn of the cycle.



Metabolic Pathways Are In@

Glucose

Phosphorylation

First step

glucose 6-phosphate.

It is also utilized in two other key metabolic pathways

o

N

glycogen synthesis

pentose phosphate pathway
(the hexose monophosphate shunt),

which generates ribose 5-phosphate and
NADPH




Metabolic Pathways Are Localized to Specific Compartments

Many metabolic pathways occur
within the mitochondria, ,

Oxidation of fatty acid
TCA cycle,
Oxidative phosphorylations

Urea cycle }

Others { Heme synthesis

Many metabolic pathways are
cytosolic

v

T—

Cell membrane

<
°

2z

Cytoplasm

Glycolysis
Pentose phosphate pathway
Fatty acid synthesis.

mitochondria and cytosol.



Metabolic Pathways Are Localized to Specific Compartments
Gluconeogenesis occurs HO % ® Glucose-6-Phosphatase

in three different cellular Glucuse-6-phisephiat
locations '"/

tbran des Fructose-6-phosphat

E n d 0 p I asm | C Tplasm‘alischul
Reti Cu I u m atlums H.O % @ Fructose-1,6-bisphosphatase

Fructose-1,6-bisphosphat

I
Glycerinaldehyd-3-phosphat — Dihydroxyacetonphosphat

Phosphoglucoisomerase

Triosephosphatisomerase
NAD + @ ,
NADH + H % Glycerinaldehyd-3-phosphat-

. dehydrogenase
1,3-Bisphosphoglycerat e

‘ Cytoplasm ATP /%) ADP + @ Phosphoglyceratkinase

3-Phosphoglycerat
/ |/ Phosphoglyceratmutase

2-Phosphoglycerat

/ Enolase
H.O

Phosphoenolpyruvat

+ Co,

PEP-Carboxykinase

yruvat-Carboxylase

Mitochondrium
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. Citoplasma

Apparato di Golgi

Centriolo

Lisosoma

Membrana
plasmatica
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Metabolic Pathways Are Hormonal Regulated
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REGOLATION

Separated regolation of
catabolic and anabolic
pathway at least a one

step.

Substrate-level

Concentrations of key
metabolites activate or
inhibit enzymatic
reactions.

Citrate is a metabolite
that regulate several
pathways

* Inhibits glycolysis

» Activates the first
step in the pathway
of fatty acid
synthesis

Compartmentalization
(citosol or mithocondria)

Dependent

Allosteric regolation

from substrate
disponibility

The flow of metabolites is
regulated by the
concentrations of

The flow of metabolites through these
reactions is controlled by modulating the
enzymes that catalyze them.

substrates and products. Hormonal regolation




What i1s chemical
energy?

The chemical energy that derives from
carbohydrates, lipids and proteins during

cellular respiration is used to generate ATP
molecules



ATP acts as an accumulator
- stores energy obtained from food

- releases energy when needed

(0] (o) (o) H— 7 G
[ [ [ . .
o--—lla—o—||=—o—||=—o——cu2 " N ’
(o o o- H H Adenine
Phosphate groups H H
(high potential energy) OH OH
Ribose
L i

e i



What Is chemical energy
used for?

V4 A

To obtain gradients of
concentration, movement,
heat,

To obtain the synthesis of
complex molecules starting
from simple precursors

l.e: In skeletal muscle, the
chemical energy of ATP is
converted into mechanical
energy during muscle
contraction



BYOENERGETIC

Bioenergetics Is a quantitative study of Energy

Transductions
—changes of one form of energy into another that

occur Iin living cells and nature
and function of the chemical processes underlying

these transductions.



All energy transformations
that occur in nature follow
the laws of thermodynamics

The laws of thermodynamics allow to
predict whether a reaction will be
spontaneus into the organism




Two fundamental laws of
thermodynamics.

First law Is the principle of the conservation of energy:
for any physical or chemical change,

The total amount of energy in the universe remains
constant;

Energy may change form or transported from one region
to another, but it cannot be created or destroyed.



Two fundamental laws of
thermodynamics.

Second law of thermodynamics

The universe always tends toward increasing disorder: in
all natural processes, the entropy of the universe

Increases.
Entropy (S) :

degree of disorder and randomnes of a system

@nergy (G) is used in biochemical pr@




@3 free energy, (G),

The amount of energy capable of doing work
during a reaction at constant temperature
and pressure.

When a reaction proceeds with the When a reaction gains

release of free energy or absorbs free energy

(when the system changes so as to

possess less free energy), AG -> a positive value and
the reaction is called
“endergonic’

AG ->a negative value and the
reaction is called “exergonic”



The free energy (6) of a system is that portion of the
total energy that is available for useful work.

