1.2 | Principles of Thermodynamics
Thermodynamics relates with energy transformation which occurs in physical and
chemical processes. The acquired/released energy is used for the synthesis of various
biomolecules to be used in growth and differentiation of the organisms. It also provides an
insight into our understanding, how the metabolic processes take place, besides explaining

the conditions of various spontaneous reactions. Therefore, in this section we discuss first
and second law of thermodynamics, concept of free energy and nature of processes at

equilibrium as applicable to chemical and biochemical spontaneity.
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1.2.1 | First Law of Ther r?ohe)rlmodynamics states that the energy 15 r};;lt.he‘r Cieatl(: d no deStrOY
. Th}f ﬁrs}tl l-i‘::’a% ltae cransformed from one form to another. This is also known - lead,
although 1 :
rvation of energy:
of Ch(;Ir;St?mematically, it can be cxprcssed as
AU = AH — AW,
AU is the change in internal energy, AH is the heat ex changed o .
WI:reorEndings and AW is the work done by the system. e
su

amics provides certain criterion for decidi
The second law of thermodynamics f iding Whethe

action will occur spontaneously or not and states that the total entropy (dis, der
rzndomness of a system) of a system must increase if a process is to occur spontaneouﬂor
r In order to understand the laws of thermodynamics, it is necessary to defin, an{]

understand the fundamental terms used.

1.2.2 l Second Law of The

1.2.3 | Free Energy

Free energy or Gibbs free energy is one of the important determinants of the directiop that

a spontaneous reaction will take and it indicates the energy yield of a process. If free energy
change is negative, it means that the reaction will occur spontaneously and is termeg
exergonic. A reaction with positive free energy change does not proceed spontaneous;
and is termed endergonic. Endergonic reaction is thermodynamically not feasible unless

the energy is applied. Actual free energy of any process cannot be determined; only the
change in free energy (AG) can be determined. Delta (A) is a symbol of difference
between final and initial states. Therefore, AG of a chemical reaction is the difference

in energies of the products and reactants, that is
A(}reaction = AGproduct = AGreactants-

At constant temperature and pressure, the free energy change (AG) of a reaction, and
change in entropy is given by the following equation, which combines the two laws of

thermodynamics.

"AG = AH — TAS.

In this equation, AH is the change in enthalpy (heat) that occurs as the reaction
proceeds at constant pressure, T is the absolute temperature at which the reaction occus
and AS is the change in entropy. The absolute heat and entropy are difficult to measure;
it is possible to measure only the changes in these quantities. AG may be expressed in
J iules (J) per mole or kilojoules (k]) per mole or in calories (cal) per mole or kilocalories
ie:a tl) peé mole (4.186] = 1cal). According to these units, the free energy yield of a

ction depends on the number of moles of reactants that is involved in the reactior

, 1 .2.4 | Standard Free Energy Change
s The chemi i
E Sl:andar(tienfucal reaction has a characteristic standard free energy change ( AG®). Thz
o fromy the ;;E_FgngY change is a constant for a given reaction and can be calculate
ilibrium ¢ i iti iy at&
onstant of the reaction under standard conditions, that 15 %

E solute concentration of 1.0 M '
4 . - at temperatu 0 ssure of 1
, , atmospheric pressure. ’ . p re of 25°C (298 K) and at a pre:
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1.2 PRINCIPLES OF THERMODYNAMICS , o 7

The free energy change which corresponds to this standard state is known as standard
free energy (AG®). AG® can be calculated from the following equation:
AG® = —RTInK,, = —=2.303 RT log,, Keys

Here T is absolute temperature and R is a gas constant (1.987 Cal/mol K):
AG® = —(1.987) (298) (2.303) log;o Keq = —1363 log;o Keq.

This relationship which relates AG® to K. is véry useful in determining the value
of AG® for a specific reaction. If AG® js negative, which means the product contains
less energy compared with the reactant, then the reaction will form the products under
standard conditions. When AG® is positive, the products will have more free energy than
the reactants. Therefore, the reaction will proceed in reverse direction.

Since all reactions do not take place at standard conditions, a relationship has been

worked out by which a distinction can be made between AG® and the actual free energy
change (AG): _

o ~ (Products)

where the ratio of products to reactants is under actual initial concentrations. The actual
free energy change depends on the standard free energy change and the ratio of initial
concentrations of the products and the reactants.
It is also possible to evaluate AG® for the situation when concentration of both
products and reactants is unity. In this case '

AG = AG°.

