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6.1 Introduction

Enzyme inhibition is perhaps the one key point that has the most tangible relevance to
everyday life. Biosensors based on the principle of enzyme inhibition have by now been
applied for a wide range of significant toxic analytes that inhibits the normal enzyme
function [1]. These toxic analytes include organophosphorous (OP) pesticides [2-6],
organochlorine pesticides [7], derivatives of insecticides, heavy metals [8] and
glycoalkaloids [9-11] etc. In general, the development of these biosensing systems is
based on a guantitative measurement of the enzyme activity before and after exposure to
a target inhibitor [12-15].

The study of inhibition is often a vital point in medicinal field also, because some drugs
are based on the inhibition of particular enzymes of biological pathways [16,17].

Enzyme inhibitors may interact with enzymes and/or enzyme-substrate complexes in
several different ways to make the activity of an enzyme futile to carry an enzyme-
catalyzed reaction. The enzyme inhibition reactions follow certain rules. An enzyme
interacts and then binds with substrate in a specific ratio at the active site in the form of a
lock-key 3D arrangement. Inhibitors compete with substrates for enzyme active site or
allosteric catalytic site in a synergistic manner or first come first preference, to make
enzyme activity inefficient. These interactions depend on active free energy loss and

thermodynamic principles [18].

Inhibition arises in a number of ways, but can broadly be classified into two types,
reversible and irreversible inhibition. Irreversible inhibition is marked by a covalent link
between the inhibitor and the active site of the enzyme. Consequently, the enzyme
became permanently inactive. Many irreversible inhibitors are therefore considered as
potent toxins [19]. For example, organophosphorus compounds inhibit
acetylcholinesterase (AChE) activity by reacting covalently with an important serine
residue present within the active site of the enzyme. The physiological effect of AChE
deactivation is neurotransmitter inactivation at the synapses of nerves [20-23]. In
contrast to this, reversible inhibition allows the inhibited enzyme to recover its original
activity by a simple wash with buffer or water. Knowledge of inhibition type helps in

selection of suitable reactivator during medical treatment against the poisoning effect of
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any toxicant, specially the pesticides. Various kinds of reversible inhibition have been
reported in literature: the inhibitor may link with the free enzyme (competitive
inhibition), enzyme-substrate complex (uncompetitive inhibition), both free and
enzyme-substrate complex with the same affinity (non competitive inhibition) or with
different affinity (mixed inhibition) [17, 24-27]. A brief introduction to different modes
of inhibition has already been comprised in chapter 1. For each mode of inhibition, it is
possible to calculate an inhibitor dissociation constant, K;, which reflects the potential
interaction between the enzyme and the inhibitor. It can be said that K;for an inhibitor is
analogous to Ky, for a substrate; a small K;value exhibits tight binding of an inhibitor to
an enzyme, whereas a larger K; value shows weaker binding [28].

Thus, in order to acquire knowledge on the field of applicability as well as reusability of
inhibition based biosensors, it is important to have a thorough study of the inhibition

Kinetics of different types of pesticides.

6.2 Objectives of this chapter

U To study the mode of inhibition of different pesticides belonging to different

classes on the catalytic activity of GST enzyme.

U To find out the value of dissociation constant (K;) for each pesticide in order to

evaluate their strength of binding with the enzyme or enzyme-substrate complex.

