Welcome to Metabolism-I: 03-59-362

Thewhole art of teaching isonly the art of awakening the natural
curiosity of young mindsfor the purpose of satisfying it afterwards.

M etabolism = Chemistry of Life

6" year of my teaching metabolism

What other people thought of metabolism course?

Survey of Grad. Students, faculties about their exp  erience with
Metabolism Course in 2001.

90% It is too dry, and boring, too many chemical str  uctures to
remember

5% It is lot of chemistry, but if you like chemistr y, itis OK

5% Itis dry but it was good course

What can | do?
Makeit lessdry, lessboring or make it wet, interesting and exciting

I will try my best but need your participation.

Bioenergetics of life

Thermodynamics of energy conversions in living
systems

Free energy from ATP and other high energy
compound

Free energy from electron transfer from one molecul e
to other i.e. from oxidation reduction reactions

Metabolic pathways
Organic reaction mechanisms

Experimental approaches in the study of metabolism

States of Matter: 3 or 4?  For example water

Solid: Cold Ice Crystal Liquid:

Liquid: Warm Water
Gas: Hot Steam
Plasma: Very hot Nuclei and electrons

separated

Hydrogen exists as a proton in plasma state

Energy need of all
organisms are provided
directly or indirectly by
solar energy

4H
Thermonuclear
Conversion of mass into i fusion
energy is a very large He
increase in disorder.
Photons of

visible light




Thermonuclear Besctions in the Sun
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Energy and Mass relationship: E=mc 2

m=mass and c = velocity of light

Nuclear reactions involve mass conversions into ene rgy
Example: 4 H=He

Formation of helium from four hydrogen atoms is one of the most
common nuclear reaction in solar plasma.

4X1.008= 4.032, whereas atomic mass of He is 4.003

Net loss of mass = 0.029 Daltons/He nuclei formatio  n, this mass is
converted into huge amount of energy. 1 Dalton=1  .66X1024 gm or
1.66X1027 Kg

E =0.029 X 1.66X1027 Kg X (3X108m/sec)2= 4.54X10*2 Joules/ He
1 Mole of He is 4 gm, and it contains 6.023X10 2 atoms

1 mole He (4gm) formation will produce (4.54 X10 -%2).(6.023X1023)
= 2.7X10*2 Joules

Different formsof energy: Mechanical (kinetic and potential)
Light, sound, heat, electrical (including magnetic) and chemical
energy

Conversion of mass and energy

Inter-conversion of subatomic particle. Physics
Various energy forms: Light, electromagnetic,

Kinetic, heat, potential, sound and wave

Interactions between atoms through electrons
in outer orbit of atoms at various temperature,
pressure and pH and solvent condition.

Chemistry

Interaction between macromolecules,

atoms in similar way as in chemistry except Biochemistry
at normal temperature, pressure,

around neutral pH and strictly in aqueous

First law of thermodynamics:

For any chemical or physical change the total energy of
the universe remains constant, in other words, energy
may change form, or transported from one place to other
but it cannot be destroyed or created.

Second law of thermodynamics:

Any spontaneous chemical or physical change is always
accompanied by increase in the disorder of the universe.
In other words disorder or entropy of the universe
increases in all natural processes.
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Elemental composition of the human Body

Consider a human with body weight of 60 kg
70% of total body weight iswater, i.e 42 kg water
Thedry weight of the 60 Kg body = 18 kg

Main playersin the chemistry of life: unpaired electrons

Number of Number of

unpaired electrons in

electrons complete

Atom (in red) outer shell
H- 1 2
0- 2 8
N 3 8
C 4 8
2 8
B 3 8

Most of the chemistry in living system is the resul t of
interplay of electrons in the outer orbit of H, C, N, O, P and
S.

Electro negativity: It is the tendency of an atomt o attract an
electron. F is the most electronegative element, bu  tin
biological system O is the most electronegative ato m.

Element % of drywt dry wt (kg) Trace Elements
C 61.7 11.0 B
N 11.0 2.0 F
o 9.3 16 S
H 57 10 \Y
Ca 5.0 0.9 Cr
P 33 0.6 Mn
K 13 0.23 Fe
S 10 0.18 Co
Cl 0.7 0.12 Cu
Na 0.7 0.12 Zn
Mg 0.3 0.054 Se, Mo, Sn'l
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The Electronegativities of Some Elements 3-3
Element Electonegalivy’ o
= o Strengths of Bonds Common in Biomolecules
Q 35 Bond dissociation Bond dissociation
;‘ ig Type cf bond energy* (klfmol) Type of bond energy (ki/mol)
B 28 Single bonds Double bonds
E & 0-—H 461 c=0 712
i % H—H 435 C=N 515
Se 24 P 419 c=C 511
P 21 - =( 5
i i C—H 414 P=0 302
& 19 N—H 389
Fe 18 () 352 Triple bonds
o 12 o 8 c=¢ 316
1o 18 S—H 339 N=N 230
in L6 c—N 293
Mn 15 B
I 4 c-3 20
[ 10 N-0 22
L 1.0 .
¥ 09 =3 214
K 08