It is defined by
AG= AH -TAS
AG is the change in free energy
AH is the change of hentalpy or the heat content
T is the absolute temperature

AS is the change in entropy



The heat content of the reacting system.

Chemical reaction releases heat--->exothermic (-A H)

The heat content of the products is less than that of the
reactants

Reacting systems that take up heat-----> endothermic (-AH).



Free energy is correlated to Keq

Equilibrium Equilibrium constant
— k,
AG°=-R T InK,, A+B<—k—C+D
At Canstam temperature
Pressure 1 atm
Temperature 25°C = 298 K ky [Ceql [Degl
pH=7.0 ki [A][B,]

Direct reaction :
k1 [Ceq] [Deq] Vdir = kl [A] [B]

_ = K Opposite reaction:
k A.ll[B =
-1 [ eq] [ eq] va — k_]_ [C] [D]

vdlr = vmv

ky [Ac] [Beo] = k4 [C.o] [D

eq] =

eq]



Equilibrium reaction: Vdir=Vinv

VY V

V. Y VVVY

A BTkl C+D o _Cegl Deal
+ + = =
-1 k-]_ [Aeq] [Beq] =4

Keq is high (K.,>>1) equilibrium towards products
[C] [D] is major to [A] [B])
(k1 > k-1)

Keq is low (K..<<1) equilibrium towards reagents
[A] [B] is major to [C] [D]
(k-1 < k1)

K, is equal to 1 (K., ~1) equilibrium not towards
reagents and neither towards reagents
(k-1= ki)



In living organism, the condition of reaction is not standard and the real variation
of free energy depends from the ratio between reagents and products
concentration presents in the cellular environmental .

A+B < > C+D

[Cogl [Degl_
€q
[Acq] B

[C] [D]

=AGY” _+RTlIn

reaz

AG’

reaz
[A] [B]

R = universal constant of gas (8.315 J/K-mol)

T = temperature (Kelvin)

AG’ ., = AGY ., + RT In K,

reaz reaz

> AGY” =-RT In K,



AG'< O

Spontaneus reaction
(EXERGONIC)

AG'> O

Not-spontaneus reaction
(ENDERGONIC)

Ac'= 0

Relationship between the Equilibrium
Constants and Standard Free-Energy
Changes of Chemical Reactions

AGIO

K., (kJ/mol) (kcal/mol)*
10° ~Jd. 2l —4.1
10? —11.4 —~2il
161 — 8.7 —-1.4
il 0.0 0.0
1071 5.7 1.4
107 11.4 2.7
103 171 4.1
104 228 5.5
107> 28.5 6.8
10°° 34.2 8.2

*Although joules and kilojoules are the standard units of
energy and are used throughout this text, biochemists
sometimes express AG’° values in kilocalories per mole.
We have therefore included values in both kilojoules and
kKilocalories in this table and in Tables 14—-4 and 14-6.
To convert kilojoules to kilocalories, divide the number of
kilojoules by 4.184.



The spontaneity of the reaction is established by its AG

A — B
Reagent product

Transition state

Free energy

B — A

Transition state

final state |

AG is positive
~_ B | | B_ B .
' reaction s reaction T
EXERGONIC REACTION ENDERGONIC
(SPONTANEUS) REACTION

(NOT SPONTANEUS)



In the metabolic process a unfavorable reaction
termodynamically ( AGY > 0) can be favored:
1) If the product is quickly consumed in the next one
reaction.
Reactions of a metabolic pathway are linked.

[C] [D]< [A] [B]

[C] [D] g <0
AG' ., =AGY ., +RTIn [A] [B]
[A] [B]

2) Coupling it to a second sufficiently exergonic reaction,
since the variations of free energy are additive



Free energy changes can be add

Enzyme often couples two process (one endergonic

and one exergonic),
The sum with a highly exergonic process produce a

variation of total standard free energy

(1) A > /K AG’; = +20 kJ/mole
(2) /B/ > C AG; =—32 kJ/mole
Sum: A > C AG, + AG,

exergonic = —12 kJ/mole




Free energy, G

A pratical Example

(b) Chemical example

Reaction 2:
ATP — ADP + P Reaction 3:

A Glucose + ATP —
= ol i glucose 6-phosphate + ADP

Reaction 1:

Glucose + P; —
glucose 6-phosphate

AGy

AG3 = AGl o AGQ

Reaction coordinate



Inside the cells, many reactions witha A G> 0 are
sustained thanks to the hydrolysis of ATP

Adenine
,-"N‘tlz”c"'*u
o o o- HC\ | l
: : _C ~CH
=0 Tll' 0P 0 -—CH e o
4-
ATP Ribose
4- 3- 2- +
ATP* +H,0 — ADP>+P;~ , H AG®’=-30.5 KJ/mol

Free Energies

ATP (adenosine- 5’ triphosphate)




ATP: adenosine- 5’ triphosphate

Many coupled reactions use hydrolysis of ATP
(highly exergonic pr'ocess) to make possible the

metabolic pathway

Purine nucleotide in which
adenine is linked with a
glycosidic bond to D-
ribose.