6.3 Experimental

6.3.1 Cyclic voltammetry measurements

Cyclic voltammetric experiments were conducted employing three electrode
configurations. Pt electrode was used as working, a Pt wire as counter and Ag/AgCl
refilled with 0.1 M KCI as the reference electrode. The total volume of the working
solution in the electrochemical cell was 3 mL and prepared by mixing together 1.5 mL of
2 mM GSH in PB with 1.5 mL of 2 mM CDNB in 50% methanol. An amount of 20 uL
of GST enzyme was used to carry out the analyses. CV measurements were done with

the potential sweeping from — 0.4 V to 1 V at scan rate 20 mV/s.
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6.4 Results and Discussion

6.4.1 Kinetics of Inhibition

Taking fenobucarb, temephos, dimethoate, DDT, cypermethrin, chlorpyrifos,
carbendazim, dinocap and ethion as the effectors, all belonging to different classes of
pesticides, we probed the effects of these compounds on the activity of GST enzyme
while catalyzing the conjugation of GSH to CDNB through the double-reciprocal

Lineweaver—Burk plots. Detail calculations are shown in Appendix A(IV) Chapter 6.

Fenobucarb, DDT and cypermethrin were found to be competitive inhibitors since
increasing their concentration resulted in a family of lines with a common intercept on
the 1/V axis and hence a constant Vmax but with increasing K, (Figure 6.1). In this type of
inhibition, because of their molecular similarity, the inhibitor competes with the substrate
for an active site on the enzyme. As a result, the rate of catalysis depends on the relative
concentrations of the inhibitor and the substrate. In the presence of a competitive

inhibitor, the Vma for an enzyme should be the same as for the uninhibited case.
However, the apparent Kn, should be larger in the presence of the inhibitor K:P". The
equilibrium constant for inhibitor binding with free enzyme, K;, was obtained from a plot
of KPP/ K versus the inhibitor concentration [lg] which is linear, the slope of the line

giving K; value which is 10.30 mM, 21.27 mM and 7.46 mM for fenobucarb, DDT and

cypermethrin respectively.

60 ppb

50 ppb

1/pA

40 ppb

1[S]

Page | 6.3



Chapter | 6

150 ppb 7 4

100 ppb

120 ppb

/pA

-15

1/[S]

60 ppb

50 ppb

40 ppb

a5 20 45 10 5 0 5

1/[S]

T
10

15 20 25

Figure 6.1. Lineweaver-Burk plots showing the effect of different concentrations of A.
fenobucarb, B. DDT and C. cypermethrin on the kinetics of GST catalyzed GSH-CDNB

reaction.

Table 6.1. Kinetic parameters of GST catalyzed GSH-CDNB reaction in absence and

presence of competitive inhibitors:

ii. 0.15 (RSD 0.66%) (50 ppb)
iii. 0.10 (RSD 0.39%) (40 pph)

Name of A K, K. (mM)
Pesticide
(inhibitors)
GSH-CDNB | 1.14 (RSD 0.61%) 0.08 (RSD 0.49%)
reaction
i.0.25 (RSD 0.66%) (60 ppb)
Fenobucarb 1.14 (RSD 0.48% 10.30
. ( ® | i 0.15 (RSD 0.26%) (50 ppb)
iii. 0.09 (RSD 0.79%) (40 ppb)
i. 0.33 (RSD 0.23%) (150 ppb)
DDT 1.14 (RSD 0.41%) . 21.27
ii. 0.23 (RSD 0.74%) (120 ppb)
iii. 0.14 (RSD 0.71%) (100ppb)
) i. 0.28 (RSD 0.58%) (60 ppb)
Cypermethrin | 1.14 (RSD 0.58%) 7.46
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The kinetic behaviour of temephos, ethion and chlorpyrifos showed a non-competitive
mechanism. The Lineweaver—Burk plots yielded a family of straight lines with different
slopes and with a common intercept on the x-axis. The results are shown in Figure 6.2,
indicating that these inhibitors can decrease the apparent value of Vi With no effect
on Ky,. So, it is a case of non-competitive inhibition in which inhibitors do not compete
for the same binding site. A non-competitive inhibitor usually binds at a location other
than the active site but is able to change the conformation of the active site in such a way
that the enzyme is no longer in the optimal arrangement to efficiently catalyze the
reaction. The V}, . for an enzyme in the presence of a non-competitive inhibitor will be
less than the one observed under uninhibited conditions V. The magnitude of this
decrease will reflect the strength of the interaction between the enzyme and the inhibitor.
However, there will be no change in the K. The value of inhibition constant can be
obtained from a plot of the vertical intercept (1/Vyax) Versus the inhibitor concentration