Therefore, AG° can be defined as the change in free energy when products and
reactants are present in unit concentration. The standard free energy change of a
chemical reaction is simply a different mathematical way of expressing its equilibrium

constant.
- . : . | -
Since biochemical reactions take place near pH 7.0 and often involve H* formation

or use, pH 7.0 is regarded as the standard pH in biochemical systems. Therefore,
the standard free energy change at pH 7.0 in biochemical system is designated by
AG®.

It has been observed that in all spontaneous chemical or physical reactions the
free energy of the reacting system AG is negative, but the standard free energy change
AG®' may be positive, negative or zero depending upon the equilibrium constant of the
reaction. From the value of AG®’ the direction in which and how far a given reaction will
go in order to reach equilibrium when it occurs under standard conditions may also be
predicted. ' B

Free energy of nonstandard reactions, in which the concentrations each of reactants
and products are not 1.0 M but the pH is 7.0, is known as biochemical actual free energy
change AG’ and is related to AG® in a similar way as AG is related to AG®:

) (Products)
AG = AG° + 2.303 RT logo m-

For the determination of the actual free energy change that will occur under noh-
standard conditions of concentrations as the reaction proceeds to equilibrium, we can
substitute the actual initial concentrations of the reactants and the standard values of R,
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T and AG® and on solving the equation wil| give AG’
reaction. The value of AG’ el '
: ¢ G" will decline as the concentrati
i ative ¢ ! fa chem;j
will be negative and will slowly progress toward zero. However, AG® s mical reactjg,
Y P ’ 2
gctual sense, there can only be one free energy change for any reactio constan, |,
is represented (AG or AG'). » DO matter hy
Most of the metabolic pathways comprise both endergonic as wel|
reactions. In these cases the concept of coupling reactions enables us ¢
the energetics of such metabolic reactions, since it applies both to the synt
compounds and to their utilization in synthesis of biomolecules, The conc

a5 exergopj;
0 Lmderstand
hesis of eneyy,
eptof coupligg

may be clear from the following reactions, each reaction has its own ilibri

and will also have its standard free energy AG{ and AGY": “quilibrium comstan
A+B—->C+D (AGY), (wy
D+E -F+G (AGY), (12

On summing up the two reactions we obtain reaction (1.3):

A+B+C—>E+F+G (AGS) (13)

‘Reaction (1.3) will have its own equilibrium constants as well as standard free energy
- AGY'. We can obtain the standard free energy change for the overall reaction by adding
the standard free energy changes for all the individual reactions. This relationship is
very useful in calculating the standard free energy change of the reactions for which
equilibrium constant is not known and also of sequential reactions:

A(—\7O,overall = AGcl), + AGSI + AGgl'

The free energy changes of a reaction vary with the concentration of the reactantsas
. B : 1 0y
well as the temperature. Free energy is produced during catabolism and stored_ in enetriz)n
. . -reac
rich compounds. This stored energy is subsequently used for the endergonic-rea

characteristics of anabolism. -
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qergy Changes are Additive

st examine how a numerical value for the free ene
et US o sets of reactions in which the ratio of reactants o

ree E

r
8Y change i Calculateq Consig
er the

wing products is djg [
ollo A—B [BV[A] = 0, et K o Placed from, €quilibriyp,
X->Y [YVIX]=Q, where K -K,

ihen ACaB ™ =AGx-y
cince K/0s = = K, /0, the value of free energy change can be calculated:

_ Keq Keq
AG =-RTIn o O ~57061og 73 Jmol™ at 25°C

where
AG=Gibb’s free energy change

R=gas constant (1.987 calories/mole/degree)
T=absolute temperature |
0=product/reactants

- Freeenergy changes are additive, which can be studied from a series of sequential reactions. Previously,
- Wehaveintroducedaterm, standard free energy change (G°) whichisuseful in calculating quantitative values

¥ AG®°=-RTIn K,
: " generating energy under standard condltlons Now consider a reaction
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13.6 HIGH ENERGY COMPOUNDS
There are different forms of energy that are interconvertible, t.)ut the .ul‘timate 501.11'1(: oat; energy f()rthQ
living systems is the sun without which life would be imposslblc. Living orgams. s accumulag, B
| bonds of complex biomolecules, Gree
&
m

energy from their environment and store it in the chemica hett G .