Three phosphate groups
are esterified at the 5
position of the D-ribose.

Two phosphate groups (p
and y) are linked with
energy-rich
phosphoanhydride bonds.

: Adenlne
Phosphoanhydride bonds -

(High energy)
\ \ H

. SN N>

O o0 O

iy vy
OP-OP-OPO-

Ru

HO HO

Ribose '




ATP: adenosine- 5’ triphosphate

Many coupled reactions use hydrolysis of ATP
(highly exergonic process) to make possible the

metabolic pathway

ACGOO= AOO
.

‘\\\ /A\v/ (/4
O A

“_ENERGYL

Z— \
A N
[/f \ //\{ \\\
y

Hydrolysis and transfer of
terminal phosphate.

Athe rddeforid PRoréd + H'
following the electrostatic
repulsion between the
negative
charges of the phosphate
qroups

Phosphoanidridic bond
(High energy)

Adenine nH,

‘OII’OTI’OP 0O

OYObO

Grupos fosfato




Factors that contribute to making ATP hydrolysis exergonic

Hydrolysis products (ADP, AMP and Pi) have a greater neutralization of
the negative charges of the phosphoanhydride groups by the Mg? *ions
(decrease in electrostatic repulsion)

ATP and ADP are
chelated with bivalent

H (ﬁ H cation such as
" , : magnesium in
O— I|) O—I|’—O I|) O— Rib — Adenine physiological condition
N O O MgATP?~
N /2+
Mg Formation of Mg2+
0 0 complexes partially shields
H H the negative charges and
- . . influences the conformation
O—f|’—0—f|’—0— Rib |— Adenine of the phosphate groups in
- - — nucleotides such as ATP and
O\ /,O MgADP ADE:



Factors that contribute to making ATP hydrolysis exergonic

0)
o~ [ , ,
O_IID_O_IID_O_II)_O— Rib | Adenine
H—0:—" & N ATP*- :
i The hydrolysis products
lhydrolysis, with (ADP, AM P, Pl) are better
relief of charge repulsion .
e solvated than ATP itself.
7 7 The solvation sphere helps
“O0—P—OH HO—P—O—P—0O— Rib — Adeni . .
| " | | ‘ = shield negative charges.
P; O O O ADP?~
e [
. N
{ [ [
5"(1}]?{05" H® H'+ “0—F—0—F—O—{Rib || Adenine
“g)_" O O ADP?~

ATP*” + H,O — ADP?®” + P?” + H*
AG’° = —30.5 kJ/mol



Factors that contribute to making ATP hydrolysis exergonic

Resonance of organic phosphate

0
R TR R _ ,
O—I|’—O—I|)—O—I|)—O— Rib —| Adenine
H—0:— 6 U o ATP* The hydrolysis products (ADP,
H AMP, Pi) are more stable than
hydrolysis, with
l relief of charge repulsion ATP.
T T 9 Stabilization occurs by resonance:
_O—E’—OH + HO—P,’—O—E’—O— Rib [ Adenine the electrons on the terminal
P; (on o O ADP*" oxygen atoms are more
[ Hiomzamn delocalized than on the oxygens
that act as a bridge in the
L T= _
0 o 0 phosphoanhydride bonds.

Al I
5“QTP|’TQ<3" H* H" + *O—fl’—O—P—O— Rib  Adenine
(o] O O ADP3"

o

ATP*” + H,O0 —> ADP?®” + P2~ + H*
AG’° = —30.5 kJ/mol



ATP+H,0 — ADP+P, AG®’=-30.5 KJ/mol

ENDERGONIC REACTION

ADP+P, — ATP + H,0 AG®’=+30.5 KJ/mol



AG'< O

Spontaneus reaction
(EXERGONIC)

AG'> O

Not-spontaneus reaction
(ENDERGONIC)

Ac'= 0

Relationship between the Equilibrium
Constants and Standard Free-Energy
Changes of Chemical Reactions

AGIO

K., (kJ/mol) (kcal/mol)*
10° ~Jd. 2l —4.1
10? —11.4 —~2il
161 — 8.7 —-1.4
il 0.0 0.0
1071 5.7 1.4
107 11.4 2.7
103 171 4.1
104 228 5.5
107> 28.5 6.8
10°° 34.2 8.2

*Although joules and kilojoules are the standard units of
energy and are used throughout this text, biochemists
sometimes express AG’° values in kilocalories per mole.
We have therefore included values in both kilojoules and
kKilocalories in this table and in Tables 14—-4 and 14-6.
To convert kilojoules to kilocalories, divide the number of
kilojoules by 4.184.