[lo]. The slope of (1/Vy,ax) Vs [lo] gives K; which is linear.
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Figure 6.2. Lineweaver-Burk plots showing the effect of different concentrations of A.
temephos, B. ethion and C. chlorpyrifos on the kinetics of GST catalyzed GSH-CDNB

reaction.
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Table 6.2. Kinetic parameters of GST catalyzed GSH-CDNB reaction in absence and

presence of non-competitive inhibitors:

Name of Pesticide A K., K.
(inhibitors) (mM)
GSH-CDNB reaction 1.14 (RSD 0.61%) 0.08 (RSD
0.49%)
Temephos i.0.78 (RSD 0.16%) (60 ppb) 0.08 (RSD 50.82
ii. 0.91 (RSD 0.32%) (50 ppb) 0.34%)

iii.1.05 (RSD 0.43%) (40 ppb)

Ethion i. 0.30 (RSD 0.42%) (200 ppb) 008 (RSD | 54.82
ii. 0.41 (RSD 0.38%) (150 ppb) 0.73%)
iii. 0.62 (RSD 0.59%) (100 ppb)

Chlorpyrifos i. 1.31 (RSD 0.54%) (150 ppb) 0.08 (RSD 919.29

ii. 1.75 (RSD 0.81%) (120 ppb) 0.39%)
iii. 2.74 (RSD 0.28%) (100 ppb)

The other major type of inhibition occurs when the inhibitor is capable of binding to both
the free enzyme and to the enzyme-substrate complex. Here, dimethoate, carbendazim
and dinocap show this type of inhibition (Figure 6.3). In this case, the inhibitor can bind
to both E and ES; but with different affinities. It is not possible to calculate a single K;
value for this type of inhibition as dissociation constant for binding the free enzyme may

differ from the dissociation constant for binding the enzyme-substrate complex.
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Figure 6.3. Lineweaver-Burk plots showing the effect of different concentrations of A.
dimethoate B. dinocap and C. carbendazim on the Kinetics of GST catalyzed GSH-
CDNB reaction.

Table 6.3. Kinetic parameters of GST catalyzed GSH-CDNB reaction in absence and

presence of mixed type of inhibitors:

Name of V K K.
max m 1
Pesticide (mM)
(inhibitors)
GSH-CDNB
_ 1.14 (RSD 0.61%) 0.08 (RSD 0.49%)
reaction
i. 1.77 (RSD 0.82%) i.0.12 (RSD 0.95%)
Dimethoate (60 ppb) (60 ppb)
ii. 2.38 (RSD 0.77%) ii. 0.23 (RSD 0.68%)
(50 ppb) (50 ppb)
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iii. 4.32 (RSD 0.72%) iii.0.60 (RSD 0.85%)
(40 ppb) (40 ppb)
i. 0.086 (RSD 0.28%) i. 0.086 (RSD 0.69%)
. (60 ppb) (60 ppb)
Carbendazim
ii. 1.00 (RSD 0.62%) ii. 0.23 (RSD 0.48%)
(50 ppb) (50 ppb)
iii.1.55 (RSD 0.74%) iii. 0.70 (RSD 0.81%)
(40 ppb) (40 ppb)
i. 2.06 (RSD 0.11%) i. 0.42 (RSD 0.36%)
. (200 ppb) (200 ppb)
Dinocap . .
ii. 2.68 (RSD 0.68%) ii. 0.72 (RSD 0.90%)
(150 ppb) (150 ppb)
iii. 5.64 (RSD (0.44%) iii. 1.94 (RSD 0.51%)
(100 ppb) (100 ppb)

6.5 Conclusion

Cypermethrin shows highest binding affinity to GST (with K; value 7.46) among the

studied pesticides. It was also observed that inhibition of GST activity by different

members of the same group differs. This is attributed to structural influence on binding

site selectivity and/or on the kinetics. Thus temephos showed non-competitive inhibition

while dimethoate showed a mixed type of inhibition although both belong to the same

organothiophosphate group. This shows the possibility of theoretical study of the

inhibitor-enzyme’s binding site correlation.