) ) . )OS reactions. ;

plants and photosynthetic bacteria use solar energy to carry out Ph(’mzimt cetie re deri S dn ANy
! . n A : : rgy is deriv

fungi, non-photosynthetic protista and most microorganisms, the usable energy ed from f%é

stuffs obtained from plant sources only.
My

Adenosine Triphosphate |

All living organisms utilize ATP as the source of energ'y to drive a largf: number of endery,,

reactions. It was proposed by Lipmann in 1940 that ATP 1s the agent that links all energyﬁequmn;
2

and energy-yielding processes of the cell. When fuel molecules are degrade'd, boqd energy is rej,,
and recovered by coupling with ADP to yield ATP through phosphorylation. Living OTZanisy,
A

isothermal in nature and all chemical reactions proceed without appr-eciable riSe in temperatyre
is a high energy or energy rich compound which yields a large negative free energy when hydm}yze

NH,

at physiological pH. |
,‘ { i Y ',.' ,‘ ) N
ol s Hein L nsstib it costanap v o Nt
HO—I,’—O—I”—O—E"fOfCHZ s il
OH OH _OH |

OHY i~ 'OH. ' {8

ATP is a nucleoside triphosphate belonging to the family of energy rich compounds. Letu
consider the structure of this compound in some detail. It contains an adenine base and a 5-carhu
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ar, to which three nergetics [ 205
£ib0S¢ g sition of tt Pl'fosphate groups are attached. Ty,
D 5-carbon po the ribose molecule through 4 ey f‘"St phosphate group is attached
at dphosphate groups are linked linearly in an an ester linkage,
e

ide 1i wh
is highly charged and gets completely i}(;(xlnril»,dccdh"lk"gcﬂ- ATP is an cnccrre; rtlll; Sci)cr::;gu?;
Whlfwed by hydrolysis in several ways with liberation ()? ﬁpn 7"0- The phosphate groups can be
rem 1ysis Of ATP is not constant in a cell, it vagjeg from Ccl;]c 'cncrgy, However, the free energy of
hy concenm“ion' 0 cell decn(ling upon PH and Mg2+
ion HY' drolYSiS of ATP and the corresponding stang

a l 'ee o
, re frec energy changes are given in Table 13.2
rable 13.2 Hydrolysis of ATP and standard free engr h

3y ch i i

a at 25°C and pH 7.0 0¥ changes vith corresponding equilibrium constants
/—Rm“ M AGE Joules/mole K
/ﬁfﬁ;o’—: ADP+Pi [ e - l"(m

ADP+ H,0 - AMP + Pi o -36,000 .

i B , 2.0 10°M
ATP +H;0 Pobieig s =40,600 13 % 10'M
0> A+Pi S '
AMP +B,0 = A a0 1.6 x 1°M
ppi+H,0 — 2 Pi bt 318004 o 3.7%10°M

standard free energy change associated with the hydrolysis of terminal phos
when the secqnd phosphate is hydrquzed, another —7.3 keal of energy is released. These phosphate
groups Were lmkefi through anhydride bonds which trap a large amount of energy. When the last
phosphate grOUP is hydrolyz_ed, thg energy released has a smaller value, i.c., about —2.0 kcal.
The smaller values are associated with ester bonds. Therefore, the terminal and second phosphate
ponds in ATP are high-energy bonds denoted by ~ P symbol (—P~P~P).

There are several classes of energy-rich compounds which are used in biological systems
(Table 13.3). Now we might ask the question as to what factors contribute to the large negative free

energy change? In case of ATP, the energy-rich bonds are present in the pyrophosphate component
which gets fully ionized at pH 7.0.

phate is—7.3 kcal/mol.

P T
Adenosine— Q—P—Q—P—0—P—0O~
3 | |
(O 0 0
Animportant feature is that at pH 7.0 ATP has 3.8 negative charges that are closely placed. Negative
charges repel each other and as a consequence terminal phosphate group is removed. This ensures

elimination of some electrical stress so that ADP*” and HPOi_ ions are formed. Because of c}tlarge
repulsion, these ion products do not recombine to form ATP. The second feature is that ADP™~ and

HPOZ are stabilized as they are resonance hybrids. The negatively charged electrons around P arid
0 atoms of the terminal phosphate bond of ATP compete with each 9ther hd MEE clo§erth(;
the electronegative oxygen atom. Because of this resonance, all n?gatlvely charged elelcm[;;m ans
terminal pyrophosphate bond of intact ATP molecule do not attain a low energy leYe e

When ADP*~ and HPOf’ are separate from each other.