ATP Is not unique intermediate which storages energy




AG°' (High)
Phosphorylated Compounds have Large Free Energies of

Phbé@ﬁ@é}fﬁlﬁ/ruvate (PEP) contains a phosphate ester bond that undergoes
hydrolysis to yield the enol form of pyruvate, and this direct product can tautomerize

to the more stable keto form.

PEP has only one form (enol) and the product (pyruvate) has two possible forms, the product is

stabilized respect to the reactant.
This is the greatest contributing factor to the high standard free energy of hydrolysis of

phosphoenolpyruvate: AG=-61.9 kJ/mol

0 O
O \P/ Y
O (“/ (')/ \(') ”jﬁ O (ﬂ‘/ O
N v o ’ o7
Hj hydrolysis o (|j
CHs, -
_— —. Pyruvate
Pyruvate (Enolic form) (Ketonic form)

PEP®~ + H,0 — Pyuvate — 4 p2-
AG'° = —61,9 kJ/mole



1,3 BISPHOSPHOGLYCERATE (1,3-BPG)

1,3-bisphosphoglycerate contains an anhydride bond between the C-1 carboxyl group and a

phosphoric acid.

Hydrolysis of this acyl phosphate is accompanied by a large, negative, standard free-energy

(AG= - 49.3 kJ/mol).

Anhydride bond
0 @)
N
P
O O/ \() O OH
N S ) N S
1C C
y P,
2(|3HOH : CHOH
3CH, o CH,
| H,0 |
? 9
hydrolysis
O~ O~

1,3-bisphosphoglycerate, 3-phosphoglyceric acid

o 0
O%_//,O risonance
i
(|3HOH
— (|JH2
O
ionization |
O_ITZO
o

3-phosphoglyceric acid

1,3-bisphosphoglycerate, G H50O ——> 3-phosphoglyceric acid 37 4 Pzi_ +HT

AG'° = —49 3 kJ/mole



Addition of H,O is added to 1,3-bisphosphoglycerate,

The product 3-phosphoglyceric acid lose a proton to give the carboxylate ion,
3-phosphoglycerate, which is stabilization by resonance

-0 O
ANV
/P\ ) 0
O W
N~ N 0% /° resonance
1O C C
| P, | R |
2 (‘?H()H A CHOH N (‘Z‘H()H
FL» VAN
| H,0 | |
0O 0O o O
| : | Ionization |
—0—1‘):0 hydrolysis -0 —p=0 —0—1‘):0
O O O
1,3-bisphosphoglycerate, 3-phosphoglyceric acid . 3-phosphoglyceriate

1,3-bisphosphqg|ycerate,4_ + H3s0O ——  3-phosphoglyceric acid  + Pzi_ +H™
AG'® = —49 3 kJ/mole



PHOSPHOCREATINE

Phosphocreatine contains a P-N bond.
Phosphocreatine can be hydrolized to generate free creatine and Pi.

The release of Pi and resonance stabilization of creatine favour the
forward reaction.

The standard free-energy change of phosphocreatine hydrolysis is
again large, -43.0 kJ/mol.

(‘ 00~ (‘ 00~ (‘ 00~
(H) . ('\JHZ 1,0 (";.H2 (‘_‘:H2
“0—P—N—C—N—CH ‘< H,N—C—N—CHy/” | =-N—CH
| [ hydrolysis T) [ resonance ). " &

() f NI:[_)‘ I)i f NIIZ p{:l’ TSSO el el
PHOSPHOCREATINE ' CREATINE

! : 2
PHOSPHOCREATINE + H_). () —— CREATINE Pi

AG'® = —43,0 kJ/mole



All these phosphate-releasing reactions, the several resonance forms available to
Pi stabilize this product relative to the reactant, contributing to already negative

