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1.11 Reactive oxygen species and antioxidant

Reactive Oxygen Species (ROS) is a phrase used to describe a number of
radicals derived from molecular oxygen. Free radicals are atoms or molecules t
which explain their instability and high reactivity. Radicals can have positive

reactive chemical species and free
hat have unpaired valence electrons,

d e CEosaruian di : negative or neutral charge. They are
formed as ry Intermediates in a variety of normal biochemical reactions. There are many types of radicals,

but thos'e of most concern in biological systems are derived from oxygen. Ground state oxygen may be converted
to ROS either by energy tmﬁsfer or by electron transfer reactions. The former leads to the formation of singlet oxygen,
whereas the latter results in the sequential reduction to superoxide radical, peroxide radical and hydroxyl radical.

0::0 -0::0 .0::0- «O:H
Oxygen (0;) Superoxide radical (0} ) Peroxide radical (O} %) Hydroxyl radical (+OH)

when the level of ROS exceeds the normal level, a cell is said to be in a state of ‘oxidative stress.” The enhanced
level of ROS causes peroxidation of lipids (oxidations of unsaturated fatty acids), oxidation of proteins, damage to
nucleic acids, enzyme inhibition and activation of programmed cell death pathway.

An antioxidant is a molecule that inhibits the oxidation of other molecules. Antioxidants remove free radical
intermediates and inhibit oxidation reactions. They do this by being oxidized themselves, so antioxidants are often
reducing agents such as thiols, ascorbic acid, or polyphenols. Cells contain multiple types of antioxidants. Enzymatic
antioxidant defences include superoxide dismutase (SOD), glutathione peroxidase (GPx) and catalase. Non-enzymatic
antioxidants are represented by vitamin C, vitamin E, glutathione, carotenoids, flavonoids and other antioxidants.

. e SOD
0; +0; +2H" ———, H,0, + O,

Catalase
H,0; + H, 0 —048M 2H,0 + O,

GPx
H;0, + 2GSH ——» 2H,0 + GSSG (GSH = Reduced glutathione and GSSG = Oxidized glutathione)

1.12 Enzymes

General features

An enzyme is a biocatalyst that increases the rate of chemical reaction without itself being changed in the overall

process. It is a remarkable molecular device that determines the pattern of chemical transformations. Virtually all

cellular reactions or processes are mediated by enzymes. Enzymes have several properties that make them unique.

« Most enzymes are proteins. With the exception of a small group of catalytic RNA molecules, all enzymes are
proteins. Their catalytic activity depends on the integrity of their native protein conformation. If an enzyme is
denatured or dissociated into its subunits, catalytic activity is usually lost.

« Enzymes are highly specific. They are specialized proteins and have a high degree of specificity for their substrates.

» Enzymes exhibit enormous catalytic power. It increases the rate of a reaction by lowering the activation energy.
It changes only the rate at which equilibrium is achieved; it has no effect on the position of the equilibrium.

Enzymes can be divided into two general classes: simple enzymes, which consist entirely of amino acids and
conjugated enzymes, contains a non-protein group called a cofactor, which is required for biological activity.
Removal of cofactor from a conjugated enzyme leaves only protein component, called an apoenzyme, which
generally is biologically inactive. The complete, biologically active conjugated enzyme (simple enzyme plus cofactor)
Is called a holoenzyme. A cofactor can be linked to the protein portion of the enzyme either covalently or non-
covalently. Some cofactors are simple metal ions and other cofactors are complex organic groups, which are also
called coenzymes. Cofactors which are tightly associated with the protein covalently or non-covalently are called

prosthetic group.
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According to Fhe Michaelis Menten equation, the reaction velocity versus substrate concentration shows the hyperbolic
plot. Michaelis and Menten noted two significant features about the kinetics of this reaction. When the substrate

concentration was kept constant and the enzyme concentration was Increased, the rate of reactlon Increased. But

when the enzyme concentration was kept constant and the substrate concentration increased, the reaction rate

substrate, velocity is proportional to substrate
ction. At high [S], velocity becomes virtually
onger dependent on [S] at high concentration,
enten model is based on the assumptions. The
e equation:

is much greater than the concentrations of enzyme [E].

2. The rate of formation of ES is equal to that of the breakdown of ES (the steady state assumption).

3. Very little accumulation of P, so the formation of enzyme-substrate complex from E + P is negligible,

concentration [S], the enzyme catalyzed reaction is a first order rea
independent of [S] and approaches a maximal limit. Since rate is no |
the enzyme catalyzed reaction obey zero order kinetics. Michaelis-M
following assumptions are made in driving the Michaelis-Menten rat
1. The concentration of substrate [S]

Steady state assumption

The interpretation of the Michaelis-Menten model were refined by Briggs and Haldane by an assumption termed the
steady state assumption. The steady state hypothesis states that the concentration of enzyme-substrate complex
remains constant through much of the reaction. When the enzyme and substrate are first mixed, the concentration
[ES] will rise rapidly from zero to a so called steady state level as illustrated in the figure below.