Page | 6.8




Chapter | 6

References

[1] Arduini, F., Amine, A., Moscone, D., and Palleschi, G. Reversible enzyme
inhibition—based biosensors: Applications and analytical improvement through
diagnostic inhibition. Analytical Letters, 42(9):1258-1293, 2009.

[2] Worek, F., Thiermann, H., Szinicz, L., and Eyer, P. Kinetic analysis of interactions
between human acetylcholinesterase, structurally different organophosphorus

compounds and oximes. Biochemical Pharmacology, 68(11):2237-2248, 2004.

[3] Kurbanoglu, S., Ozkan, S. A., and Merkoci, A. Nanomaterials-based enzyme
electrochemical  biosensors  operating through inhibition  for  biosensing
applications. Biosensors and Bioelectronics, 89:886-898, 2017.

[4] Yu, G., Wu, W., Zhao, Q., Wei, X., and Lu, Q. Efficient immobilization of
acetylcholinesterase onto amino functionalized carbon nanotubes for the fabrication of
high  sensitive  organophosphorus  pesticides  biosensors. Biosensors  and
Bioelectronics, 68:288-294, 2015.

[5] Cui, H. F., Wu, W. W., Li, M. M., Song, X., Lv, Y., and Zhang, T. T. A highly stable
acetylcholinesterase biosensor based on chitosan-TiO,-graphene nanocomposites for
detection of organophosphate pesticides. Biosensors and Bioelectronics, 99:223-229,
2018.

[6] Lang, Q., Han, L., Hou, C., Wang, F., and Liu, A. A sensitive acetylcholinesterase
biosensor based on gold nanorods modified electrode for detection of organophosphate
pesticide. Talanta, 156:34-41, 2016.

[7] Sanchez, F. G., Diaz, A. N., Peinado, M. C. R., and Belledone, C. Free and sol-gel
immobilized alkaline phosphatase-based biosensor for the determination of pesticides
and inorganic compounds. Analytica Chimica Acta, 484(1):45-51, 2003.

[8] Verma, N. and Singh, M. Biosensors for heavy metals. BioMetals, 18(2):121-129,
2005.

[9] Arkhypova, V. N., Dzyadevych, S. V., Soldatkin, A. P., El'skaya, A. V., Martelet,

C., and Jaffrezic-Renault, N. Development and optimisation of biosensors based on pH-

Page | 6.9



Chapter | 6

sensitive field effect transistors and cholinesterases for sensitive detection of solanaceous
glycoalkaloids. Biosensors and Bioelectronics, 18(8):1047-1053, 2003.

[10] Benilova, I. V., Arkhypova, V. N., Dzyadevych, S. V., Jaffrezic-Renault, N.,
Martelet, C., and Soldatkin, A. P. Kinetics of human and horse sera cholinesterases
inhibition with solanaceous glycoalkaloids: Study by potentiometric biosensor. Pesticide
Biochemistry and Physiology, 86(3):203-210, 2006.

[11] Soldatkin, A. P., Arkhypova, V. N., Dzyadevych, S. V., El’skaya, A. V.,
Gravoueille, J. M., Jaffrezic-Renault, N., and Martelet, C. Analysis of the potato
glycoalkaloids by using of enzyme biosensor based on pH-ISFETs. Talanta, 66:28-33,
2005.

[12] Amine, A., Mohammadi, H., Bourais, 1., and Palleschi, G. Enzyme inhibition-based
biosensors for food safety and environmental monitoring. Biosensors and
Bioelectronics, 21(8):1405-1423, 2006.