free-energy change

O O
0 \P/ O 0
N H,0 y P
0—C O O 0—C OH 0—C O
NS o N/ AN
l“/ hydrolysis (ﬁ C
CH,, CH, CH;
PEP o Pyruvate
Pyruvate (Enolic form) (Ketonic form)
PEP? + H,0 —> ‘Pymvalc + pf
AG'° = —61,9 kJ/mole
O )/()
s [ . 5 S
()\1\(7‘/() O O\(‘/O” O‘\\.,( 9 resonance
[ P, [ H [
2 CHOH - CHOH N CHOH
o | AN |
3 CH., — CH., ~— CH.,
| H.,O | |
(_‘) (‘) ) . . (_l)
O—P=—=0 1 O—P=0 |Onlzat|on O—P=—=0
| hydrolysis - u
O O O
1 . . . .
1,3-bisphosphoglycerate, 3-phosphoglyceric 3-phosphoglyceriate
acid .
cCO0O CO0 CcO0
~ v o ~
 H CH. H.0 ("‘Hf HoN, ("‘Hﬁ
0—P—N—C—N—CH, AT H.N—C—N—CHy 2 ——>\  T=N—CH,{|
| } [ hydrolysis . [ »»N’ ¢
0 NH., P, NH., 2
PHOSPHOCREATINE H('RF \‘TI‘\T
PHOSPHOCREATINE 27 + Hy;O —— CREATINE + Pf
AG'® = —43,0 kJ/mole




Thioesters  haye Large Free Energy of Hydrolysis

Acetyl-coenzyme A Acetyl-coenzyme A, or acetyl-
CoA Is one of many thioesters

Important in metabolism.

0 .
CHy—C Esters.
SN ClH

S-CoA

O-CHs,

A sulfur atom replaces the usual oxygen in the ester
bond,

Acetyl-CoA have large, negative, standard free
energy of hydrolysis.



Thioesters have Large Free Energies of Hydrolysis

O
_ a4
CH5;—C
\ A |
S-CoA

Acetil-CoA

ADP
Pantotenic acid

g-mercaptoetilammine

Pantotenic acid:
pantoic acid+ 3 -alanine

Acetyl thioester
bond

W _ .
cH,c—s—  B-mercaptoetilammine
Acetyl unit CH,

NH Coenzyme A

1, . ]
, Pantotenic acid

CH, NH,

4
“0—P—0—P—0—CH, 0_< | )\
H H

0 0
H H
2 O;PO OH

» Adenosine—2-phosphate



Thioesters have Large Free Energy of Hydrolysis

O
7
CHs—C Acetyl.-CoA
Hydrolysis of the 5-CoA
ester generates a H.0 :
carboxylic acid, : hydrolys‘ls
which can ionize CoASH
and assume several 0
Y . .
resonance forms. CH‘g_C/ Acetic acid
‘ AN

i lonization

Its hydrolysis products are
resonance-stabilized,

resonance

Theresultis a large, Acetyl-CoA . + H,O0 —— Acetate " + CoA + H"

negative -~ - AG'° = —31,4 kJ/mole



High Free Energy of Thioester is used |

H——H  +GDP+P, )  H—

n Krebs Circle

—H 1+ GTP+ CoA

H——H Succinyl- COOH

CoA
C=0 synthetase

S-CoA

Succinil-CoA

Succinic acid



Considerations

1) The tension of the bonds in the reactants, due to
electrostatic repulsion, decreases following the separation
of charges (ATP)

2) The products are stabilized by ionization (ATP,
thioesters)
3) The products are stabilized by tautomerization (PEP)

4) The products are stabilized by resonance
(Phosphocreatine)



Standard Free Energies of Hydrolysis of Some Phosphorylated
Compounds and Acetyl-CoA (a Thioester)

AGIO

(kJ/mol) (kcal/mol)

Phosphoenolpyruvate -61.9 —14.8
1,3-bisphosphoglycerate (— 3-phosphoglycerate + P,) —8.3 «].1.8
Phosphocreatine —-43.0 —-10.3
ADP (— AMP + P)) —32.8 —f. 8
ATP (— ADP + P)) -30.5 —if.3
ATP (— AMP + PP)) —45.6 -10.9
AMP (— adenosine + P)) —] 4.2 —3.4
PP, (— 2P) —19 —4.0
Glucose 1-phosphate —20.9 —=5.0
Fructose 6-phosphate —15.9 —3:8
Glucose 6-phosphate —13.8 —3.3
Glycerol 1-phosphate —~9,2 —2.2
Acetyl-CoA -31.4 ~7.5

Source: Data mostly from Jencks, W.P. (1976) in Handbook of Biochemistry and Molecular
Biology, 3rd edn (Fasman, G.D., ed.), Physical and Chemical Data, Vol. |, pp. 296-304,
CRC Press, Boca Raton, FL.