*Thefigher U rmber, the e elecronegaie (he greser
the gocton affity of he eement

*The grecter the erergy requ red for bend dissaciaton (breakage), the stionger the bond

Many of the reactions in biological systems are cat  alyzed by
enzymes and involve the lone pair of electron on N, OandS
and P.
In many complex reactions a particular group of ato ms (as
part of compounds) are actively involved in the re actions.
The are called functional groups.
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Energy in chemical reactions:

Free energy (G): Itis an amount of energy capable of doing work
during a reaction at constant temperature and press ure. When a
reaction proceeds with release of free energy, the free energy
change AG has a negative value and the reaction is called e xergonic.
Opposite is endergonic reaction in which there is ga in of free energy.

Enthalpy (H): Represents the heat content of the reacting systems
When there is release of heat during a reaction it is referred as
exothermic reaction and the ~ AH is negative. Opposite is endothermic
reaction with AH positive.

Entropy (S): itis a quantitative expression for the randomness or
disorder in the system. There is always an increase in entropy or
gain of entropy of the overall system in any reacti on,i.e AS is always
+ve.

AG = AH - TAS

7 molecules 12 molecules
A
A A CO,
0Oy (a gas)
(a gas) e A A

Hy0

Gl
ucose & & % % & (a liquid)

(a solid)

Cells are isothermal systems i.e. they function at constant
temperature and pressure. They can only use the fre e
energy to do the work unlike other systems which ca n use
heat released in system to do work (e.g. engines).

Plants acquire free energy from absorbed sun light, and
synthesize nutrient. Both plants and heterotropic ce lls use
this nutrients and transform the free energy in nut rient
into ATP or other energy-rich compound. This proce ssis
called catabolism .

The free energy stored in energy-rich compounds is used
by the cell to synthesize various compound and
ingredients and this process is called  anabolism .

Energy- Energy-
containing depleted
nutrients end products
Carbohydrates co,
Fats H,0
Proteins NHj
cell — Precursor
macromolecules molecules
Proteins Anabolism Amino acids
Polysaccharides i Sugars
Lipids Fatty acids

Nucleic acids Nitrogenous bases

The standard Free Energy change of a reaction is an alternative

mathematical way of expression of equilibrium const ant. Itis

defined as the Free energy change of a reactionat  standard

conditions (at 298 K and 1 atm pressure when the ini  tial

concentrations of reactants and products are at 1M each.
aA+bB = cC+dD

equilibrium constant K, = [C]°[D]¢/[A] 2[B] ®

AG” = -RTIn K,

Actual free energy change depends on reactants and
product concentration
[C][D]

AG = AG'° + RTIn
[A][B]




Standard Free-Energy Changes of Some Chemical Reactions at pH 7.0 and 25 °C (298 K) 14-2
6
i ip between the Equilibrium
Reaction type Gimal) (hcalimol) Constants and Standard Free-Energy
Hydrolysis reactions Changes of Chemical Reactions
Acid annydrides a6
Aee o 911 -218 ) —_—
2l ol K imol) calimon
55 105 e R
45 103 10 171 41
o 430 103 10 14 27
Esters 100 57 L4
! scetat + 1,0 — atha 196 47 1 00 00
Glucose 6-phosphate + H,0 — gl 138 33 10 5.7 14
Amides and peptides
Ay e - 10 14 27
cine + H,0 9.2 2. 10 17.1 41
10+ 228 55
10— 2 lucose -155 37 10 285 68
0 % plicose + galactose 159 38 10¢ 2 52
Glucces 1 phospate — glucose 6 prosprate 73 7
Fructose E-phosprate —» glcoss &-prosphate 17 .
Elimination of waer
Walate — famarste + ;0 ExY 08
Oxidtions with melecular oxygen
Glucoso + 60; — 6C0; + 6,0 2880 %6
Palmitate + 230, —> 1600, + 16H.0 9770 233

Standard free energy changes are additive

o) A —>B  AG/
2 B —>C AGy
Sum.: A —>C AG,  + AG,

Glu+Pi=Glu6P+H,0 &G =138kJ/mol
ATP+H,0 = ADP+Pi 3G =-30.5kJ/mol

Glu + ATP=ADP + GluéP 3G =-16.7 kJ/mol

Phosphoryl group transfer and ATP as currency of
free energy

ATP is generated during catabolic reaction and the free
energy of ATP hydrolysis is used in synthetic

reactions, to do mechanical work or to produce ligh t(in
fire fly), sound or to conduct neuronal action pote ntial.