 Enol Phosphates

Phos.ph()enol pyruvate is another energy rich compound which ha
tl4g keal) at pH 7.0. It is an intermediate in carbohydrate metab

from ADP y phosphorylation.

s a large free energy of hydrolysis
olism, used for regenerating ATP
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206 Il Biochemistry

Table 133 Standard free energy of hydrolysis of some energy rich biological compounds

Compound AG® at pH 7.0 (e - )
Phosphoenol pyruvate _i:f) , \
Cyclic AMP L1
1, 3-Diphosphoglyceric acid 105
Acetyl phosphate 105
Acetoacetyl CoA 103

" Phosphocreatine . 100
S-Adenosylmethionine 30
Pyrophosphate o Y |
Acetyl CoA 86 1 |
ATP to AMP+PPi , 713 ; ‘
ATP to ADP+Pi 6 o j
UDP-glucose e
Sucrose iy
Glucose-1-phosphate 7
Fructose-6-phosphate o _'3'-'8 i
Glucose-6-phosphate . _33 7 |
Lactose , 2 ‘
3-Phosphoglyceric acid |
Sn-Glycerol-3 -phosphate e |

OPO3 |
CH,=C—C0;+ H,0 — HPO}" + CH, =C—0H —>CH; —C=0
COz CO;
E AG°=-68kcal  AG°=-8.0kcal :
(Phosphoenol | (Unstable enol (Pyruvate
pyruvate) form ) stable form)

Phosphoenol pyruvate is a phosphorylating agent that can be used to synthesize organic phosphates
Hydrolysis of enol phosphate results in the formation of unstable enolic form of pyruvate, which
undergoes isomerization to generate stable keto form. :

Thiol Esters

Thiol esters come under the category of energy rich compounds which are largely used to generate ATP.
Acetyl coenzyme A is one such compound which yields approximately —8.0 kcal/mol upon hydrolysis
0 ; 0 :

|1 I
CH;—C—8—CoA + Hy0 — CH;—C—0"+ CoA—SH + H* + AG® = -8.0 kcal at pH 7.0

Thiol esters, unlike oxygen esters, do not show resonance character, and because of this the
interaction between pi electrons of sulphur atom and the carbonyl group creates a driving force for
hydrolysis and subsequent release of a large negative free energy. Sulphur atom does not release it
electrons for double bond formation, but it may act as electron acceptor.
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Biochemical Energetics “ 207

Acyl Phosphates

Acyl phosphates are energy rich compounds having a large negative free ener
is 1,3-Diphosphoglyceric acid in which the electrons of the C=0 bond
electronegative oxygen, making it more polar. The carbon and the phos
positive charges which repel each other and in order to overcome this re
When acyl phosphates are hydrolyzed, this energy is released,

gy. One such compound
are attracted towards the
phorus atoms have partial
pulsion, energy is required.

0=C—0—0r0? 0 OH
H—(L—OH .+ Hy0 ——» H—Oll + 1—10—1‘)——0}1 AG® = - 11.8 keal
CIH20PO3H2 ll—icon 0
CH,0PO;H,

1, 3-Diphosphologyceric

3-Phosphoglyceric
acid

acid

Phosphagens

Phosphagens or phosphoguanidines are important energy-rich compounds which s?rve ?s etz:lgly
storage molecules in muscles of vertebrates and invertebrates. Some important examp es of na y
occurring phosphagens are phosphocreatine, phosphoarginine and phosphotaurocyamine.

o o
HzN\ H | : HN_ H | ~
—N—P—O" * C—N—P—O
H3C—I|\I 0 l 0
CHz (‘:HZ
(IZOO‘ (lez
Phosphocreatine o ) H—C—NH, +
HZN\ H ll)—O_ 'COO_
LN | Phosphoarginine
HIl\I o) _
T
L
SO3

Phosphotaurocyamine

iphosphates is vers
- ide triphosphates and diphosp
) ds like nucleoside trip ' hev do not forr
oncentration of compoun ; : ions. Hence they
1 N(?nnaltlge’ tr}::}ﬁired amounts are regenerated during Chemlf'alnrg?iuscles occur at the expense ¢
oW sunce ituation is different. Contractio . e, OccurTin
in muscles the situation is ; . ens serve this purpose,
}Slt.oi'lage f”els-}?m Lates readily available in the tissue itself. Phosphag
1gh energy phosp

7
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208 | Biochemistry
Creatine kinase . A
Phosphkocreatine + ADP < AG" = —10.3 keal at pH 7.0 Creatine + ATP

Cyclic AMP

Cyclic adenosine monophosphate (¢cAMP) is also an energy rich compound which not only functjopg
as a second messenger, but also-serves to activate a specific enzyme, protein kmfise, tha}t transfers 5
phosphate group from a donor to an acceptor. The standard free energy of hydrolysis of this compoung

is —12.0 kcal/mol. |
Such a high energy of hydrolysis is probably due to a high strain on the anhydride bond. Synthesis

of CAMP is catalyzed by membrane-bound adenylate cyclase. Though cAMP is a high energy
compound, it has a predominant role in metabolic regulations.

.II\IHZ s
Fy b =
CI0
k\
S URISN N
H,C iy

5 Gl

o

i~}

o~
|l
o

Adenosine 3’, 5" cyclic monophosphate (CAMP)
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