Metabolites with large, negative, free energy of hydrolysis are classified in two
classes:

-High energy compounds: phosphoenolpyruvate
1,3-bisphosphoglycerate
Phosphocreatine

_70 -
(|300_
(”3 O@ Phosphoenolpyruvate
_60 =
They are good > o e
donors of the -
phosphoryl group. HoH ®
CHz_O@ Phosphocreatine
—40 - 1,3-Bisphosphoglycerate

Adenine H Rib

-30 High-energy
compounds
Low-energy

-20 compounds

Glucose 6- @ GIYCGI'OI @

/

0 P,

AG'° of hydrolysis (kJ/mol)




Another way of transferring energy in addition to the use of ATP,
Is through the transfer of electrons.

The electron acceptor in oxidation processes is oxygen

Electrons are not directly transferred to oxygen.

Electrons are transferred by special transporters:
pyridine nucleotides or flavins

The energy of an electroosmotic gradient of protons
straddling the inner mitochondrial membrane is converted
Into chemical energy during the synthesis of ATP



REDOX is a type of chemical reaction in which the oxidation states
of atoms are changed.

B A

Redox reactions are characterized
by the actual or formal transfer of

electrons

between ;

: : another species

chemical species e

(reducing  agent) (oxidizing agent)
N that is reduced

that is oxidized : Reduced

(lose electrons) (acquire electrons). e

Oxidation is the loss of electrons or an increase in the oxidation state of an atom, an ion, or
of certain atoms in a molecule.

Reduction is the acquire of electrons or a decrease in the oxidation state of an atom, an ion,
or of certain atoms in a molecule.



There are three main ways in the cell for electron transfer:

1) Transfer of electrons in the form of hydride ion H-formed by two
electrons and a proton (: H) (i.e NAD)

2) Transfer of two hydrogen atoms (two electrons and two protons ).
(i.e: FAD)
(

3) Direct electron transfer from a redox reaction

Fe2t + Cu?* —— Fe3*+ Cu*

eSS



WHAT are
REDUCING
EQUIVALENTS?

e Electron: Fe 2*/Fe 3*

» Hydride(H") (2 electrons and 1 proton)
o Hydrogen atoms



Enzymes involved in oxidation and reduction are called
oxidoreductases and are they are classified into four groups:

catalyze reactions in which molecular oxygen is reduced to
H,O or H,0,

Transfer hydrogen from one substrate to another in a
coupled oxidation/reduction reaction

they have peroxides as a substrate and therefore perform

protective functions
(catalase, peroxidase)

They catalyze the oxidation of a substrate through

the direct incorporation of O,
(O atom is reduced)




DEHYDROGENASES:

Transfer hydrogen from one substrate to another in a coupled
oxidation/reduction reaction.

These dehydrogenases are specific for their substrates but often utilize
common coenzymes or hydrogen carriers,

EnzymeS That Employ NAD™ or NADP™ as Coenzymes Enzym es (Flavoproteins) That

Employ Flavin Nucleotide Coenzymes

Enzyme Coenzyme Flavin

, — Enzyme nucleotide Text page(s)

Isocitrate dehydrogenase NAD

a-Ketoglutarate dehydrogenase NAD’ Acyl-CoA dehydrogenase FAD 673

Glucose 6-phosphate dehydrogenase NADP' Dih‘,’dl'olipiﬂ'] ClCh}"dl‘DECI'lElSE‘. FAD 637

Malate dehydrogenase NAD" ’ . ’ ] ) - .

Glutamate dehydrogenase NAD™ or NADP! Succinate dEh}dI ogenase FAD 646

Glyceraldehyde 3-phosphate dehydrogenase NAD" G]}"CCI'O] 3—]}]'10513}“1511{‘

Lactate dehydrogenase NAD" dehydrogenase FAD 759

el el s s — Thioredoxin reductase FAD 917

NADH dehydrogenase
(Complex I) FMN 738-739
Glycolate oxidase FMN 813




Enzyme NAD(P*) dependent

Gliceraldeide 3-fosfato NAD®

deidrogenasi
Lattato deidrogenasi

Alcol deidrogenasi
Isocitrato deidrogenasi

a-Chetoglurato
deidrogenasi
Malato deidrogenasi

Glutammato
deidrogenasi
p-Chetoacil-ACP
reduttasi

Enoil-ACP reduttasi

NADH

NADH

NAD(P)’

NAD’

NAD’

NAD(P)'

NADPH

NADPH

Ossidazione della 3-gliceraldeide in 1,3-bisfoglicerato
(glicolisi).

Riduzione del piruvato a lattato (fermentazione
lattica).

Riduzione dell’acetaldeide ad etanolo (fermentazione
alcolica).

Ossidazione dell’isocitrato ad a-chetoglutarato (ciclo di
Krebs).