[P]

Concentrations

Change in concentrations
over time for enzyme E,
substrate S, complex ES
0 . and product P

Time

f——— Steady state: ————

ES almost constant

For a simple enzyme-catalyzed reaction (E + S === ES — E + P), the graph shows how the concentrations of
substrate [S], free enzyme [E], enzyme-substrate complex [ES], and product [P] vary with time. After a very brief
initial period, [ES] reaches a steady state in which ES is consumed approximately as rapidly as it is formed. So,

d[ES] _
dt

0

The amounts of E and ES are greatly exaggerated in the graph for clarity. Note that [E]+[ES]=[E,], or total enzyme
concentration, and that [ES] actually falls very slowly as substrate is consumed, while [E] accordingly rises.

Significance of K, and V.,

The Michaelis constant, K., varies considerably from one enzyme to another, and also with different substrates for
the same enzyme. By definition, it is equal to the substrate concentration at half the maximum rate. In another
way, K represents the substrate concentration at which half the enzyme active sites are filled by substrate
molecules. The value of K, is sometimes equated with the dissociation constant (Ks) of the enzyme-substrate
complex, ES. However, this is true only when k,<<k_, so that

=
=

k,+k, k
K =—1772_"21,2_K, +-—2
% k1 k1 i 1

k, k
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The following data are obtained for an enzyme-catalyzed reaction,

(S)(MM) V(mmol mI™ min™)
0.1 303
0.2 5.00
0.5 7.14
0.8 8.00
1.0 £33
2.0 9.09

s

From a double-reciprocal plot of the data, determine V___,
max

5. If the concentration of enzyme is 107° M, then calculate its turnover number,
Solution
1, Vipx = 1/0.1 = 10 mmol mI™* min™",

0.3 !

0.2 1

4%
01
0 2 4 6 8 10
/18]

2. Turnover number = V__ /[E] = 10/107® = 107 min™!.

Kinetics of bi or multireactant system

So far, we have considered enzyme catalyzed reactions with single substrate. This situation is not common.
Usually, enzymes catalyze reactions are those in which two (or more) substrates take part. Consider the case of
an enzyme catalyzing a reaction involving two substrates A and B, and yielding the products P and Q:

A+B ==P+Q

Such a reaction is termed as bisubstrate reaction. In general, bisubstrate reactions proceed by one of the two
possible routes:

13

Both A and B are bound to the enzyme and then reaction occurs to give P + Q:
E+A+B=——FE + P+0Q

Reactions of this type are defined as sequential or single-displacement reactions.
Sequential reactions can be either of two distinct classes:

a. Ifthere is no obligatory order of addition of substrates or release of products, it is called random sequential.

b. If substrates add in an obligatory order, the mechanism is called ordered sequential.

A B P Q

i) e

E—— FA —— EAB = EPQ —— EQ —— E Ordered sequential

In ordered sequential reactions, one substrate is obligated to bind to the enzyme before a second substrate.

In random sequential mechanisms, there is no preference. In practice, there is usually some degree of order
in binding.
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Ina double-reciprocal form the equation will be
n

1_{1K ]i,. 1
V  ( Vimax/ [S] Vmax

n c.c,‘n-,pet.il*ive inhibition, V, . stays same and K, increases, but the inhibitor does not affect the turnover number
of the enzyme. Clinical treatment of methanol poisoning is a classical example of the exploitation of competitive
inhibitory mechanism. In the casz.a of methanol poisoning, methanol in the body is converted to harmful formaldehyde
by alcohol dehydrogenase. A high dose of ethanol is used to alleviate the effect of methanol because ethanol
Competitively binds with the active site of alcohol dehydrogenase.

--—— With competitive inhibitor
—— without inhibitor

0 K., oK, [S] —

Figure 1.93 Michaelis-Menten and Lineweaver-Burk plot of uninhibited enzyme activity versus competitive
inhibition.

Non-competitive inhibition

In non-competitive inhibition, the inhibitor binds to the enzyme at a site other than the active site. Inhibitor
binding alters the enzyme's three-dimensional configuration and blocks the reaction. There are two types of non-
competitive inhibition— pure and mixed. In pure non-competitive inhibition, substrate and inhibitor bind at different
sites on enzyme and binding of inhibitor does not affect binding of substrate. The inhibitor binds to either free
enzyme or the ES complex. Hence, inhibition is not reversed by increasing the concentration of substrate.