[13] Vamvakaki, V. and Chaniotakis, N. A. Pesticide detection with a liposome-based
nano-biosensor. Biosensors and Bioelectronics, 22(12):2848-2853, 2007.

[14] Dutta, R. R. and Puzari, P. Amperometric biosensing of organophosphate and
organocarbamate pesticides utilizing polypyrrole entrapped acetylcholinesterase

electrode. Biosensors and Bioelectronics, 52:166-172, 2014.

[15] Liu, Q., Fei, A., Huan, J., Mao, H., and Wang, K. Effective amperometric biosensor
for carbaryl detection based on covalent immobilization acetylcholinesterase on
multiwall carbon nanotubes/graphene oxide nanoribbons nanostructure. Journal of
Electroanalytical Chemistry, 740:8-13, 2015.

[16] Yung-Chi, C. and Prusoff, W. H. Relationship between the inhibition constant (K;)
and the concentration of inhibitor which causes 50 percent inhibition (Isp) of an

enzymatic reaction. Biochemical Pharmacology, 22(23):3099-3108, 1973.

[17] Amine, A., Arduini, F., Moscone, D., and Palleschi, G. Recent advances in
biosensors based on enzyme inhibition. Biosensors and Bioelectronics, 76:180-194,
2016.

[18] Sur, D. Kinetics of Enzyme Inhibition. The Beats of Natural Sciences, 1:1-10, 2014.

Page | 6.10



Chapter | 6

[19] Robinson, P. K. Enzymes: principles and biotechnological applications. Essays in
Biochemistry, 59:1-41, 2015.

[20] Fournier, D. and Mutero, A. Modification of acetylcholinesterase as a mechanism of
resistance to insecticides. Comparative Biochemistry and Physiology Part C:
Pharmacology, Toxicology and Endocrinology, 108(1):19-31, 1994,

[21] Fulton, M. H. and Key, P. B. Acetylcholinesterase inhibition in estuarine fish and
invertebrates as an indicator of organophosphorus insecticide exposure and

effects. Environmental Toxicology and Chemistry, 20(1):37-45, 2001.

[22] Gogol, E. V., Evtugyn, G. A., Marty, J. L., Budnikov, H. C., and Winter, V. G.
Amperometric biosensors based on nafion coated screen-printed electrodes for the
determination of cholinesterase inhibitors. Talanta, 53(2):379-389, 2000.

[23] Sussman, J. L., Harel, M., Frolow, F., Oefner, C., Goldman, A., Toker, L., and
Silman, 1. Atomic structure of acetylcholinesterase from Torpedo californica: a
prototypic acetylcholine-binding protein. Science, 253(5022):872-879, 1991.

[24] Waldrop, G. L. A qualitative approach to enzyme inhibition. Biochemistry and
Molecular Biology Education, 37(1):11-15, 2009.

[25] Spector, T. and Hajian, G. Statistical methods to distinguish competitive,
noncompetitive, and uncompetitive enzyme inhibitors. Analytical
Biochemistry, 115(2):403-409, 1981.

[26] Brandt, R. B., Laux, J. E., and Yates, S. W. Calculation of inhibitor K; and inhibitor
type from the concentration of inhibitor for 50% inhibition for Michaelis-Menten
enzymes. Biochemical Medicine and Metabolic Biology, 37(3):344-349, 1987.

[27] Balbaa, M. and El Ashry, E. S. H. Enzyme inhibitors as therapeutic
tools. Biochemistry and Physiology, 1:1-8, 2012.

[28] Ramsay, R. R. and Tipton, K. F. Assessment of enzyme inhibition: a review with
examples from the development of monoamine oxidase and cholinesterase inhibitory
drugs. Molecules, 22(7):1192, 2017.

Page | 6.11



	13_chapter 6