Ossidazione dell’ a-chetoglutarato a succinil-CoA (ciclo
di Krebs).

Ossidazione del malato ad ossalacetato (ciclo di
Krebs).

Deamminazione ossidativa del glutammato ad a-
chetoglutarato.

Riduzione dell’acetoacetil-ACP in D-p-idrossibutirril-
ACP (biosintesi degli acidi grassi).

Riduzione del trans-A’-butenil-ACP a butirril-ACP
(biosintesi degli acidi grassi).



NADH and NADPH

Nicotinamide adenine dinucleotide (NAD) NAD™* is oxidized form
Nicotinamide adenine dinucleotide phosphate (NADP) NADP+ is oxidized

. O
Ll MM, . H
= H \—P—0 _ (\j)l\NHz
L 3 h =
N

HH nicotinamide
= . | M H
5 o, N7y = Ny, synthesized from
VS 7 niacin
L L L S
nicotinic acid
(niacin)

' Vitamin PP (Pellagra Preventing)
MNaA LD MADE (vitamin B3)



The molecule is indicated with a +, but it is not positively
charged as a whole, but is negative due to the presence of
negative charges on the phosphate groups

Nicotinammide /

Cr
mononuleotide — o [ ‘%fl‘m,
(N M N) 0= I-J_l::l""\-\.,\_ H.r::a;:.-"'a-

Phoanhydridic o \
bond

Adenosine 0

monophosphate

oH OH

(AMP) i \



NAD+

m— CONH, Nicotinamide (NAM|
A \\’
: AN

o A
H
0 | NH

omp_o O M A Ay Adwsne |[NAD *accepts one
| </ | diphosphate g
ibose (ADPR) || Proton and two

0 CH, N N//
electrons
¥ ¥ Phosphate group
. attached here to form

OH OH -~ NADP

Each molecule of NAD* accepts two electrons and one proton.
(hydride ion H :-)
NAD*+2H = NADH + H*

The other proton removed from the substrate.



Rib/ADP Rib/ADP

‘ X Reduction ‘ ‘
—
-

7 © Oxidation

H  NH; H H NH,

NAD+
(oxidated form)

O

NADH
(reducing form)

0] (0]

] H H |
NH; || | NHE: 4+ m
R Aside R Bside
NADH
(reduced)

1.0 F -
Oxidized
p ;
. 0.8 \N/AD )
S o6l
NAD* OH OH 2 0l
(oxidized) = < Uar
In NADP™ this hydroxyl group 02k
is esterified with phosphate.
O_O 1 1 | 1 1
(@) 220 240 260 280 300 320 34(

Wavelength (nm)



Reduces accepting H:"

NAD?*
(oxidized form)

NH,

</:ﬁ' R

OH OH(QPO;?%)
NADP* ——

. (oxidized form)

Lel;m'nger Principles of Biochemistry, Fifth Edition
© 2008 W.H.Freeman and Company

NAD* +2H = NADH + H*

hydride ion

R B side
NADH (NADPH) (reduced form)

O
H H |
%, c

|
R A side

Ny
NH,

& NAD+ accept (2 e + 2 protons)
& H*is release in medium.



I IRERVE Some Enzymes (Flavoproteins) That
Employ Flavin Nucleotide Coenzymes

Flavin
Enzyme nucleotide
Acyl-CoA dehydrogenase FAD
Dihydrolipoyl dehydrogenase FAD
Succinate dehydrogenase FAD
Glycerol 3-phosphate
dehydrogenase FAD
Thioredoxin reductase FAD

NADH dehydrogenase

(Complex I) FMN
Glycolate oxidase FMN
FAD,

flavin-adenin-dinucleotide

The flavin nucleotide in most
flavoproteins is bound

rather tightly to the protein, and
INn some enzymes, such

as succinate dehydrogenase, it
IS bound covalently.

FMN
flavin-mononucleotide



FAD, FMN
flavin-adenin-dinucleotide  flavin-mononucleotide

Derivative from Vitamin B2

(riboflavin)
OH OH OH : :
P R L _ Riboflavin
GHE_?_?_?_GH‘?DH} ribitol It consists of five
H H H

carbon atoms of
the ribitol molecule
bonded to the N10

HsC N_ _N.
N 10N L=0 DIMETILISOALLOSAXINE
B 2 7.
T

| 3r!: ) atom of
A8 NN N I '
He” NS N6 isallosaxine

Piperazine I[|:|' Pyrimidine FLAVIN
o H H
S H— C—OH

RIBOFLAVIN H_%_OH e

H—(I:_OH Riduzione sk H—é—OH
H—(l:—OH H—(':—OH
H—C—OH H—(l:—OH

|

ribose ribitol



The Flavin nucleotides accept two hydrogen atoms (two electrons and
two protons), both of which appear in the flavin ring system.
When FAD or FMN accepts only one hydrogen atom, the

semiquinone, a stable freeradical, forms.