Basis of high energy of hydrolysis of ATP:

1. Resonance stabilization of products

2. Electrostatic repulsion between negatively charge d
oxygen atoms in ATP

3. High solvation energy of products

ATP is more stable than other phosphoanhydride
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relief of charge repulsion

o o0
o—b—om + H()—l‘l—o—lrl’—o—{RTbAm
b0 b o App-
0 ' 0o o
FOZblos B H'+ o—g—o—ll—o—ﬁ—{m
()l) o] (5 ADP*

ATP* + H;0 —» ADP® +P? +H'
AG™ = —30.5 kd/mol




(a) Written as a one-step reaction
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(b) Actual two-step reaction
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Acetyl-CoA

H,0O - hydrolysis
CoASH
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resonance
stabilization

Acetyl-CoA + H;0 —— acetate + CoA + H'
AG'™ = —32.2 kJ/mol

o-b-0
7
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CH(CHahy —C_ + O—P—0—{Rib|-[Adenine
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Palmitoyl-CoA AMP

Oxidation-Reduction reactions in biological systems

As we have discussed so far, transfer of phosphoryl group is a
central feature of metabolism and in energy transfe  r (due to the
tendency of ATP to get hydrolyzed desperately). An equally
important reaction mechanism to transfer free energ y in biological
systems is the transfer of electron in oxidation re duction reactions
(due to tendency of some atoms to accept electron d esperately).

Oxygen is the strongest electron acceptor in biolog ical systems, due
to it very high electro negativity and hence it is the strongest
oxidizing agent. Fluorine is the strongest oxidizin g agent butitis
present in trace amount in living system.

Oxidizing ability: capacity to accept electrons dep end on the electro
negativity of the atom.

Flow of electrons can be used to do useful work as is done in battery
operated motors, the electromotive force (EMF). In  living systems,

Overall reaction:
Palmitate + ATP + CoASH —— palmitoyl-CoA + AMP + 2P,

AGE = —32.5 kl/mol

electron flow from various electron carrier to oxyg
generated is utilized for various energy transducti

en and the EMF
on reactions.




Acetaldehyde

- (aldehyde) o &
= Acetone 2
(ketone)
—— Foe o . > .
{earboxylic H: 2
P i
ik - acid)
= Carbon HVEERTS) 2
‘monoxide
Acetic acid
- - (earboxylie 1
acid)
R . Carbon ‘0o 0
dioxide

Oxidation states of Carbon in various compounds; from fully reduced (methane0 to fully
oxidized (carbon dioxide)

Electrons are transferred from one molecule (electr
another (electron acceptor) in one of the four diff

1. Direct electron transfers:
Fe?* + Cu?* = Fe3* + Cu*

2. As hydrogen atom: AH ,=A+2e + 2H*
B +2e +2H* =BH,

AH, +B=A+BH,
3. As hydride ion (:H ): As in case of NAD-linked
dehydrogenases
Transfer of two electron.

4. Through direct combination with oxygen: Covalent
incorporation of oxygen into an organic molecule.

In biological systems oxidation is often referred a S
dehydrogenation

on donor) to

erent ways;

Standard reduction potential: (E °)

action against
ed and

It is the electric potential generated by a redox re
hydrogen electrode, when the concentration of reduc
oxidized species are at 1 M concentration.

Device for
measuring omf

.

(standard

Salt. br\d ge

pressure)

/ / (Kl mmmm

Reduction potential of a half-cell depends on the t
reduced and oxidized species which is approximated

he activity of
by their

__/

|
‘ 1

concentrations.

Nernst Equation:

E = E° + RT/nf In [electron acceptor]/[electron donor]

N= number of electrons transferred, f= Faraday's co  nstant.
At 25 °C, the equation is;

E = E° + 0.026V/n In [electron acceptor]/[electron donor]

Reference cell of
known emf: the
hydrogen electrode
in which Hj gas
at 1013 kPa'is
equitibrated at

Test cell containing
1M concentrations
of the oxidized and
reduced species of

the redox pair to
be examined

Standard reduction potential is used for free energ
calculation as follows:

y change

AG = -nf AE or AG® = -nf AE®

the electrode
with 1M H'

ble 14-7

Standard Reduction Pn(en(lals ol Some Biologically Important
Half-Reactions, at 25 °C as