E+ S=—FES——E + P

+ -
I I

_[E1IMm (= |
’n K, 1[ K ST UL Sy
El ESI

Pure non-competitive inhibition occurs if K; = K;". In this type of inhibition, V,,, decreases and K, stays constant.
In the presence of pure non-competitive inhibitor, the Michaelis-Menten equation becomes

Vmax (S] : m m
e e Where, a'=1+= and a =1+
aKm+a'[S] & +KI X +KI
V=-V_m3YL[_S_]~ Since, a'=a

aKm+a [S]

In a double-reciprocal form the equation will be

1=[aKm]_1_+ @
V" (Vinax ) 181 Vimax
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Figure 1.94 Michaelis-Menten and Lineweaver-Burk plot of uninhibited enzyme activity versus pyre non.
competitive Inhibition,

In mixed non-competitive inhibition, the binding of inhibitor with enzyme influences the binding of substrat
enzyme. Either the binding sites for inhibitor and substrate are near one another or conformationg) f-‘hang Gk
enzyme caused by inhibitor affect substrate binding. In this case, K, and K, are not equal and both k mandy
are altered by the presence of inhibitor. ~

Uncompetitive inhibition

In uncompetitive inhibition, an inhibitor binds at a site distinct from the substrate. However, an UnCOmpetltM
inhibitor will bind only to the ES complex. On the other hand noncompetitive inhibitor binds to either free enzyme o
the ES complex. In uncompetitive inhibition, apparent V. and K_ both decrease.

E+ S=—ES —E + P

+
I
« _ [ES) ]
'u K; 1~ Esn
ESI
In the presence of uncompetitive inhibitor, the Michaelis-Menten equation becomes
- Vmax (ST where, a'=1+% [1]
Km+a'[S]

Ki
In a double-reciprocal form the equation will be

l=( Km ]i o'
V. | Vmax ) [S]  Vmax

------------ with uncompetitive inhibitor
—— without inhibitor

Figure 1.95 Lineweaver-Burk plot of uninhibited enzyme activity versus uncompetitive inhibition.
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Less-active enzyme
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substrate complex Figure 1.96

Allosteric enzymes are a class of

Eﬂ] Positive modulator regulatory enzymes which increaseg
or decreases catalytic activities in
response to modulators.

P Substrate

C = Catalytic site, R = Regulatory site
inetics. Allosteric enzymes show relationships between \,
do exhibit saturation with the substrate when (S) jg SUoﬂi’nd ]
|C|e”“

¥

Allosteric enzymes don't obey Michaelis-Menten K
hyperbolic curve typical of non-regulatory enzymeg <
' Igmcid

that differ from Michaelis-Menten kinetics. They
high, produce a sigmoid saturation rather than the

teractions between protein subunits. The principles are part;

'Clﬂan\

y

kinetic behavior generally reflects cooperative in
well illustrated by a nonenzyme; O, binding to hemoglobin. Sigmoid kinetic behavior is explained by the o
and seguential models for subunit interaction. Certey

vﬂlﬂl’
Y
ol
Vv
Kis  [S]— Kos  [S]—
The sigmqid curve of a The effects of a positive modulator (+)
homotropic allosteric enzyme and a negative modulator (-) on heterotropic
allosteric enzyme. The central curve shows the

substrate-activity relationship without a modulator

Regulation by reversible covalent modification
Activity of some regulatory enzymes is modulated by reversible covalent modification. Covalent modification

includes phosphorylation, adenylylation, methylation, uridylylation and ADP-ribosylation. Phosphorylation is the

most common type of covalent modification. An important example of regulation by phosphorylation occurs in
glycogen phosphorylase of muscle and liver, which catalyzes the glycogenolysis. Glycogen phosphorylase occurs in
two forms: Glycogen phosphorylase a (active form) and glycogen phosphorylase b (less active form). In glycogen
phosphorylase a, specific Ser residues, one on each subunit, are phosphorylated. Glycogen phOSp.horyIase als
converted to the less active glycogen phosphorylase b by the enzymatic loss of these phosphoryl group. Glycogen
phosphorylase b can be reconverted to glycogen phosphorylase a by the action of phosphorygsegkin:s;e.
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rable 1.28 Some enzymes whose activity can be controlled by reversible covalent modification

Enzyme Modification
Glycogen phosphorylase Phosphorylation
Glycogen synthase Phosphorylation
Acetvl'C°A carboxylase Phosphorylation
Glutamine synthetase (E. coli) Adenylylation
Nitrogenase ADP-ribosylation

feedback inhibition and feedback repression

In feedback inhibition (or end product inhibition), the end product of a biosynthetic pathway inhibits the activity of
the first enzyme that is unique to the pathway, thus controlling production of the end product. The first enzyme in
the pathway is an allosteric enzyme. Its allosteric site will bind to the end product of the pathway which alters its
active site sO that it cannot mediate the enzymatic reaction. It is a negative regulation. It prevents enzyme from
acting. Enzymes can also be subject to positive regulation, in which the enzyme'’s activity Is stimulated by regulatory
molecule rather than being suppressed.