isoalloxazine ring

EMN Responsive sites
I—IélIOH
HCOH ribitol
I
FAD

Flavin adenine dinucleotide (FAD) and
flavin mononucleotide (FMMN)

- -

FADH" (FMNH"

(semiquinone)

o H
N
c

H— C—OH
H—C—OH
H—C—OH
H—C—OH

ribose

H o
| CHy I,JJH_NH
— [ L I 1
ci, > “Dir' ““ler" ~o
R H

FADH; (FMNH5)
(fully reduced)

H
H—Cc—OH

[

. H— Cc—OH
reduction |

---------- < = H—C—OH

H—C—OH
H—C—OH

rihitol



Flavin-adenin-dinucleotide (FAD)

HCT N 0

CH. %
H——CH
H OH
H——OH

Gt

QO

I MHz
':'—Ii'—l:l

'LI-:' __.:_".-'H *‘l*#*“‘N
— ", -
o ||:' UH I-.'I"-\-\"'\-\.N-_"r"J

0 8

O OH

FAD+ +2H > FADH,

H
HaC rﬂ 7
\\__..,___. |___.- ]l_:, H-..I_TH
T i
. I
H
H——H
H——OCH
H——OH
H— —0OH
H ]
H
o
0-P—0-P-0,
1l 1l \
(] ]
CH-
L (
I\
HY
HO OH

FAD, in its fully oxidized form, or quinone form, accepts two electrons
and two protons to become FADH, (hydroquinone form).



FAD and FMN are a redox-active coenzyme associated with various
proteins, which is involved with several enzymatic reactions in metabolism.
A flavoprotein Is a protein that contains a flavin group, which may be in the
form of FAD or flavin mononucleotide (FMN).

Flavin-adenin mononucleotide (FMN) Flavin-adenin-dinucleotide (FAD)

O 0
H.C N
H.C N s NH
. 5 NH oy . "
3 .A"‘ o ; ,' ~ (‘H—‘
H-,C N- N- O
) CHOH
CH, CHOH
) CHOH
CHOH I
0
CHOH
0] P O-P O CH
CHOH |
(_.H > \\s,\ ;//’: i

0
“0—P—0

O



Assorbimento

1,0
0,8
0,6
0,4
0,2

0,0

Enzymes that contain NAD*/NADH + H* can be followed by
spectophotometric tecniques

They have absorbance at 340 nm in the reduced form, but not in the oxidized

forms

<270 nm is characteristic of the

oxidized
(NAD™)

adenosine moiety and is not

s £ S [T

modified

reduced &340 nm is characteristic in the
(NADH)

reduced forms and depends on the

different position of the electrons in

1 1 | 1 1

220 240 260 280 300 320 340 360 380

(nm)
wavelength

the NADH pyridine ring




Enzymes that contain FAD/FADH can be followed by
spectophotometric tecniques

Spettro del FAD/FADH,

00X & 450 nm is characteristic in the
/ oxidized forms

extinction [a.u. red

300 350 400 450 500 [rirn]



Enzyme NAD(P*) dependent

Gliceraldeide 3-fosfato NAD®

deidrogenasi
Lattato deidrogenasi

Alcol deidrogenasi
Isocitrato deidrogenasi

a-Chetoglurato
deidrogenasi
Malato deidrogenasi

Glutammato
deidrogenasi
p-Chetoacil-ACP
reduttasi

Enoil-ACP reduttasi

NADH

NADH

NAD(P)’

NAD’

NAD’

NAD(P)'

NADPH

NADPH

Ossidazione della 3-gliceraldeide in 1,3-bisfoglicerato
(glicolisi).

Riduzione del piruvato a lattato (fermentazione
lattica).

Riduzione dell’acetaldeide ad etanolo (fermentazione
alcolica).

Ossidazione dell’isocitrato ad a-chetoglutarato (ciclo di
Krebs).

Ossidazione dell’ a-chetoglutarato a succinil-CoA (ciclo
di Krebs).

Ossidazione del malato ad ossalacetato (ciclo di
Krebs).

Deamminazione ossidativa del glutammato ad a-
chetoglutarato.

Riduzione dell’acetoacetil-ACP in D-p-idrossibutirril-
ACP (biosintesi degli acidi grassi).

Riduzione del trans-A’-butenil-ACP a butirril-ACP
(biosintesi degli acidi grassi).