Data mostly from Loach, PA. (1976) In Handbook of Biochemistry and Molecular Biology,
31d edn (Fasman, G.D., ed.), Physical and Chemical Data, Vo. I, pp. 122130, CRC Press,
Boca Raton, FL

Thi i the wlu fo s FAD:FAD bound 13 specifc Iavoprotin (o examplesuccite
dehycrogenase) has a different

Half-reaction G0
+2H + 26— H0 0816
fe e e 0771
NO; + 2H' + 26— NO; + H,0 0421
Cytochrome f (Fe™) + & — cytochrome f (Fe?') 0365
Fe(CN)} (ferrcyanide) + & — Fe(CN)¢ 036
Cytochrome )+ e —> cytochrome a,(Fe?*) 035
0, + 2H' + 26— H,0; 0295
Cytochrome a (Fe™*) + e — cytochrome a (Fe?') 029
Cytochrome c (Fe**) + e~ — cytochrome ¢ (Fe2') 0254
Cytochrome c, (Fe*) + e~ —» cytochrome ¢, (Fe?') 022
Cytochrome b (Fe™") + e~ —» cytochrome b (Fe?') 0077
Ubiquinone + 2H' + 2e” — ubiquinol + H, 0045
Fumarale? + 2H' + 2¢ — succinate’ 0031
2H' + 2 —» H, (at standard conditions, pH 0) 0.000
Crotonyl-CoA + 2H' + 2¢~ — butyryl-CoA 0015
Oxaloacetate? + 2H' + 2e” — malate? -0.166
Pyruvate + 2H' + 2e” — lactate 0185
Acetaldenyde + 2H' + 2¢” — ethanol -0.197
FAD + 2H' + 2e" — FADH; -0.219*
Glutathione + 2H' + 26~ — 2 reduced glutathione 023
S+ 2H + 26 — HS -0.243
Lipoic acid + 2H' + 2e” — dinydrolipoic acid -0.29
NAD' + H' + 2" — NADH 0320
NADP'+ H' + 26~ — NADPH ~0.324
Acetoacetate + 2H' + 2¢” — f-hydroxybutyrate 0346
a-Ketoglutarate + CO; zH + 2¢ — isocitrate 038
H' + 26" —» H (at p ~0.414
Ferredoxin (Fe™') + & *»lerredoxm (Fe?') -0.432

NADH and NADPH are soluble electron carriers thata  ct

with dehydrogenases.
NAD* + 2e" + 2H* = NADH + H*

CH,CH,OH + NAD* = CH3CHO = NADH + H*

" o H_ I
o 52
f %
Nl 2 :  or
I =
i
o
| R A side
O=P—0 NADH
| B (reduced)
& OH OH
| NH,
O:T,O ijv Adenina
o N
N
(oxidized) om om

In NADP" this hjdmxvl group
is esterified with phosphate.
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isonlloxazine ring
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Metabolic pathways;

Metabolic pathways are irreversible

Every pathway has a committed step

Metabolic pathways are regulated

Some metabolic pathways are compartmentalized

PONPE

Organic Reaction Mechanism:

Group transfer: Nucleophilic substitutions

Oxidation reduction

Elimination, isomerization, rearrangement

Hydrolysis and synthesis (making and breaking of C- C
bond

Homolytic T (|3_ g
cleavage [T

Heterolytic 707(!774. —E= G e
cleavage [

Carbanion Carbocation

(a) SN1 reaction

R &
NEw W:
v ‘X
R3
R2
Rl\ § Z
C+
P ‘X
RB
2
Carbocation R.l\ F
intermediate /C Y/
R3
Retention of
configuration

(b) Sn2 reaction

R2
N
Z:-  CiW
B A R! R2
i
Z%\ __.(l}.. Wwé
3
PN
Pentacovalent i R
intermediate Z:C\ +W:-
R3
Configuration

inverted

Experimental approaches to study metabolism

Nutrient — Product
Intermediate steps
Isolation & characterization of specific enzymes

Regulatory mechanism in metabolism.




METABOLIC INHIBITORS
Gtcose

GbP
IoPoacetamide

Fructose6p” Fr.1.6.biphosphat€ GAP+DHAP

GENETIC DEFECTS:
Mutation in a particular gene

Defective protein enzyme
Blockage of metabolic reaction

Accumulation of an intermediate

i
@_ CHy— C—C00™
| phenyl alanine

phenylketonuria

i
Ho—~ :>_ CHz—T_CO" tyrosine

NH,
.

phenyl-pyruvate ‘

H

HO—@— CHy—C—COO ™ p.hydroxy phenyl pyruvate

Defective in OH
Alcaptonuria

O, + H,0