Negative

feedback @

v
B

)

>

Excess D
blocks a step

D C

(Enerme ]

v

D

Figure 1.97 The pathway is regulated by the process of feedback inhibition. Compound D, the end
product of the pathway, is the effector molecule that binds to the allosteric site of enzyme 1, the first
enzyme in the pathway. When compound D is bound to the enzyme the catalytic (active) site of enzyme
1 is altered so that it is unable to react with its substrates and the synthesis of B is inhibited.

If a metabolic pathway branches, leading to the synthesis of two products, each end product can control its own
synthesis without affecting the other.
Feedback loop

X =
. /'

a b
A—sB—>C—D

N‘ e f

E + F — AA2

1 5
Feedback loop

Figure 1.98 Generalized scheme for regulation of a branched metabolic pathway by the process of feedback
inhibition.
The feedback inhibition is different from feedback repression. An inhibitory feedback system in which the end

product produced in a metabolic pathway acts as a co-repressor and represses the synthesis of an enzyme that

is required at an earlier stage of the pathway is called feedback repression.
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1.12.7  lsozymes
er from each other in the|r amin

, . on but diff o
Multiple forms of an enzyme that catalyzes the same reacti described as /s0zymes (isoepy,. U

: erties are
séquence composition, substrate affinity, V., and /or regulatory pl‘O? versible conversion of pyruvate g =)
A common example Is lactate dehydrogenase (LDH) which catalyzes the i or two different types of supn s
There are five LDH Isoenzymes. Each is a homo- or heterotetramer of one S c &q

forming five 1Isozymes.
H and M. Two different subunits combine randomly with each other forming

HHHH (H,) LDH1 In the heart and RBCs

HHHM (H,M) LDH2 In the reticuloendothelial system
3

HHMM (H,M,) LDH3 In the lungs

HMMM (HM,) LDH4 In the kidneys, placenta

3

MMMM (M,) LDH5 In the liver and striated muscle

4

alian hexokinase isozymes that vary in subcellular locations ang Kinetjcs
hexokinases I, 11, 111 and IV or hekaina

h as glucose). While hexokinases I 1

Similarly, there are four important mamm e
with respect to different substrates and conditions. They are deslg Ses

A, B, C and D. Hexokinases catalyze the phosphorylation Of hexose (suc ] (0 65 G ) e ang
III are capable of phosphorylating several hexoses, hexokinase IV (also re only on

glucose as hexose. Glucokinase is mainly expressed in liver and pancreatic P'—cvc:ilz a’r;:cjlzsy::sra;;:j:: bfy - 19-,,
affinity to its substrate glucose. Hexokinases I, II and III are referred to as ostronmgiy i thEiro alhigr
affinity for glucose even at low concentrations (below 1 mM) and alf.three are et o prodgq-
glucose-6-phosphate. Glucokinase can only phosphorylate glucose !f the conIcI e e 'S-h|gh
enough (its K for glucose is 100 times higher than that of hexokinases I, an °5t€rlca|[y

inhibited by its product, glucose-6-phosphate.

1.12.8 Zymogen

An inactive precursor of an enzyme is called zymogen. Zymogen is cleaved to REpaticiectivetenzyme fMany
proteolytic enzymes like chymotrypsin, trypsin are initially synthesized as inactive precursor chymotrypsinOQEn
and trypsinogen. Specific cleavage causes conformational changes in the inactive precurso.r that expose the enzyme
active site. In the duodenum, the pancreatic zymogens, trypsinogen, chymotrypsinogen, proelastase and
procarboxypeptidase are converted into active enzymes by enteropeptidase and trypsin, as shown in figure 1.99.

Trypsinogen

Enteropeptidase
2
Trypsin

l Proelastase

Chymotrypsinogen Elastase

1 Procarboxypeptidase
Chymotrypsin

=

Carboxypeptidase
Figure 1.99 Activation of pancreatic zymogens.

Chymotrypsinogen, a single polypeptide chain of 245 amino acid residues, is converted to a-chymotrypsin, which
has three polypeptide chains linked by two of the five disulfide bonds present in the primary structure of
chymotrypsinogen.
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